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WING SELECTION AND DESIGN OF VERY LIGHT CLASSIFIED 
AIRCRAFTS (VLA) 
 

SUMMARY 
 
 
This graduation thesis is about how to determine and select proper airfoil of very light 
classified aircraft’s wing and then how to design the wing of very light classified 
aircraft with the help of required 2D&3D analysis. Firstly, a general aerodynamic 
research has been done with proper expressions to design very light classified aircraft’s 
wing and express each step suitably for Very Light Aircraft classified aircrafts. 
Afterwards, a small introduction is done about airfoil types and profiles such as Naca, 
Selig, Wortmann and so on. Researching similar aircrafts and their performances 
allowed to have average values that are required for further calculations and 
determination of wing area and aspect ratio. By this way, span and chord is also 
aquired.  
 
For the airfoil selection of very light classified aircrafts, Mohammad H. Sadraey’s 
Aircraft Design [3] book helped to use a series of calculations that are used for low 
speed aircrafts to determine and select range of Naca profiles from graph with the help 
of creating bucket region and rest of the airfoil brands (Selig, Worthmann and Eppler) 
are selected from similar aircraft wings that have low Reynold’s high lift properties. 
11 Naca profiles and 3 from each other brands selected in total 20 airfoils picked. 
Selection of 20 airfoils allowed to have wide range of investigation of airfoil profiles 
and types. For example, based on their lift and drag coefficient variation with angle of 
attack, angle of attack and magnitude of the coefficients, there are two types of airfoils 
symmetric and asymmetric airfoils. 
 
For further investigation, 2D analysis has been done with the help of Xflr5 programme 
by X-foil direct analysis with using multi-threaded batch analysis. Multi-threaded 
batch analysis allows to have series of analysis with a range of Reynold’s number and 
increments of angle of attack. Next step involves the comparision of those airfoils via 
2D Xflr5 analysis results. According to the requirements for a very light classified 
aircraft and Xflr5 2D analysis results from graphs best 5 airfoils out of 20 airfoils were 
selected and furtherly investigated in Xflr5 3D wing analysis.  
 
At that moment, determined aerodynamic wing geometries such as swept angle, 
incidence angle and so on are used for the 3D wing analysis. Analysis again done by 
using Xflr5 porgram’s “wing and plane design” part in this section because only wing 
analysis are going to be done 3D panel method will be best option for that kind of 
analysis where fin and tail is not included. After the Xflr5 3D wing analysis for further 
study of 2 of airfoils selected from previously analyzed 5 airfoils according to thier 
performances. Last but not least, research was done by using Ansys Fluent Programme 
to select the best possible airfoil with best possible wing configuration. 
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The approach that is used for the calculation of CFD analysis is done with the help of 
Ansys Fluent. The results of CFD simulation had been collected in excel table and 
some relations were graphed. Espicially lift to AoA graph will be drawn with as much 
as possible AoA variables. Using CFD, last two aerofoil’s have been investigated to 
identify out all the parameters more accurately that are all over on the airfoil including 
velocity distribution, pressure distribution, drag and lift. Determination of the airfoil 
profile is based on whether or not the lift is enough at least equal the aircraft's weight, 
as well as how much drag force is applied to the aircraft will be over two seleciton 
criterias at the end. 
 
 

ÖZET 
 
 
Gün geçtikçe havacılığa olan ilginin artmasının yanı sıra havacılığa olan talep de 
artmaktadır. Gelişen teknoloji ve imkanlar sayesinde yapılan her işte ve uğraşta olduğu 
gibi gelişmeler mevcuttur. Sürekli gelişen havacılık sektöründe yeni ve daha iyiyi 
oluşturmak artık sadece bütçe meselesi. Askeri ve sivil havacılık olmak üzere ikiye 
ayrılan havacılık, sivil havacılık bölümünde de ikiye ayrılıyor. Genel havacılık ve 
ticari havacılık. Genel havacılık insanların artık kendi özel ihdiyaçlarını, lüks 
yaşamlarını ve etkinliklerini sağladığı durumlardır. Mesela özel uçağın ile gezintiye 
çıkmak veyahut fotoğraf çekmek için özel uçağını kullanmak veya dünyaca ünlü 
sportif havacılığın yarışlarına katılmak. Bu tip her bir katagorinin kendine has uçak ve 
entegrasyonları vardır. Örneğin sportif havacılık yarışları için LSA denilen hafif spor 
uçakları mevcuttur. Kendi özel şahsi veya çoğunlukla uçuş eğitimleri için kullanılan 
ayrıca bazenleri de ticari amaç için kullanılsa da VLA dediğimiz çok hafif uçak 
klasmanı mevcut. 
 
VLA klasmanında bulunan uçakların maksimum ağırlık sınırı, minimum tutunma hızı, 
klasmana göre koltuk sayısı, iniş-kalkış mesafesi ve daha birçok gereksinimleri 
bulunmaktadır. Bu gereksinimleri sağlayan uçaklar VLA lisansını alıp üretilebilir hale 
gelmektedirler. Bu özel tip uçaklar genellikle 2 kişilik olup piston motorlu uçaklardır. 
Yüksek hızda uçamadıkları gibi alçak irtifadan uçuşlarını yapabilmektedirler. Örneğin 
2000 metre VLA klasında bir uçak için gayet yeterli bir irtifadır. Düşük hızda uçan bu 
uçak türleri için kanat profillerinin yüksek kaldırma kuvveti üretmesi neredeyse bir 
zorunluluk ve ihtiyaçtır. Bu yüzden bir uçağın en önemli parçalarından biri olan kanat 
ve onun dizayn aşaması çok büyük önem arz etmektedir. Bu bitirme tezi kapsamında 
ise kanat profilinin nasıl seçileceği ve nasıl dizayn edileceği ele alınmaktadır. Bu seçim 
süresi kapsamında ise gerekli olan hesaplamaların ayrıca 2 boyutlu ve 3 boyutlu 
analizlerin Xflr5 programından nasıl yapılacağı ve en son seçim aşamasında 
kullanılacak olan Ansys Fluent programı sayesinde elde edilen aerodinamik 
parametreler ile de son seçim aşamasına kalan iki kanatın karşılaştırılması sonucu 
seçilecek olan kanat profili için en uygun kanat dizaynı ile tasarlanması amaçlanmıştır. 
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Kanat profillerinin seçimi için öncellikle aerodinamik araştırmalar yapılmış olup bir 
kanat dizaynı için önemli olan aerodinamik parametrelerin incelenip bu parametreler 
hakkında bilgiler sağlanmıştır. Örneğin ok açısı, kanatın nereye yerleştirileceği vb. 
gibi parametreler ele alınarak anlatılmıştır. Kanat profillerinin türlerinin anlatımı 
hakkında ise 4 tip kanat markası üstünde durulmuştur. Bunlar Naca, Selig, Wortmann 
ve Eppler markaları olup her markanın kendine has özellikleri olduğu gibi birçok 
benzerlikleri de bulunmaktadır. Kanat profillerini en başta simetrik ve asimetrik olarak 
düşünebiliriz yani simetrik kanat profili ortadan ikiye katlandığı zaman birbirinin 
üstüne geliyorsa o kanat profili simetriktir. 
 
Hangi kanat profillerinin seçileceği konusu ise Mohammad H. Sadraey’in Uçak 
Tasarımı [3] isimli kitabında bulunan hesaplamalı kanat profili kısmı kullanılmıştır. 
Öncesinde ise hesaplamalar için gerekli olan kanat açıklığı, kanat kordu ve bunun gibi 
kanat alanını ifade eden parametreler için benzer uçak çalışması yapılmış olup bu 
çalışma sonrasında gerekli kanat alanı parametreleri için avaraj değerler alınmıştır. 
Mohammad H. Sadraey’in [3] kitabında bulunan basamaklar takip edilmiş olup gerekli 
kaldırma değerleri elde edilmiştir. Bu kaldırma değerleri sayesinde ise yine 
Mohammad H. Sadraey’in kitabında bulunan grafikten yararlanıp bir “Bucket Region” 
oluşturulmuştur ve bu alanın içinde kalan NACA profillerinden seçimler yapılmıştır. 
NACA profillerinden toplamda 11 adet, diğer üç çeşit kanat profili markasından ise 
her birinden üçer adet seçilmiştir ve bu seçimler için yine benzer uçak çalışmaları 
araştırmasından yararlanıldığı gibi de en çok kullanılan düşük hız yüksek kaldırma 
kanat profillerinin araştırması sayesinde de seçilmiştirler. 
 
Toplamda seçilen 20 kanat profili için 2 boyutlu analizler Xflr5 programından ilk önce 
“X-Foil analysis” komutu seçilip 20 adet kanat profili de eklendikten ve her birinin 
panel ayarlamaları sabit olarak yapıldıktan sonra “multi-threaded batch” tipi analiz 
seçilmiştir ve gerekli olan Reynold sayısı aralığı ayrıca değişen “AoA” yani hücüm 
açıları için tek tek incelenmiş olup çıkartılan özellikle taşıma kat sayısının hücüm 
açısına olan bir de sürükleme kat sayısının hücüm açısına olan grafikleri öncelikli 
olarak detaylı incelenmiştir. Sonrasında ise seçilen bu 20 profil arasından VLA tipi 
uçak için gerekli olan en yüksek taşıma ve en düşük sürüklemeye sahip olan 5 kanat 
profili seçilmiş ve bir sonraki aşamada analiz edilmek üzere 3 boyutlu kanat dizaynları 
oluşturulmuştur. 
 
3 boyutlu kanat analizi ilk aşamada seçilen 5 kanat için yine Xflr5 programında 
bulunan “Wing and Plane Design” seçilerek kanatlar tek tek oluşturulup yalnızca kanat 
analizi yapılacağı yatay ve dikey stabilatörler olmadığı için 3D panel metodu 
kullanılarak yapılan analizler sayesinde yine 2 boyutlu aşamada ele anlınan 
gereksinimler içinde en iyi performansları gösteren 2 kanat bir sonraki aşama için 
seçilmiştir ve son aşamaya geçilmiştir. Son aşamada ise daha kesin ve detaylı sonuçlar 
veren Ansys Fluent programı kullanılarak en son seçilen 2 kanat detaylı analiz 
edilmiştir. Yapılan bu son analizlerde hem performans hem üretim kolaylığı hem de 
birçok parametre daha göz önünde bulundurularak en iyisi seçilmiştir.  
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1. INTRODUCTTON 

 

1.1 General 

 

Aircrafts are becoming increasingly relevant every day. As an aeronautical student, 

my responsibility, ambitions and life objective to enhance and improve aircrafts and 

so on. With the development in technology, different type of aircrafts produced and 

even more one type of aircraft could have different arrangements as the need of 

companies. Our duty has to achieve those arrangements as an engineer. Companies 

have requests such as possible lowest drag, most fuel efficient, minimum possible 

landing or take-off distance, lowest possible weight and goes like that. For example, 

those needs can be achieved just changing thickness of the wing profile so importance 

of wing profile which we call airfoil should be our top priority to increase efficiency 

of aircrafts. 

 

Performance of an aircraft can be improved by changing aerodynamic forces on the 

aircraft. The efficient prediction of a new or improved aircraft's efficiency depends as 

much on the availability of a reliable estimation of the lift and drag characteristics of 

the design. Appropriate calculation methods and software tools should be used during 

the evolution of an aircraft aerodynamic design which corresponds to the category of 

aircraft and the level of project development. In light aircrafts, at the present stage of 

the development of very light aircraft, it is presumed that the contemporary design 

methods for each of these phases should be sufficiently appropriate to check and 

further fine-tune the effects of each other.  

 

1.2 Very Light Aircraft 

 

The aircraft registration category Very Light Aircraft (VLA), introduced by the 

European Aviation Safety Agency (EASA) in 2003 [1], is intended to make it simpler 

and less costly to achieve complete European classification of a general aviation 
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aircraft. VLA (Very Light Aircrafts) generally used for pilot training, photography / 

aerial survey, little cargo operations, stunt flying and personal transportation of people. 

Compared with General Aviation, very light aviation has completely different 

attributes and requirements. Such as ease of flight, low acquisition costs, fewer 

regulatory criteria’s and freely usable flights far from the urban areas which creates a 

perfect situation for a person that loves flying as a hobby. 

 

A very light aircraft is very light in weight, there are limitations and restrictions about 

weight. They use short runways and can complete it’s take-off and landing processes. 

Limited seat configurations, flying about 2000-3000 meters and flies very slowly, 

which is why they are not considered to be very hazardous. Those are general 

specifications that should be considered if you are designing VLA classified aircrafts. 

 

 
Figure 1.1 : A Very Light Aircraft - Sling 2 [2] 
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1.3 Purpose of Thesis 

 

This thesis is focused on selection and design of VLA (Very Light Aircraft) wings 

from known many airfoil profiles with different thickness, shapes, symmetries and also 

different NACA series such as 4-digit, 5-digit and 6-digit will done with the help of 

theoretical calculations, a range of profiles will be selected. During design part we will 

be considering wing parameters such as root chord, tip chord, sweep angle, dihedral 

angle, taper ratio, aspect ratio and so on.  

 

Selected aeirfoils will be analysed in 2-D using XFLR5 programme on computers and 

also some airfoil profiles that gives perfect results will be analysed further using 

ANSYS FLUENT programme. Aim of the both computer analyses are to see change 

in aerodynamic forces and characteristics with varying NACA profiles, Mach numbers 

and even with Angle of Attack. These processes will be done by analysing the air flow 

over and around of the airfoil profiles for same flow speeds. Completing 2-D analysis 

will allow to select most appropriate 2 airfoil profiles under given criteria. Further 

researches will be done by ANSYS FLUENT in 3-D. 
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2. AERODYNAMICS OF WING 

 

2.1 Aerodynamics 

 

General definition of aerodynamics is the interaction between moving matters and 

atmosphere producing an airflow around a body. It is science that defines the 

movement of the body in the air. Thus, by the movement of air and other gases, it is a 

branch of dynamics which acts on an object moving in the air or an immobile object 

in the air flow. General area of applications involves mostly aircrafts and also anything 

moving inside of air. There are 4 main forces acting on a plane while flying in the 

atmosphere. The four forces that are acting on an aircraft are lift, weight, thrust, and 

drag. These forces causes an aircraft to move faster, slower, up and down. Compared 

with it’s opposing force the sum of increasing force determines how an object passes 

through the air. 

 

Gravity is a force which pulls everything down to Earth. Weight is the sum of gravity 

which is multiplied by an object's mass. Weight is also the downward force that  

aircraft needs to face in order to travel. Lift is the movement causing to travel upwards. 

It's the force which is the opposite of Weight. Anything that flies has to have a lifting 

force. It must provide more lift force than weight for an aircraft to travel upwards or 

stay stationary in the air. Drag is a force that pushes something back trying to push 

around. Drag provides resistance which makes it difficult to move. Walking or running 

through water is, for example, harder than running through air. Water induces greater 

drag than air. An object's form also influences how much drag it takes. Round surfaces 

tend to have less drags than flat ones. In general, narrow surfaces have less drag than 

wide ones. Thrust is the power which is the opposite to drag force. It is the force which 

is pushing everything forward. For an aircraft to continue it’s flight, it must have more 

thrust than drag. Thrust force is supplied by the engine of aircraft. 
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Figure 2.1 : Aerodynamic Forces Acting on an Aircraft 

 
2.1.1 Drag Forces 

 

There are two main forms of drag, induced drag and parasite drag. The first is called 

parasite drag, it is the drag because of the shape of object and it does not support flight 

of aircraft in any way, while the second, is induced drag, is the consequence of the 

creation of an airfoil lift.  As flight velocity increases induced drag decreases but it is 

opposite in parasite drag. As the velocity of aircraft increases parasite increases. 

 

Figure 2.2 : Graph of Aircraft's Drag vs Flight Velocity 
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The air pressure at the top of the wing is greater than the pressure under the wing for 

a lifting flight. Near the tips of the wing, the air is free to pass from the high-pressure 

area into the low-pressure area. The resulting flow consists of two counter rotating 

circular vortices (grey trails or contrails) with the flow direction opposite shown in the 

figüre 2.3. The vortices of the wing tips create a swirling flow of air behind the wing 

that is very high near the tips of the wing and reduces toward the wing root. The wing's 

efficient angle of attack is diminished by the vortices induced movement, and differs 

from wing tip to wing base. The induced flow generates a more, downstream-facing 

portion of the wing's aerodynamic force. This additional force is called induced drag, 

since it faces downstream and is caused by the motion of the vortices of the tip. It is 

often called “drag by lift" since it only happens on finite, lifting wings and the 

magnitude of the drag depends on the wing lift. 

 

 

Figure 2.3 : Vortices at Wing Tips of an Aircraft 

 
Induced drag coefficient (C$!) is equal to the square of the lift coefficient (Cl) divided 

by the pi constant times the aspect ratio (AR) times an Oswald efficiency factor (e) 

(2.1). 

																																																				C!! =	
"#"

$	.		'(	.		)
                                          (2.1)          
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The Aspect Ratio (AR) (2.2) which is an aerodynamic parameter is the square of the 

span (b) divided by the wing reference area (S). Wing area is the multiplication of span 

(b) and chord (c). A wing with a higher aspect ratio will produce more lift and less 

induced drag than a wing with a lower aspect ratio. 

 

 

 

 

 

																																																												AR = 	 *
"

+
                                            (2.2)    

 
For Trapezoidal wing whose root chord is at the centre line of the fuselage and has an 

area similar to that of the planform.  

 

 

Figure 2.5 : Up View of an Aircraft with a Trapezoidal Wing 

 
Wing area can be found by multiplication of span (b) with the one and half of sum of 

chord tip and chord root (2.3). 

																																													S = b	. ,
-
	 . (C.//0 +	C012	)                                   (2.3)  

Figure 2.4 : Up View of a Rectangular Wing 

c b 
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Aspect ratio can be found with the same formula whereas (2.4),  

 

																																																						AR = 	 *
"

+
	                                                (2.4)    

 

For a wing, the total drag coefficient (C$) is equal to the drag coefficient at zero lift 

(C$") plus the induced drag coefficient (C$!) (2.5). 

 

																																																					C! =	C!# +		C!! 	                                            (2.5)     

           
There are three types of parasite drag: form drag, interference drag, and skin friction. 

Form drag is the portion of the aircraft's parasite drag produced by its form and airflow 

around it. Examples include motor endplates, horns, and other aerodynamic design 

parts. Interference drag comes from airstream intersection generating eddy currents, 

turbulence or smooth airflow restriction. For example, the intersection of the wing and 

the fuselage at the wing root has significant interference drag. Skin friction drag is the 

aerodynamic resistance to the layer of an aircraft linked to the interaction of air 

moving. 

 

2.1.2 Lift Force 

 

When an aircraft is moving inside of atmosphere with a constant velocity the uniform 

airflow will be disturbed. This produces pressure forces on the surface of the aircraft 

which in turn are responsible for induced drag and lift which are known as 

aerodynamic forces. An aircraft has 5 main parts; fuselage, landing gears, wings, 

engines and tail. Generation of lift is mainly supplied by wings and little portion of lift 

is supplied tail and fuselage. The shape of the wings of an aircraft is what helps an 

aircraft to fly. The wings of aircraft are bent upwards and flatter downwards. The type 

allows air flow faster over the top than under the bottom. 
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As we look into generation of lift at the wings it can be defined as in two ways. Way 

one is the pressure difference on the wing which described as, the pressure force on 

the bottom surface of the wing is greater than the pressure on the top surface due to 

the slower moving air particles. Therefore, this difference in pressure generates a net 

force to the upwards. The second way is described as Newton’s third law which is the 

cycle of action and reaction. When the air pushes up wing, wing has to push 

downwards. The wings lift generation depends mainly on their sectional shapes, 

known as the airfoil profile. The design in pressure differences across top and bottom 

of the airfoil produce net lifting force. The wing's upper surface contributes roughly 

two thirds of the total lift. 

 

 

Figure 2.6 : Pressure Distrubution 

 

As we look in to pressure coefficient where it is the pressure difference between 

pressure at flight condition and free-stream pressure (pressure at sea level, P% ) divided 

by one and half of density at sea level (𝜌%) and square of free-stream velocity (V%" ) 

which is nothing else then formula (2.6); 

 

																																																						C2 =	
34	3$

%
"	.		5$	.		6$

"                                                            (2.6) 
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Figure 2.7 : Pressure Forces Acting on an Airfoil 

 

During level flight total of all forces in constant flight is always zero. In steady, straight 

flight based on Newton's Third Law, there can be no unbalanced forces, which states 

that there is an equivalent, but opposite, reaction or cause for every action or 

movement. This is true whether flying level or when ascending or descending. This 

doesn't mean that the four forces are similar. It implies that the opposing forces are 

equal to, and therefore cancel, each other's effects. During level flight lift force can be 

found as formula (2.7); 

																																											L = 	 !!	.		$	.		%
"	.		&

'
                                            (2.7) 

 

When analysing the equation, lift (L) is determined through the relationship of the air 

density (ρ), the airfoil velocity (V), the surface area of the wing (S) and the coefficient 

of lift (C&) for a given airfoil. As the weight is equal to the lift during constant altitude 

flight equation can be written as (2.8); 

 

																																																			W = 	 7&	.		5	.		8
"	.		+

-
                                          (2.8)  

 
As well as the lift force, drag force can be found by similar formula (2.9); 
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                                                                                          (2.9) 

 

When analysing the equation (2.9), drag (D) is determined through the relationship of 

the air density (ρ), the airfoil velocity (V), the surface area of the wing (S) and the 

coefficient of drag (C') for a given airfoil. Also, this equation can be simplified as 

following; 

 

																																																						Q = 	 ,
-
	 . 𝜌	. 𝑉-                                       (2.10) 

 

As we look into this equation (2.10) dynamic pressure (Q) is found by the relation of 

air density air density (ρ), the airfoil velocity (V) and a constant value of ½. So, 

formula is just simplified into (2.11); 

 

                                                D = 	𝐶9	. 𝑄	.		𝑆                                          (2.11) 

 

Another term to be considered is Attack of angle (AoA). The AoA is known as the 

angle between airfoil chord line and relative wind direction. The AoA must be 

reasonably high when the airspeed is low, if the equilibrium between lift and weight is 

to be maintained. If the thrust reduces and the airspeed falls, the lift becomes quite less 

than weight, and the aircraft begins to descend. To maintain level flight, the pilot will 

raise the AoA by a number which will again produce a lift force equivalent to the 

aircraft's weight. So that the aircraft will fly more slowly, it will continue to maintain 

level flight. The AoA is balanced to hold lift equal to weight. The velocity must change 

automatically until the drag is equal to the thrust, and then retain the airspeed.  

 

The concept reverses as thrust increases, the plane is speeding up and the lift is rising. 

The aircraft will begin ascending unless the AoA is lowered just enough to maintain 

the lift-to-weight relationship. The pacing of this decrease in AoA has to be matched 



 

 12 

with the thrust and airspeed increases. Otherwise, if the AoA decreases too rapidly, the 

aircraft descends and if the AoA decreases too gradually, the aircraft climbs but we 

should also check for critical angle of attack, if angle of attack increases to much and 

reaches its maximum value causes aircraft to stall. Maximum lift coefficient is the 

point where is the maximum value of the lift coefficient where the lift increase with 

the angle of attack. Beyond Cl max, the aircraft will stall. 

 

 

Figure 2.8 : Forces Acting on an Airfoil 

 
V∞ is the relative wind, defined as the flow velocity far ahead of the body, hence V∞ 

is also called the freestream velocity. L is the lift which is the component of R 

perpendicular to V∞. D is the drag which is the component of R parallel to V∞. The 

chord c is the distance from the leading edge to the trailing edge of the body. R is the 

resultant force divided into components perpendicular and parallel to the chord. 

Whereas, N is the normal force where the component of resultant force perpendicular 

to c. A is the axial force where the component of resultant force parallel to c. The angle 

of attack α is defined as the angle between c and V∞. Therefore, α is the angle between 

L and N, and between D and A as well. The geometric relation of these two sets of 

components shown by equations (2.12) and (2.13). 
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L = N cos α − A sin α                               (2.12) 

 

D = N sin α + A cos α                               (2.13) 

 
As we look forward to other aerodynamic parameters, a wing can have different airfoil 

segments with taper, twist, and sweepback from root to tip. The wing's corresponding 

aerodynamic characteristics are determined by each section's behaviour along the span. 

A wing's effectiveness is calculated in terms of the proportion of lift over drag (L / D). 

The ratio varies with the angle of attack but for a given angle of attack approaches a 

definite highest value. The wing has achieved its full performance in that angle. The 

airfoil shape is the factor deciding the angle of attack the wing is most effective at; it 

also defines the level of performance.  

 

Generally, absolute thickness occurs approximately one third of the way back from the 

wing's leading edge known as Centre of Pressure X(). The moment induced by the lift 

occurring around the leading edge of the cp is labelled the pitching moment “M” and 

C* is known as pitching moment coefficient. Which is (2.14); 

 

																																															C: =	 ;
%
"	.		5	.		<

"	.		="	.		*
                                                  (2.14) 

 

For example, High-lift wings have been designed for producing the intended effect by 

forming the airfoils. With a rise in the wing chamber the amount of lift generated by 

an airfoil will raise. Camber relates to an airfoil curve above and below the surface of 

a line of chords. Upper chamber applies to the upper surface, lower camber to the lower 

surface and mean line camber to the mean segment line. Camber is positive when the 

chord line departs outward, and negative when within. High-lift wings therefore have 

a strong positive camber on the top surface and a minor negative camber on the surface.  
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It is also recognized that the wider the wingspan than the chord, the higher the lift 

received. The relation is known as aspect ratio. It is also recognized that the wider the 

wingspan than the chord, the higher the lift received. The relation is known as aspect 

ratio. The larger the aspect ratio, the bigger the lift Given the advantages of a rise in 

aspect ratio, it was noticed that the physical and drag factors were definite constraints. 

 

2.1.3 Dihedral Angle (𝚪) 

 

The wing's upward trajectory towards the aircraft through the lateral direction and it is 

the angle between wings form and horizon with respect to aircraft. A positive dihedral, 

tilted up wingtips, helps to bring a plane back to level once it is banked. The anti-

rolling moment is caused by a sideslip arising from the plane's banking. 

 

 

Figure 2.9 : Dihedral Angle from Front View of an Aircraft 

 
The wing's downward trajectory towards the aircraft through the lateral direction. 
 

 
Figure 2.10 : Dihedral Angle from Front View of an Aircraft 

 

 



 15 

There are general specifications for each type of aircraft. 

 

Table  2.1 : How is the Dihedral Angle Changes by Aircraft type 

 

 

2.1.4 Speed of Sound 

 

The disturbance is transmitted as molecules hit one another in the gas. Sound speed 

often varies depending on the form of gas through which the sound travels (air, pure 

oxygen, carbon dioxide, etc.). Formula (2.15) of speed of sound depends on constants 

and temperature of altitude in kelvins that sound travels. 

 

																																										a = 643.855 ∗ ( >
-?@.,A

)
%
"                                      (2.15) 

 

2.1.5 Mach Number 

 

The proportion of aircraft velocity to sound velocity in the fluid determines the extent 

of many of the compressibility effects. Due to the value of this velocity ratio it has 

been assigned by aerodynamics with a special parameter called the Mach number 

(2.16). 

 

																																					Mach	Number	(M) = 	 +),,$	./	012(23/4	(6)
+),,$	./	+.68$	(3)

                                 (2.16) 
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There are different flight conditions such as subsonic, transonic, supersonic and 

hypersonic. Subsonic situations are less than one Mach number, M < 1. 

Compressibility can be neglected to the lowest subsonic levels. As the object's velocity 

reaches the sound speed, the Mach number of the flight is approximately equal to one, 

M = 1, and the transonic flow is seen to be. The local velocity in certain cases on the 

object passes the sound speed. Effects of compressibility are most crucial in transonic 

flows and lead to premature belief in a barrier to sound. For Mach numbers higher than 

one, 1 < M < 3, super-sonic situations exist. For supersonic aircraft, the compressibility 

consequences are significant, and shock waves are produced by the object surface. 

Aerodynamic heating also becomes very important for aircraft design for high 

supersonic velocities, 3 < M < 5. The flow is shown to be hypersonic for velocities 

larger than 5 times the sound speed, M > 5. At these velocities, some of the object's 

energy now runs into arousing the chemical bonds that hold the air's nitrogen and 

oxygen molecules together. At hypersonic speeds it is important to take into account 

air chemical properties when deciding forces on the object. 

 

2.1.6 Reynolds Number 

 

Wing profile characteristics are highly affected by the number of Reynolds (Re) they 

work for. The number of Reynold’s determines the flow with laminar or turbulent and 

flow separation directly. Reverse pressure gradient to the flow during flow separation 

causes a decrease in transport and increased drag. Therefore, the operation Reynold’s 

number range must be determined correctly. Reynold’s Number formula nothing else 

than the multiplication of density (𝜌) at flight altitude, velocity (V) of object and 

characteristic length (l) divided by kinematic viscosity (𝜇)  (2.17). In this formula 

(2.17), the characteristic length that can change according to the direction of the flow. 

For the body of our aircraft, "l" is the total length of the body, while the "l" for the 

wing or tail section is the mean aerodynamic cord length. 

 

																																																														Re = B6#
C

                                                      (2.17) 
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If flight conditions are deemed to be at sea level density (𝜌) = 1.225	𝑘𝑔/𝑚# ve 

kinematic viscosity (𝜇) = 1.785 ∗ 109:	𝑚"/	𝑠. Kinematic viscosity and density is a 

dependent of altitude they change with change in altitude. 

 

2.1.7 Wing Sweep 

 

A wing's sweep angle (L) is the angle by which the wing is represented backwards (or 

sometimes forward) relative to the wing's root chord. The sweeping angle most 

frequently quoted by aircraft designers is the quarter chord sweeping angle and is 

determined by measuring the angle between the wing root and one the fourth of wing 

tip chord. 

 

 

Figure 2.11 : Quarter Chord Sweeping Angle 

 

Wing sweep is the change of chord length to be more effective without changing the 

thickness of airfoil. Increase in Sweep Angle increases induced drag rate and decreases 

lift coefficient but increases Mach critical Subsonic flows wing sweep is used for 

adjusting the wing aerodynamic centre with respect to centre of gravity of aircraft. If 

wing sweep is used on subsonic flows sweep angle will be too small compared to other 

flow types. 
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There are two types of Sweep Angle, first one is leading edge sweep and the other one 

is the sweep of the quarter chord line. Leading edge sweep is the angle of consideration 

in supersonic flight, sweeping the leading edge behind the Mach cone is normal to 

minimize the drag. And the sweep of the quarter chord line is the sweep most closely 

connected with subsonic flight. In some conditions sweep angle is not required such 

as the aircraft would not exceed 0.3 Mach, the sweep angle is not required. 

 

2.1.8 Taper Ratio 

 

Taper ratio is the ratio of tip chord to root chord which makes tip vortexes weaker and 

reduces induced drag. There are different combinations such as planform taper, 

thickness taper, planform and thickness taper and inverse taper in planform and 

thickness. Planform taper is the reduction in chord length but same airfoil sections. 

Thickness taper is reduction in thickness of airfoil and sections changes but chord 

length stays same. Planform and thickness taper include reduction in chord length and 

thickness of airfoil sections so every airfoil section differs. Inverse taper in planform 

and thickness that the wing tips were thicker and wider than the inboard stations. 

 

 

Figure 2.12 : An Example of Different Sizes of Chord Lengths 
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Taper ratio has an equation (2.18); 

 

																																																											Taper	Ratio	(λ) = 	 ;#
;$

             (2.18) 

 

 

Figure 2.13 : Different Types of Combinations of Taper Ratio [4] 

 
A taper ratio between 0.3 and 0.5 is common for low speed aircrafts. For swept wings, 

a taper ratio of 0.2 is commonly used. 

 

2.1.9 Twist  

 

Used for avoiding tip stalling which is a condition where wing stalling occurs in the 

area near the tips of the wing. It's because the spread of the local lift coefficient (C<) is 

not consistent along the span and as the wing angle of attack rises, the stalling will 

occur at a position where the regional lift coefficient reaches the peak lift coefficient 
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(C<%&') level nearby. Tip stalling can be avoided if the Attack angles in the tip area are 

lower than the one at the root. In this scenario, the wing takes on a twist. The difference 

between the airfoils angle of attack at the root and that it is called twist at the tip, which 

is defined by ∈. Twist is negative when airfoil near the edges is lower than others at 

the root at an angle of attack. Often regarded as wash-out. Airfoils with greater C<%&' 

are often used near the tip. Thus, airfoils seem to have distinct zero lift angle values at 

root and near tip. This results in two styles of twists – geometric twist and aerodynamic 

twist. 

 

 

Figure 2.14 : Shows Negative and Positive Twist of an Airfoil 

 

Geometric twist is the angle between the airfoil chords at root and near to tip. 

Aerodynamic twist is the angle at the root between the zero lift lines and that near to 

the tip. Complex modification of twist angle can be required to fully remove the 

phenomenon of tip stalling but linear twist is given in which the angle of twist varies 

linearly along the span. By measuring the Cl spread on untwisted wing and then 

adjusting the twist to prevent tip-stalling, the real value of twist can be obtained. An 

initial estimate may be used with a value of 30 degrees. But in this case it is not 

necessary because of the cost of production will be high. 

 

2.1.10 Wing Incidence 

 

It is the angle between the longitudinal axis and chord line of wing which is showed 

by “i=”. Generally used for reducing the drag while constant altitude flight. For the 
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economic situations, when the angle of attack is zero the fuselage has the lowest 

possible drag which will cause fuel consumption. Also, by giving an incidence to the 

wing aircraft can maintain its cruise flight with creating enough lift during zero angle 

of attack situations. For low speed aircrafts it is suggested that wing incidence angle 

can be 2 degrees. 

 

 

Figure 2.15 : Shows the Angle of Incıdence of a Wing 

 

2.1.11 Wing Location 

 

There seem to be three options for the wing's position on the fuselage. High-wing, 

mid-wing and low-wing 

 

• High wing configuration 

 

High wing provides greater vison below the plane, fuselage is more closer to ground, 

sufficient ground clearance, for subsonic aircrafts as wings braced strut can cause 

weight saving and also for aircrafts with short take-off and landing restrictions because 

of wings placed upper side of fuselage larger flaps can be used, engines are away from 

ground so foreign object damage will be avoided. There are many drawbacks as well 

as benefits, landing gears generally placed on aircraft with special pods so additional 

weight will be added, pilot’s vision can be blocked during turning.  
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Figure 2.16 : An Example of a High Wing Configuration 

 

• Mid wing configuration 

 

Mid wing has an advantages of lower drag potential, better ground clearance and better 

visibility for pilot even turning but wing structures passes through fuselage so inner 

area of fuselage decreased as well as increase in weight because of wings extra 

structural components. Passenger number will be restricted because of location of 

wing.  

 

 

Figure 2.17 : An Example of a Mid Wing Configuration 
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• Low wing configuration 

 

Low wing allows the landing gear can be placed in the wing thereby eliminating 

fuselage pods and thus lower drag. The construction of wings can be via the fuselage 

so not much additional structural components needed. In case of an emergency like a 

water landing, low wing aircraft have the advantage that the wings can hold most of 

the fuselage above water, as well as have a safe waiting place for passengers. Even 

those benefits there are still disadvantages. Low wings have low ground clearance and 

as we look further for stability directional stability is sustained with large vertical tail. 

 

 

Figure 2.18 : An Example of a Low Wing Configuration 

 

2.1.12 Wing Tips 

 

A smoothly rounded tip lets the air flow around the tip easily. A tip with a sharp edge 

makes it even harder and thus reduces the drag stimulated. Most of the new low-drag 

wing tips use sharp edge in some form. The sweep of the tip of the wing also influences 

the drag. The tip vortex appears at the trailing edges. A sharp edge prevents leaking 

around tips, lowering induced drag. That condition will be an option for a wing that is 

selected at the last stage to improve performance. There are many types of wing tip 

geometries; 
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Figure 2.19 : Types of Wing Tips 

 

2.2 Airfoil Types and Description 

 

2.2.1 History 

 

Major needs were considered while designing airfoil profiles. One of these was 

meeting the requirements of flight and the other ones was developing new slender 

concepts, sleek and efficient shapes. They have been working on airfoil since 1800’s 

and improving day by day. The flat plate was kept at an angle towards the airstreams 

and the lift forces. Moreover, curvature was applied to the leading edges of the flat 

plate to avoid retardation of air speed over it. Many aerodynamicists and researchers 

have brought out the modified shapes and the sizes of the airfoil that have to be used 

for their own research. This great research brought around the invention of gliders 

which is the inspiration to fly along the wind. Also, they succeeded in controlling the 

gliders during the flight through air passing the wings. This outstanding performance 

belongs to Sir George Cayley, Horatio F. Phillips, Otto Lilienthal, Wilbur Wright, 

Orville Wright etc. 
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Prior to World War I, the British government had done some research at the National 

Physical Laboratory (NPL) which led to a series of airfoils from Royal Aircraft 

Factory. Airfoils such as the RAF 6 have been used on aircraft from World War I. 

Most American aircraft either used RAF parts or Frenchman Alexandre Gustave Eiffel 

model form. When the National Advisory Committee on Aeronautics (NACA) was 

formed in late 1915. NACA representatives immediately recognized the need for 

improved airfoils. In 1933, NACA representatives found out 4-digit NACA airfoil and 

following years researches produced five-digit NACA profiles. 

 

Afterwards some changes were made by the National Physics Laboratory (NPC) and 

NACA in the late 1930’s. Before applying the changes, they were tested in the virtual 

wind tunnel at Langley Aeronautics Laboratory. Nowadays, these are many studies 

about airfoil series which suit individualistic applications and performances. The 

supercritical airfoil profiles met the high velocity flying conditions and therefore the 

evolution of high velocity airfoil design took place in 1990. Some changes carried 

through out first airfoil development until 1935. 

 

 

Figure 2.20 : Early Models of Airfoils 
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2.2.2 Characterisitcs of an Airfoil 

 

Airfoils can be characterized by location of surfaces, position of maximum thickness, 

location of maximum camber and other airfoil terminologies. An airfoil geometry with 

terminologies. 

 

 

Figure 2.21 : Characteristics of a Basic Airfoil 

 

Chord line is a straight line which intersects the airfoils leading and trailing edges and 

chord (c) is the characteristic longitudinal dimension of the airfoil section. Mean 

camber line is the line between upper and lower surface and camber is the curvature 

of the airfoil also maximum camber is the maximum vertical displacement between 

chord line and mean camber line. The leading edge (LE) is the front part of the airfoil 

and trailing edge (TE) is the back part of airfoil. Maximum thickness is the maximum 

displacement of upper and lower surface and its horizontal location is known as 

location of maximum thickness. 

 

Airfoil is a cross-section of a wing which is used to achieve useful reaction from air 

by this way useful forces are created for flight such as lift and drag. The main point of 

this process is to use difference in pressure on wings between upper and lower sections 

of wings which they contribute to lift production. There are different kinds and families 

of airfoil profiles and their properties changes based on their shapes some of them have 
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taper, twist, sweepback and even root tips can be different. The shape of the airfoil is 

the factor which determines the angle of attack at which the wing is most efficient; it 

also determines the degree of efficiency. The most efficient airfoils for general use 

have the maximum thickness occurring about one-third of the way back from the 

leading edge of the wing.  

 

2.2.3 Different Familes of Airfoils 

 

Most known airfoil family which was done by Eastman Jacobs is NACA family. there 

are different NACA series 4-digit, 5-digit, 6-digit and goes like that. Every digit has 

its own meaning. 

 

- 4-digit series for example NACA ABCD 

 

o The letter ‘A’ stands for the maximum camber in hundredths of chord. 

o The letter ‘B’ stands for the location of maximum camber along the 

chord from the leading edge in tenths of chord. 

o The letters ‘CD’ stands for the maximum thickness in hundredths of 

chord 

 

- 5-digit series for example NACA ABCDE 

 

o The letter ‘A’ stands for the design lift coefficient in tenths when 

multiplied by 3/2.  

o The letter ‘BC’ stands for the location of maximum camber along the 

chord from the leading edge in hundredths of chord when divided by 2. 

o The letters ‘DE’ stands for the maximum thickness in hundredths of 

chord 
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- 6-digit series for example NACA AB>CDE 

 

o The letter ‘A’ identifies the series. 

o The letter ‘B’ stands for the location of minimum pressure in tenths of 

chord from the leading edge. 

o The letter ‘X’ identifies the half width of low drag bucket in tenths of 

chord 

o The letters ‘C’ stands for the design lift coefficient in tenths 

o The letters ‘DE’ stands for the maximum thickness in hundredths of 

chord 

 

After the six-series, airfoil layout for the specific application became even more 

advanced. Good transonic output airfoils, good maximum lifting capacity, very thick 

parts, quite low drag sections are now planned for any use.  

 

Another type of airfoils is the Worthmann airfoils, he designed series of airfoils that 

operates at low Reynolds range. While designing airfoil, Worthmann considered 

boundary layer with turbulent regime by this way he indicated that important 

reductions in drag with the use of concave pressure distributions for pressure recovery 

regime. Worthmann airfoil series had a number arrangement like; 

 

- FX AB-CDE 

 

o The letters ‘AB’ is just a series number. 

o The letters ‘CDE’ is maximum thickness and when you divide by 100 you 

can find percentage of maximum thickness. 

 

Eppler brand airfoils are created and depends on a code konwn as “The Eppler code”  

that is developed over a years ago by Richard Eppler [5]. The design procedure used 

for the airfoil is focused on conformal mapping. This method is different from other 
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inverse techniques since it does not specify the velocity profiles for just one angle of 

attack in default of, angles of attack leading in constant velocity are input over 

specified segments of the airfoil. In other statements [5], parameter sets are clarified 

with the airfoil segment and the angle of attack comparative to the zero-lift line, 

resulting in steady speed over the whole segment. Certainly matching requirements 

must have just be met to ensure a smooth dispersion of the velocity for all angles of 

attack. A pressure recovery can be defined at both surfaces to the trailing edge. Finally, 

to insure that the trailing edge is closed a brief closing function has to be added. 

 

The last brand is Selig Airfoils. The Selig airfoils were designed much later than most 

of the NACA airfoils and were largely modeled with even more advanced tools than 

most of the NACA airfoils when they were created. Also, a most of the airfoils of Dr. 

Seligs have a tend to operate at the lower Reynolds number regime. NACA airfoils 

Works fine for all most all situations but if comparision made between Selig and 

NACA airfoils, Selig airfoils will be a little closer to be more suitable for a model 

wing. 

 

2.3 2-D Wing Analysis 

 

XFLR5 is an analytical tool which uses Lifting Line Theory, Vortex Lattice Method, 

and 3D Panel Method to measure the aerodynamic properties of the wings. It comes 

with X-Foil, another analytical tool which analyses airfoil aerodynamics. X-Foil and 

XFLR5 works together to include a comprehensive set of external flow analyse around 

the basic airfoils, wings and aircraft. This program enables engineers to quickly get 

approximations for nearly any design parameters they can apply and obviously 

analysis depends on how powerful his\her device is and how long individuals want to 

wait. This program was designed for low Reynolds aircrafts which it yields fair and 

consistent results.  
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An airfoil can be inserted into XFLR5 by using Direct Foil Design command and after 

that, an airfoil can be generated by selecting proper airfoil or modifying the spline 

already available. Also, an airfoil can be imported if stored as a “dat file” and properly 

designed for XFLR5, or an airfoil can be picked by entering NACA code. After the 

selection of airfoil panel number should be rearranged because the results were 

affected by how many panels the airfoil was built that is done by “Refine Globally” 

command. An airfoil with two hundred panels will have a better solution than an airfoil 

which has been constructed with one hundred panels. But sometimes adding an 

additional one hundred panels to the resolution does not have an advantage worth 

waiting for an extra period for the system to measure the aerodynamics over an airfoil 

of two hundred panel resolution rather than an airfoil of one hundred resolution. So 

best panel solution found while analysing the wings and that can differ from one to 

another. 

 

Further step involves analyse of the aerodynamics of airfoil by choosing “X-Foil 

Direct Analysis”. Multi-threaded batch analysis can be done by all cores that available 

on computer so analysis will be done faster that batch analyse that uses only one core 

of the computer. Type 1 analysis will be enough for wing analysis other 3 types are 

used for full aircraft analysis. Next step is arranging the angle of attack range and 

Reynolds number range that airfoil will encounter during flight. XFLR5 and X-Foil 

perform multi-threaded batch analysis from the least potential minimum number of 

Reynolds to the highest potential maximum number of Reynolds with an increase of 

one thousand Reynolds from the angle of attack from the negative five degrees to the 

positive twenty degrees with always starting from zero. This analysis will be done for 

each selected airfoils that are going to selected in the next sections of the thesis. After 

the analysis of each airfoil was completed. Following analysis as the further 

investigation of the wing which is going to be generated in the “wing and plane design” 

section of XFLR5 programme will be done for 3 dimensional analysis of selected 

wings.  
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2.4 3-D Wing Analysis 

 

The values that contained from 2D multi-threaded batch analysis will be used to create 

wing. From tool bar select “Plane” and then “Define a New Plane” commands. At that 

section program creates automatically entire aircraft but since the project is about wing 

design other boxes need to be unchecked. Then wing can be created with proper 

parameters needed such as chord lenght, offset value and so on and also to maintain 

analysis wing weight must be entered. It is recommended to select a panel distribution 

that is consistent with the geometry of the wing. The mesh density must be increased 

at the geometric breakpoints and at the root and tip of the wings. In the chordwise 

direction, a distribution of a cosine form is suggested to include increased density at 

the leading and trailing edges (between 10 to 30 in sine or cosine). 

 

For the panels under which the measurement is unstable, or which leads to non-

physical effects, there is a lower limit scale. This can typically occur with panel 

distributions that are span-wise "sine." Mostly, calculation accuracy increases with the 

refinement of the mesh, but the calculation times do likewise. After a successful 

creation of the wing following analysis should be done. 

 

Various experiments can be conducted with various measurement methods based on 

the flight of the wing. The first is a Lifting Line method (LLT), derived from Prandtl's 

wing theory. The second is a Vortex Lattice method (VLM). The third is a 3D panel 

method. Each method has limitations and different usage. For example, LLT is non-

linear it is because if the section lift curves are linear at high angle of attacks which 

causes solutions to be not reliable but if the lift distribution is calculated by non-linear 

section lift calculations will make successive approximations that’s why LLT is non-

linear. 

 

LLT method cannot be used for wings that has low aspect ratio and result will not be 

accurate also, the plane of the wing is supposed to be in the X-Y plane. To overcome 
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that problems low aspect ratio wings must have high relaxation value and also, the 

number of points should be picked about 20 all across wing span, and might raise to 

40. Greater numbers do not enhance analytical accuracy but tend to severely impede 

convergence. For higher number of spans points the relaxation factor should be 

boosted. If wing has sweep and high dihedral angle LLT method cannot be used for 

calculations. 

 

VLM method is an alternative, a VLM system was applied to analyse those wing 

geometries that fall outside the LLT 's limitations such as low aspect ratio wings, high 

dihedral angled wings and swept wings. The principle of a VLM is to design the wing-

generated disturbance by a total of vortices distributed over the geometry of the wing. 

The strength of each vortex is determined to satisfy the suitable boundary conditions. 

 

Firstly, the VLM algorithms determine the lifting coefficient Cl as well as the other 

values that can be computed by integrating the surface forces such as the moment 

coefficients and the location of the centre of pressure. By the help of previously 

generated polars viscous variables are calculated but in that situation a problem occurs 

which is about the high/low lift coefficient, we need to be aware of the stall angle so 

that polar curve may not be interpolated. Consequently, the findings of VLM should 

also not be considered around angle of attack values near to angles of stall. 

 

3D Panel Method is the modified results of the LLT and VLM by a more advanced 

full 3D process, taking into consideration the thickness of the wings, while the VLM 

only takes into account the mean camber line. 3D method provide insight into the Cp 

distributions above and below wing surfaces and supplies sufficient data to form 

fuselages. The principle of a 3D panel method is to design the wing-generated 

disturbance by a total amount of doublets and sources spread over the top and bottom 

surfaces of the wing. The strength of the doublets and sources is computed to satisfy 

the suitable limit conditions.  
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For the most accurate possible results, the three-dimensional panel method will be 

applied but the vortex lattice method can also be used. Upon description of the study, 

construct a sequence from alpha range that is between the alpha range that was 

originally chosen for multi-threaded batch analysis. It is necessary so that at the two-

dimensional analysis, the three-dimensional analysis is able to access existing data, so 

that the system can actually measure the data. After selecting “Define an Analysis” 

command by using type one which is entering operational speed and then selecting 3D 

panel method with required parameters such as referance area, span, chord and so on. 

With a proper AoA increments which are matching with 2D analysis results and 

conditions, 3D analysis will be done just by pressing run command to run the analysis. 

All of the data was measured at this point and can be seen on all the plots and figures 

provided by XFLR5. Perform this step as many times as possible to address all of the 

selected wing profiles to select an appropriate wing configuration. 

 

The next aim is to create a model that will be used to find external flow around last 

remaining 2 airfoils. While considering 3D analysis with finite span, the vortices and 

the flow differences along the span should be considered with wing tips. During flight 

an aircraft produces lift because of the pressure difference on wings but this difference 

fades away at the wing tip part of wing. Eventually, vortices are created at the wing 

tips with a downward velocity section. As the vortexes are formed it causes downwash 

with generated more momentum which leads increase in drag force. So that 3D wing 

lift analysis results will be smaller than measured in 2D analysis. This decrease in lift 

can be covered by increasing AoA while flying. CFD results will be compared with 

3D wing analysis from XFLR5 programme and the best airfoil will be selected. 

 

The method that is going to be used will be K-Omega SST. Firstly, files that are 

containing wing drawings which were drawn by using CATIA programme is imported 

only allowing database box is ticked. Selecting un-structural section will allow to enter 

default data and create entities on the data base. Some of the parameters should be 

changed and domains must be gridded with some tricks such as point picking. After 
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having enough skewness which will satisfy analysis that will not breakdown next step 

will be Fluent analysis.  

 

Fluent analysis conditions that are applied during analysis will be explained down. 

Data will be imported by selecting firstly Nastran then surface and lastly selecting file 

will be enough. Then, the meshes should be improved to decrease skewness by 

changing quality limit. Y+ parameter will be less than 1 according to situation and it 

will be calculated by using online website that calculates Y+. few things should be 

marked from tool box. Changing direction of maximum angle and aspect ratio with an 

improvement that allowing maximum allowable skewness to be 1. Applying some post 

operations will improve skewness as the skewness increases there will be less 

possibility that analysis breakdown. Then just created an analysis with required 

parameters.  The domain height, inlet and outlet boundary and also far-field will be 20 

chord lengths of airfoils. 

 

2.5 Wing and Aircraft Component Interactions 

 

Analysis that is done for only wing analysis can be differ from analysis of whole 

aircraft analysis even whole aircraft analysis can differ from wind tunnel analysis. To 

be able to get nearly perfect results or results that are close enough to flight conditions 

wind tunnel analysis should be handled. But in this project for the airfoil selection part 

2D analysis and 3D only wing analysis will be done according to the plan of project. 

That’s why in this part I will explain which values are affected and why those values 

effected. 

 

Interference is a word preferred to characterize circumstances where airflow over one 

lift component or body part is significantly disturbed by the presence of other aircraft 

component. Analysing each part separately and summing them is a way but results can 

be different from analysis of whole aircraft because of the extra parts such as joints, 

wing-fuselage connection parts and also wing and fuselage interactions. 
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For example, an elongated circular cross section fuselage is located in the centre of the 

wing and the combination is positioned at inclination such that the axis of the fuselage 

is sloped to the direction of flight at angle of attack, two situations occurs. Initially, 

because of air stream through the fuselage, the parts of the wing at its root where it 

connected to fuselage are exposed to a higher effective angle of attack. Similar to two-

dimensional streaming around a circular cylinder, this air flow causes an induction of 

an angle approximately twice the angle of attack right where the wing meets the 

sidewall of the fuselage.  

 

Secondly, fuselage is a lift generator but not much wings. Compared to an only wing, 

the net results show a significant rise in running load outside the wing roots but a 

decrease over the body. If the proportion of fuselage diameter to wingspan is less than 

about 10 percent, the total lift for a given angle is found to be increased, and decreased 

when the body is greater. The fuselage is also discovered to be experiencing a pitching 

nose-down moment which effects the analysis of stability but that is not concerned in 

this project. 

 

Since the flight condition is subsonic flight wing tail interactions can be negligible. By 

comparing the interaction effect between the body and the wing changes, the lifting 

force and moment coefficients of the wing due to the presence of the body is larger 

than analysis results with only wing. This is because how wing and body geometry 

effects the air flow around them. As we think about drag force and drag force 

coefficient since body creates another area that air resistance can affect drag force and 

drag coefficient will be higher but in some conditions such as aircrafts fuselage is just 

like their airfoil geometries van have different results. 

 

According to Wiley 's book, published in 2017, the fluent wing analysis just provides 

quite close maximum lift results for the actual aircraft to the results found in wind 

tunnel but the observed drag is higher than the fluent assumptions for completely 
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attached flows, although in drag assumptions fluent is usually downheartedly. That's 

because the aircraft itself contains a variety of potential of tiny drag components and 

unidentified roughness of the surface. 
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3. WING DESIGN 

 

3.1 Requirements for VLA 

 

According to European Aviation Safety Agency’s amendment in 2017 [6] here are 

some criteria’s. 

 

• Level 1 - For aircraft with a maximum seating configuration of between 0 and 

1 passenger. 

• These aircrafts are up to maximum take-off gross weight of 0.75 tonne which 

is about 750 kilograms. 

• They use short runways and can complete its take-off and landing process 

about in 400-500 meters. 

• Maximum stall speed must not exceed 23.15 meters per second. 

• Low speed - For aircraft with a 𝑉? or 𝑉@A ≤ 250 Knots Calibrated Airspeed. 

• Maneuverers - The angle of bank is not more than 60 degrees. 

• Takeoff performance - The initial climb distance to 15 meters above the take-

off surface. 

• Climb gradient - For levels 1 low speed aircrafts, a climb gradient at sea level 

of 8.3 percent for land aircrafts. 

• Landing Performance - The landing distance is starting from a height of 15 

meters above the landing surface. 

 

3.2 Similar Aircrafts 

 

After some research done for typical aircrafts here are some of the results, these 

researches about similar aircrafts will be helpful for determining some charecteristics 

of the aircraft such as the wings aspect ratio, span, chord, wing area, maximum take-

off weight and cruise velocity.  
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Table 3.1: Similar Aircraft Parameters for Wing Area Calculation 

Aircraft Name 
Wing Area 

S (𝐦𝟐) 

Wing span 

b (m) 

Chord 

c (m) 

Aspect Ratio 

AR 

Tecnam P2002 JF 11,5 8,6 1,337 6,4 

Aero AT-3 R100 9,3 7,55 1,232 6,13 

Aquila A210 10,5 10,3 1,019 10,1 

Sonaca 200 11,8 9,15 1,290 7,1 

Swift VLA 100 12,4 9,36 1,325 7,07 

P2008 JC 12,16 9 1,373 6,7 

Sling 2 11,8 9,17 1,287 7,12 

 

According to table 3.1 averages of wing area is taken. Chord is considered to be 1.2 

meters. Span and aspect ratio is calculated. 

 

Table 3.2 : Calculated Values for Wing Areas 

Wing Area (𝐦𝟐) 11,35 

Wing Span (m) 9,46 

Wing Chord (m) 1,2 

Aspect Ratio 7,88 
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Table 3.3 : Similar Aircraft Parameters 

Aircraft 
Name 

Type of 
Aircraft 

Maximum Take-off 
Weight W (kg) 

Cruise Speed 
V (m/s) 

Tecnam 
P2002 JF 

EASA CS-
VLA 620 62,5 

Aero AT-3 
R100 

EASA CS-
VLA 582 55,5 

Aquila 
A210 

EASA CS-
VLA 750 53 

Sonaca 200 EASA CS-
VLA 750 56 

Swift VLA 
100 

EASA CS-
VLA 750 54 

P2008 JC EASA CS-
VLA 650 60 

Sling 2 EASA CS-
VLA 700 58 

 

3.3 Selection of Profiles 

 

During airfoil selection with the help of Mohammad H. Sadraey’s book “Aircraft 

Design A System Engineering Approach” [3] is used, design requirements for airfoils 

are listed below; 

 

• Highest maximum lift coefficient (C<%&'). 

• Suitable design lift coefficient (C<(). 

• Suitable ideal lift coefficient (C<!). 

• Highest lift curve slope (C<)%&'
). 

• Highest lift-to-drag ratio ((C</C$)C3D). 

• Lowest drag coefficient (C$%!*). 

• Suitable stall quality. 

• Reinforceable structures. 

• Manufacturable. 

• Lowest pitching moment coefficient (CC). 
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For a very light aircraft it is important to have lowest possible drag coefficient, highest 

lift coefficient and pitching moment should be near to zero to have a stable aircraft. 

With the help of similar aircraft search and criteria’s that are listed previous section an 

approximate value selected by calculating their average values. Cruise of aircraft is 

planned to be around 2000 meters so for calculations cruise would be planned to be 

done at 2000 meters and take-off weight (WEF) will be selected as 700 kg. 

 

Table 3.4 : Calculation Constants and Requirements 

Rho at sea level (𝛒𝐬𝐞𝐚	𝐥𝐞𝐯𝐞𝐥) 1,225 kg/m# 

Rho at 2000m (𝛒𝟐𝟎𝟎𝟎	𝐦) 1,00649 kg/m# 

Cruise Velocity (𝐕𝐜) 57 m/s 

Wing Area (S) 11,35 m" 
Estimated/AverageWeight 

(𝐖𝐀𝐯𝐞𝐫𝐚𝐠𝐞) 700 kg 

Stall Velocity (𝐕𝐬) 23,15 m/s 
 

• Step 1: Calculation of Cruise Lift Coefficient (C&+). 

Calculation of cruise lift coefficient involves the situations where lift force of the 

aircraft is equal to the weight of the aircraft while cruising so the formula of lift 

coefficient will be two times the average weight of aircraft divided into multiplication 

of density of air at 2000 meters, wing area and square of cruise velocity (3.1). 

 

                                                                                         (3.1) 

 

• Step 2: Calculation of Wing Cruise Lift Coefficient (C&+,). 

Calculation of wing cruise lift coefficient is the ratio between cruise lift coefficient 

(3.2). 
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                                                                                             (3.2) 

 

• Step 3: Calculation of İdeal Lift Coefficient (C<!). 

Calculation of ideal lift coefficient is the ratio between wing cruise lift coefficient 

(3.3). 

 

                                                                                                     (3.3) 

 

• Step 4: Calculation of Maximum Lift Coefficient (C&%&'). 

Calculation of maximum lift coefficient involves the situations where lift force of the 

aircraft is equal to the weight of the aircraft while taking off so the formula of the 

maximum lift coefficient will be two times the take-off weight of aircraft divided into 

multiplication of density of air at sea level, wing area and square of stall velocity (3.4). 

 

                                                                                               (3.4) 

 

• Step 5: Calculation of Wing Maximum Lift Coefficient (C&%&'	 _,). 

Step 5 is like step 2 to calculate wing maximum lift coefficient, it’s the ratio between 

maximum lift coefficient (3.5). 

 

                                                                                                (3.5) 
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• Step 6: Calculation of Gross Maximum Lift Coefficient (C&%&'	 _/$011). 

Calculation of gross maximum lift coefficient is the ratio between wing maximum lift 

coefficient (3.6). 

 

                                                                                          (3.6) 

 

After series of calculation done here are some results for each step and rounded to 4 

decimal places. 

 

Table 3.5 : Results of Steps 1-6 

Cruise Lift Coefficient (C&+) 0,3700 
Wing Cruise Lift Coefficient (C&+,) 0,3895 
İdeal Lift Coefficient (C<!) 0,4328 
Maximum Lift Coefficient (C&%&') 1,8432 
Wing Maximum Lift Coefficient (C&%&'	 _,) 1,9402 
Gross Maximum Lift Coefficient (C&%&'	 _/$011) 2,1557 

 

Next step is the selection of the NACA profiles from the graph [3] which is the 

maximum lift coefficient vs ideal lift coefficient. Other brand airfoils will be selected 

from mostly used profiles for very light aircrafts and selection of other brands will 

involve low speed high lift cambered airfoils. Calculated maximum lift coefficient 

which is 1,8432 and ideal lift coefficient which is 0,4328 will be used to create a range 

of NACA profiles to select from that region. This region is called bucket region and 

further investigation will be carried out by Xflr5 2-D analyse program and so on. The 

graph and steps were taken from Mohammad H. Sadraey’s book which is Aircraft 

Design: A Systems Engineering Approach [3]. This graph works for low speed 

aircrafts where the maximum Reynolds number will not exceed 6 million and flaps 

must have no deflection. Bucket region was drawn by hand with a grey line. 
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Figure 3.1 : Graph of Maximum Lift Coefficient vs Ideal Lift Coefficient 
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From graph there are 11 NACA profiles that are suitable for calculations and inside of 

bucket region. 

 

Table 3.6 : Graph of Selected 11 NACA Profiles 

Number  NACA 
1 4412 
2 4415 
3 23012 
4 23015  
5 63!412  
6 63"415  
7  63"615  
8 63#418 
9 64"415  
10  65!412  
11 65"415 

 

Other brands that will be selected are listed below. Selection criteria as described in 

previous sections for these airfoils depends on their performances like high lift 

coefficient and low drag that they used in similar aircrafts. 

 

Table 3.7 : Graph of Selected Other Brand Profiles 

Number  Brand Code 
12 Selig S822 
13 Selig S1210 
14 Selig S1223 
15 Eppler E374 
16 Eppler E387 
17 Eppler E423 
18 Worthmann FX60-100 
19 Worthmann FX63-137 
20 Worthmann FX74-CL5-140 
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3.4 Description of Airfoils 

 

In this section selected 20 airfoils will be listed with their properties and drawings that 

are done in CATIA program will be shown to be able to see airfoil better. 

 

3.4.1 4-Digit NACA Profiles 

 

• NACA 4412 

- Maximum thickness 12% at 30% chord. 

- Maximum camber 4% at 40% chord. 

 

 

Figure 3.2 : NACA 4412 

 

• NACA 4415 

- Maximum thickness 15% at 30.9% chord. 

- Maximum camber 4% at 40.2% chord. 

 

 

Figure 3.3 : NACA 4415 
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3.4.2 5-Digit NACA Profiles 

 

• NACA 23012 

- Maximum thickness 12% at 29.8% chord. 

- Maximum camber 1.8% at 12.7% chord. 

 

 

Figure 3.4 : NACA 23012 

 

• NACA 23015 

- Maximum thickness 15% at 30% chord. 

- Maximum camber 1.8% at 15% chord. 

 

 

Figure 3.5 : NACA 23015 

 

3.4.3 6-Digit NACA Profiles 

 

• NACA 63!412 

- Maximum thickness 12% at 34.9% chord. 

- Maximum camber 2.2% at 50% chord. 
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Figure 3.6 :  NACA 𝟔𝟑𝟏𝟒𝟏𝟐 

 

• NACA 63"415 

- Maximum thickness 15% at 34.9% chord. 

- Maximum camber 2.2% at 50% chord. 

 

 

Figure 3.7 : NACA 𝟔𝟑𝟐𝟒𝟏𝟓 

 

• NACA 63"615 

- Maximum thickness 15% at 34.8% chord. 

- Maximum camber 3.3% at 50% chord. 

 

 

Figure 3.8 : NACA 𝟔𝟑𝟐𝟔𝟏𝟓 
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• NACA 63#418 

- Maximum thickness 18% at 33.9% chord. 

- Maximum camber 2.2% at 50% chord. 

 

 

Figure 3.9 : NACA 𝟔𝟑𝟑𝟒𝟏𝟖 

 

• NACA 64"415 

- Maximum thickness 15% at 34.9% chord. 

- Maximum camber 2.2% at 50% chord. 

 

 

Figure 3.10 : NACA 𝟔𝟒𝟐𝟒𝟏𝟓 

 

• NACA 65!412 

- Maximum thickness 12% at 39.9% chord. 

- Maximum camber 2.2% at 50% chord. 

 

 

Figure 3.11 : NACA 𝟔𝟓𝟏𝟒𝟏𝟐 
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• NACA 65"415 

- Maximum thickness 15% at 39.9% chord. 

- Maximum camber 2.2% at 50% chord. 

 

 
Figure 3.12 : NACA 𝟔𝟓𝟐𝟒𝟏𝟓 

 

3.4.4 Eppler Profiles 

 

• EPPLER 374 

- Maximum thickness 10.9% at 34.3% chord. 

- Maximum camber 2% at 38.9% chord. 

 

 

Figure 3.13 : E374 

 

• EPPLER 387 

- Maximum thickness 9.1% at 31.1% chord. 

- Maximum camber 3.2% at 44.8% chord. 
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Figure 3.14 : E387 

 

• EPPLER 423 

- Maximum thickness 12.5% at 23.7% chord. 

- Maximum camber 9.5% at 41.4% chord. 

 

 

Figure 3.15 : E423 

 

3.4.5 Wortmann Profiles 

 

• WORTMANN FX60-100 

- Maximum thickness 10% at 27.9% chord. 

- Maximum camber 3.6% at 56.5% chord. 
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Figure 3.16 : FX60-100 

 

• WORTMANN FX63-137 

- Maximum thickness 13.7% at 30.9% chord. 

- Maximum camber 6% at 53.3% chord. 

 

 

Figure 3.17 : FX63-137 

 

• WORTMANN FX74-CL5-140 

- Maximum thickness 14% at 30.9% chord. 

- Maximum camber 9.9% at 37.1% chord. 

 

 

Figure 3.18 : FX74-CL5-140 
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3.4.6 Selig Profiles 

 

• SELIG S822 

- Maximum thickness 16% at 39.2% chord. 

- Maximum camber 1.8% at 59.5% chord. 

 

 

Figure 3.19 : S822 

 
• SELIG S1210 

- Maximum thickness 12% at 21.4% chord. 

- Maximum camber 6.7% at 51.1% chord. 

 

 

Figure 3.20 : S1210 
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• SELIG S1223 

- Maximum thickness 12.1% at 19.8% chord. 

- Maximum camber 8.1% at 49% chord. 

 

 

Figure 3.21 : S1223 

 
3.5 Determination of Wing Geometries 

 

Wing location is selected as low wing since landing gears can be placed with a 

mechanish that opens and closes which will reduce drag while cruise flight. Since 

aircraft wings placed as a low wing center of gravity will be lower. Lower center of 

gravity which is closer to land makes it much easier for the aircraft with wide landing 

gears to withstand heavy winds. Reach to the fuel tanks of a low-wing aircraft is much 

simpler than high wing configuration while refueling on the ground. In an incident that 

is an emergency landing, low-wing aircraft will be more benefital because low wing 

configuration can absorb some of the impact during the collision rather than the 

fuselage. 

 

Taper ratio will be 1 and Twist angle even Sweep angle is not necessary since aircrafts 

flies with low velocity whereas, Mach number of 0.3 is not exceeded. Dihedral angle 

will be selected from table 2.1 which is unswept wings and low wings must have at 

least 5 degrees of dihedral angle. For the wing tips if not enough Cl is produced tips 

can be sharper.  
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For the wing incidence calculation was made by examining the experimental data of 

the airfoils. After drawing graph of AoA versus Cl and ideal lift coefficient is 

calculated in the previous section is about 0.4. Drawing a horizontal line from ideal 

lift coefficient which is 0.4 will cut line of airfoil profile at that point where horizontal 

line of ideal Cl meets with airfoil line is the angle of incidence or just 2 degrees of 

incidence suggested. 
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4. CALCULATION OF FLUID DYNAMICS ANALYSIS 

 

4.1 Calculation and Results of 2-D Analysis Using XFLR5 

 

As described in previous section 2D analysis will help to decide 5 airfoils that are 

going to be investigated further out of 20 airfoils. Cruise flight will be done 57 meters 

per second which will lead up to 3,988,338 Reynolds Number under flight conditions 

(Approximately Re = 4 million). Each airfoil was analysed between a range of 2 

million Reynolds to 6 million mostly analysed around cruise flight Reynold’s to see 

their behaviours. For this section each graph of each airfoil will be included and 

described. At the end of this sections 20 airfoils are going to be analysed only at cruise 

flight Reynold’s Number be compared with each other.  

Table 4.1 : Table of Range of Reynold's Numbers for 2D Airfoil Analysis 

Point Number Reynold’s Number 

1 2 ∗ 10R 

2 2.5 ∗ 10R 

3 3 ∗ 10R 

4 3.5 ∗ 10R 

5 3.7 ∗ 10R 

6 3.9 ∗ 10R 

7 3.95 ∗ 10R 

8 4 ∗ 10R 

9 4.05 ∗ 10R 

10 4.1 ∗ 10R 

11 4.3 ∗ 10R 

12 4.5 ∗ 10R 

13 5 ∗ 10R 

14 5.5 ∗ 10R 

15 6 ∗ 10R 
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• NACA 4412 

Lift coefficient is maximum around 1.9 where angle of attack is 19 degrees. Drag 

coefficient increases highly after 5 degrees of angle of attack. 

 

 

Figure 4.4 : Results of Analysis NACA of 4412 
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• NACA 4415 

Lift coefficient is maximum around 1.8 where angle of attack is 19 degrees. Drag 

coefficient increases highly after 5 degrees of angle of attack. 

 

 

Figure 4.2 : Results of Analysis of NACA 4415 
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• NACA 23012 

Lift coefficient is maximum around 1.7 where angle of attack is 18 degrees. Drag 

coefficient shows no change until 5 degrees and then increases highly after that point. 

 

 

Figure 4.3 : Results of Analysis of NACA 23012 
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• NACA 23015 

Lift coefficient is maximum around 1.8 where angle of attack is 18 degrees. Drag 

coefficient shows no change until 2 and then increases highly after that point. 

 

 

Figure 4.4 : Results of Analysis of NACA 23015 



 

 60 

• NACA 63!412 

Lift coefficient is maximum around 1.7 where angle of attack is 19 degrees. Drag 

coefficient increases slightly after 5 degrees of angle of attack. 

 

 

Figure 4.5 : Results of Analysis of NACA 𝟔𝟑𝟏𝟒𝟏𝟐 
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• NACA 63"415 

Lift coefficient is maximum around 1.7 where angle of attack is 19 degrees. Drag 

coefficient increases gradually after 4 degrees of angle of attack. 

 

 

Figure 4.6 : Results of Analysis of NACA 𝟔𝟑𝟐𝟒𝟏𝟓 
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• NACA 63"615 

Lift coefficient is maximum around 1.8 where angle of attack is 19 degrees. Drag 

coefficient increases exponentially after 5 degrees of angle of attack. 

 

 

Figure 4.7 : Results of Analysis of NACA 𝟔𝟑𝟐𝟔𝟏𝟓 
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• NACA 63#418 

Lift coefficient is maximum around 1.7 where angle of attack is 20 degrees. Drag 

coefficient increases exponentially after 2 degrees of angle of attack. 

 

 

Figure 4.8 : Results of Analysis of NACA𝟔𝟑𝟑𝟒𝟏𝟖 
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• NACA 64"415 

Lift coefficient is maximum around 1.7 where angle of attack is 20 degrees. Drag 

coefficient increases exponentially after 3 degrees of angle of attack.  

 

 

Figure 4.9 : Results of Analysis of NACA 𝟔𝟒𝟐𝟒𝟏𝟓 
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• NACA 65!412 

Lift coefficient is maximum around 1.7 where angle of attack is 20 degrees. Drag 

coefficient increases exponentially after 2 degrees of angle of attack.  

 

 

Figure 4.10 : Results of Analysis of NACA 𝟔𝟓𝟏𝟒𝟏𝟐 
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• NACA 65"415 

Lift coefficient is maximum around 1.6 where angle of attack is 20 degrees then stalls 

highly. Drag coefficient increases exponentially after 2.5 degrees of angle of attack.  

 

 

Figure 4.11 : Results of Analysis of NACA 𝟔𝟓𝟐𝟒𝟏𝟓 
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• EPPLER 374 

Lift coefficient is maximum around 1.5 where angle of attack is 17 degrees. Drag 

coefficient increases exponentially after 4 degrees of angle of attack.  

 

 

Figure 4.12 : Results of Analysis of E374 



 

 68 

• EPPLER 387 
Lift coefficient is maximum around 1.6 where angle of attack is 15 degrees. Drag 

coefficient increases exponentially after 3 degrees of angle of attack.  

 

 

Figure 4.13 : Analysis Results of E387 
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• EPPLER 423 

Lift coefficient is maximum around 2.1 where angle of attack is 12 degrees. Drag 

coefficient increases exponentially after 7 degrees of angle of attack.  

 

 

Figure 4.14 : Results of Analysis of E423 



 

 70 

• WORTMANN FX60-100 

Lift coefficient is maximum around 1.8 where angle of attack is 16 degrees. Drag 

coefficient increases exponentially after 5 degrees of angle of attack.  

 

 

Figure 4.15 : Results of Analysis of FX60-100 
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• WORTMANN FX63-137 

Lift coefficient is maximum around 2 where angle of attack is 16 degrees. Drag 

coefficient increases exponentially after 2 degrees of angle of attack.  

 

 

Figure 4.16 : Results of Analysis of FX63-137 
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• WORTMANN FX74-CL5-140 

Lift coefficient is maximum around 2.3 where angle of attack is 11 degrees. Drag 

coefficient increases exponentially after 10 degrees of angle of attack.  

 

 

Figure 4.17 : Results of Analysis of FX74-CL5-140 
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• SELIG 822 

Lift coefficient is maximum around 1.6 where angle of attack is 20 degrees. Drag 

coefficient increases exponentially after 2 degrees of angle of attack.  

 

 

Figure 4.18 : Results of Analysis of S822 
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• SELIG 1210 

Lift coefficient is maximum around 2.2 where angle of attack is 15 degrees. Drag 

coefficient increases exponentially after 4 degrees of angle of attack.  

 

 

Figure 4.19 : Results of Analysis of S1210 
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• SELIG 1223 

Lift coefficient is maximum around 2.5 where angle of attack is 16 degrees. Drag 

coefficient increases exponentially after 5 degrees of angle of attack.  

 

 

Figure 4.20 : Results of Analysis of S1223 
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After 20 separate analysis whole 20 airfoils were analysed during cruise flight. Since 

there are too many results first, I will eliminate 10 of them and explain why they were 

eliminated. 

 

 

Figure 4.21 : Results of 20 Airfoils During Cruise Flight 
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First eleminated 10 airfoil profiles are; 

 

Table 4.2 : First Eleminated 10 Airfoil Profiles 

Number Airfoil Profile 
1 NACA 4415 
2 NACA 23012 
3 NACA 63"415 
4 NACA 64"415 
5 NACA 65!412 
6 NACA 65"412 

7 E 374 
8 E 387 
9 FX60-100 
10 S822 

 

NACA 4415 and NACA 23012 were not selected because similar NACA profiles 

which were NACA 4412 and NACA 23015 had better lifting coefficient. NACA 

63"415 had not sufficient lifting coefficient which will lead insufficient lifting force 

and until a certain point of 4 alpha drag force acting on the aircraft increases highly. 

NACA 64"415 had lift coefficient around 1.7 which is not enough for calculated 

results and again at some point drag force increases exponentially which will lead high 

drag force during take off or aircraft must have to climb with lower angles to decrese 

drag. Those suggestions just decreases performance of an aircraft. NACA 65!412 had 

nice increase in lift coefficient at first steps of angle of attack but after reaching it’s 

peak value there were a sudden drop of lift coefficient after 20 degrees of AoA which 

will put pilot into unwanted situations if AoA passes 20 degrees, the aircraft will start 

to stall. NACA 65"412 had better lifting coefficient results than it’s sibling which is 

NACA 65!412 with avoiding instantaneous stalling of aircraft but again sudden 

increase in drag after 2 or 3 degrees of AoA. Wortmann profile FX60-100, Selig 

Profile S822, Eppler profiles E374 and E387 had the lowest lifting coefficient that’s 

why they were not selected. 
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Remaining 10 airfoil profiles are; 

 

Table 4.3 : Remaining 10 Airfoil Profiles 

Number Airfoil Profile 
1 NACA 4412 
2 NACA 23015 
3 NACA 63!412 
4 NACA 63"615 
5 NACA 63#418 
6 E423 
7 FX63-137 
8 FX74-CL5-140 
9 S1210 
10 S1223 

 

Colours that represents each airfoil profile; 

 

 

Figure 4.22 : Colours of 10 Profiles 
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In this section as previously described remaininng 10 airfoil’s analysis results will be 

shown. 

 

 

Figure 4.23 : Results of Analysis of 10 Profiles 
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From those airfoil profiles these are the voted out ones; 

 

Table 4.4 : Voted Out Profiles 

Number Airfoil Profile 
1 NACA 4412 
2 NACA 23015 
3 NACA 63!412 
4 NACA 63"615 
5 NACA 63#418 

 

NACA 4412 was not selected according to graph it has the best lift coefficient results 

than other NACA profiles but still it is not enough to performance of first 5 airfoil 

profiles. Since VLA is low speed aircraft it must have wings with high lift coefficient. 

NACA 63#418 had the lowest lift coefficient results among the rest of the airfoil 

profiles with is why it is not selected. NACA 23015 had perfect drag coefficient such 

as drag coefficient nearly changes until 15 degrees of AoA but still lift coefficient is 

not enough. Other NACA profiles NACA 63!412 and NACA 63"615 depending on 

same reasons with other NACA profiles they have good performances at higher speeds 

but since VLA is a low speed aircraft cambered airfoils are much more better than 

NACA profiles. So selected 5 airfoil profiles. 

 

Table 4.5 : Selected 5 Airfoil Profiles 

Number Airfoil Profile 
1 E423 
2 FX63-137 
3 FX74-CL5-140 
4 S1210 
5 S1223 

 

For the next phase those 5 airfoil profiles will be investigated in 3D XFLR5 analysis. 
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Figure 4.24 : Selected 5 Airfoil Profiles 
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4.2 Calculation and Results of 3-D Analysis Using XFLR5 

 

As described in previous section 3D analysis will help to decide and select 2 airfoils 

that are going to be investigated further out of 5 airfoils. Cruise flight will be done at 

2000 meters with conditions; 57 meters per second, density is about 1.007 kilograms 

per metres cube and kinematic viscosity will be 1.715*10: metres square per seconds 

which will lead up to 3,988,338 Reynolds Number under flight conditions 

(Approximately Re = 4 million). Each airfoil was analysed between a range of -5 

degrees of AoA and 25 degrees of AoA with the help of 2D analysis results that were 

calculated in previous section. 5 airfoil profiles that used to create wings will be 

investigated according to their lift, drag and at some point, moment coefficient 

performance. For this section each graph of each wings will be included and described. 

At the end of this section remaining 2 wings are going to be analysed on Ansys Fluent 

Programme. During design of each wing span is selected as half of actual span length 

because of wing is symmetric which means if you type 4.73 meters to span it will lead 

a total length of span to become 9.46 meters. Other parameters are inserted as 

described in previous sections. For example, each wing is designed with chord is 1.2 

meters, dihedral angle is 5 degrees, X-panel number is selected as 20 and Y-panel 

number is selected as 30. Offset and twist will be zero. Only foil type is changed in 

each design of wing. 

 

 

Figure 4.25 : An Example of Wing Design Parameters of FX74-CL5-140 
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• Eppler 423 

 

 

Figure 4.26 : E423 Wing 

 
 

Table 4.6 : Design Conditions of E423 Wing 

Spam (m) 4,73 

Chord (m) 1,2 

Dihedral Angle (degrees) 5 

Offset 0 

Twist Angle (degrees) 0 

X-Panel 20 

Y-Panel 30 

X-Distance Cosine 

Y-Distance -Sine 
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Figure 4.27 : Analysis Results of E423 Wing 
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• Wortmann FX63-137 

 

 

Figure 4.28 : FX63-137 Wing 

 

Table 4.7 : Design Conditions of FX63-137 Wing 

Spam (m) 4,73 

Chord (m) 1,2 

Dihedral Angle (degrees) 5 

Offset 0 

Twist Angle (degrees) 0 

X-Panel 20 

Y-Panel 30 

X-Distance Cosine 

Y-Distance -Sine 
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Figure 4.29 : Analysis Results of FX63-137 Wing 
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• Wortmann FX74-CL5-140 

 

 

Figure 4.30 : FX75-CL5-140 Wing 

 

Table 4.8 : Design Conditions of FX74-CL5-140 Wing 

Spam (m) 4,73 

Chord (m) 1,2 

Dihedral Angle (degrees) 5 

Offset 0 

Twist Angle (degrees) 0 

X-Panel 20 

Y-Panel 30 

X-Distance Cosine 

Y-Distance -Sine 
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Figure 4.31 : Analysis Results of FX74-CL5-140 Wing 
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• Selig 1210 

 

 

Figure 4.32 : S1210 Wing 

 

Table 4.9 : Design Conditions of S1210 Wing 

Spam (m) 4,73 

Chord (m) 1,2 

Dihedral Angle (degrees) 5 

Offset 0 

Twist Angle (degrees) 0 

X-Panel 20 

Y-Panel 30 

X-Distance Cosine 

Y-Distance -Sine 
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Figure 4.33 : Analysis Results of S1210 Wing 
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• Selig 1223 

 

 

Figure 4.34 : S1223 Wing 

 

Table 4.10 : Design Conditions of S1223 Wing 

Spam (m) 4,73 

Chord (m) 1,2 

Dihedral Angle (degrees) 5 

Offset 0 

Twist Angle (degrees) 0 

X-Panel 20 

Y-Panel 30 

X-Distance Cosine 

Y-Distance -Sine 
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Figure 4.35 : Analysis Results of S1223 Wing 
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Figure 4.36 : All 5 Wing Analysis Results 



 

 94 

 

Figure 4.37 : 5 Wing Analysis Line Colours 

 

According to XFLR5 3D wing analysis results, it is clearly that FX63-137 and S1210 

wings have the lowest lift among other 3 wings which are E423, S1223 and FX74-

CL5-140. First choice will be S1223 which has the highest lift among others. The 

second one was a tough choice because they have so similar results. For example, Fx74 

wing has a better lift coefficient than E423 wing but E423 wing has better drag 

coefficient performance than FX74 wing. So I considered an other parameter which is 

moment coefficient from the analysis it was seen that E423 has better stability results 

than FX74 wing. So my second choice will be E423. Those selected airfoil profiles 

E423 and S1223 will investigated in detail in next step which includes 3D wing 

analysis of them by using Ansys Fluent programme. 

 

Table 4.11 : 2 Selected Airfoil Profiles 

Number Airfoil Profile 

1 E423 

2 S1223 
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4.3 Calculation and Results of 3-D Analysis Using Ansys Fluent 

 

Last remaining 2 airfoil profile is used to create wing by using Catia programme. First 

of all, coordinates of each profile downloaded and enrolled to Catia’s files which is 

“GSD_PointSplineLoftFromExcel”. Afterwards by selecting all combined text data 

that are downloaded and enrolled to excel were changed into columns. Next step 

involves starting Catia programme and opening part design section and then, by using 

Macrons command on excel view section “Feuil1.Main” command is selected. A new 

window will appear to enter a number one, two or three. Two is entered as a number 

which is used for points and splines. That process will create an airfoil profile in 

Catia’s part design section. If there is an open section in airfoils generated points and 

splines “Generative Shape Design” command is selected with an addinitioanl 

command “Spline Definition” and airfoil profile is completed by hand. 

 

Each airfoil profile was created and next steps were applied to design each wing. As 

explained in previous paragraph open points closed by using line or spline command 

and then if there is an open point and closed by using line or spline command it must 

be joined together to be one piece with a command “Join Definition” (drawn new line 

should be selected with spline that is drawn automatically). Then, scaling must done 

with a command “Scaling Definition” with a ratio of 1 this process allows us to scale 

by selecting a point on the airfoil profile. Next step involves command of “Plane 

Definition” which allows creation of plane with a 5 degrees which is perpendicular to 

leading edge of airfoil profile. A line was drawn to new created plane by selecting 

skecthing on that plane. Line was drawm with 5 degrees to perpendicular to airfoil 

profile must have lenght of half of the span of wing which is 4,73 meters. Scaled airfoil 

must be transferred to a point where the drawn line ends with a command “Translate 

Definition”. One side of the wing was crated with the command “Multi-Sectioned 

Solid” by selecting scaled air foil and transferred airfoil profile. Last command 

involves the command of the mirroring the one side of the wing to other side by this 

way wings were drawn. 



 

 96 

 

Figure 4.38 : 3D Designed E423 Wing 

 

 

Figure 4.39 : 3D Designed S1223 Wing 
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After each wing has been designed in Catia next step involves the import of those wing 

surface’s to Ansys Fluent programme. At first, mesh genration is done fort he wing 

and after that flight conditions and regime has been considered and used during 

analysis steps. Each wing has a skewness higher than 0.9 which means closer to 1 gives 

better result and decrease chance of analysis errors. After that volume mesh is 

generated but since the programme that ITU gives a meshing limit I had to decrease 

volume about 35*35*35 meters cube but the correct one should be 10 times bigger 

than the span length which corresponds around 100*100*100 meters cube of volume 

mesh. So because of this results can be effected. After the calculation Y+ is not exceed 

1 which means results are reliable. 3D Ansys Fluent analysis done for a range of alpha 

between -5 degrees to 10 degrees with a 0.5 increments, since the flight condition is 

cruise condition at 2000 meters with a speed of 57 meters per second, aircraft will not 

have AoA bigger than 10 except the extraordinary situations and the analysis will be 

done by using K-W solution which even gives better solution results than spalart 

allmaras solution type. During both wing analysis same conditions and situations 

applied. First analysis done for S1223 wing. 

 

• Analysis of S1223 

 

 

Figure 4.40 : An Example of Velocity Around S1223 With a -5 Degrees of AoA 
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Figure 4.41 : An Example of Pressure Dist. of S1223 With a -5 Degrees of AoA 

 
Figure 4.42 : Graph of S1223, Cl vs AoA 
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Figure 4.43 : Graph of S1223, Cd vs AoA 

 

Table 4.12 : Some Results of Analysis of S1223 

AoA Cl Cd 
-5 0,713 0,0386 
-4 0,782 0,0448 
-3 0,856 0,0504 
-2 0,932 0,0558 
-1 1,016 0,0598 
0 1,101 0,0642 
1 1,188 0,0716 
2 1,256 0,0782 
3 1,318 0,0858 
4 1,359 0,0906 
5 1,405 0,0949 
6 1,456 0,0992 
7 1,497 0,1068 
8 1,542 0,1153 
9 1,594 0,1209 
10 1,638 0,1254 
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• Analysis of E423 

 

 

Figure 4.44 : An Example of Velocity Around E423 With a -5 Degrees of AoA 

 

Figure 4.45 : An Example of Pressure Dist. Of E423 With a -5 Degrees of AoA 
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Figure 4.46 : Graph of E423, Cl vs AoA 

 

 

Figure 4.47 : Graph of E423, Cd vs AoA 
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Table 4.13 : Some Results of Analysis of E423 

AoA Cl Cd 
-5 0,622 0,0261 
-4 0,691 0,0314 
-3 0,782 0,0351 
-2 0,869 0,0394 
-1 0,924 0,0426 
0 1,056 0,0475 
1 1,094 0,0513 
2 1,142 0,0562 
3 1,195 0,0616 
4 1,236 0,0672 
5 1,273 0,0739 
6 1,312 0,0821 
7 1,367 0,0892 
8 1,422 0,0978 
9 1,483 0,1062 
10 1,559 0,1146 

 

 

Figure 4.48 : Graph of Cl vs AoA of E423 and S1223 
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Figure 4.49 : Graph of Cd vs AoA of E423 and S1223 

 
Since the analysis were completed and the graphs were drawn last profile should be 

selected as first choice. I selected S1223 to be VLA’s wing profile since it has the 

higher lift coefficients than E423. Drag performance of E423 is better than S1223 but 

with the help of recractable landing gear and with a perfect wing tip type such as 

hoerner drag can be minimized even more. So the convex surface speeds up the 

velocity of the air traveling underneath the tip of the wing to a velocity greater than 

that of the airflow over the top of the tip of the wing, results in producing streamlines. 

This streamlines decreases the turbulence and significantly reduces the magnitude and 

strength of tip vortices that are created at tip of wing. With the hoerner wing tip type 

wing tips are thinner causing vortex to start away from the main surface of the wing. 

That results in less drag that is going to be produced. 

 

 

 

0

0,02

0,04

0,06

0,08

0,1

0,12

0,14

-6 -4 -2 0 2 4 6 8 10 12

D
ra

g 
C

oe
ff

ic
ie

nt

Angle of Attack

Cd S1223 Cd E423



 

 104 

5. WING CONFIGURATION 

 

Since S1223 airfoil profile is selected here are parameters of wing geometry. 

 

Table 5.1 : Parameters of Wing Geometry 

Parameter Values 
Dihedral Angle (Degrees) 5 
Wing Sweep (Degrees) 0 
Taper Ratio 1 
Twist  not used 
Wing İncidence (Degrees) 2 
Wing Location Low Wing 
Wing Tip Hoerner 
Chord Length (Meters) 1,2 
Aspect Ratio 7,88 
Wing Area (Meters per Square) 11,35 
Wing Span (Meters) 9,46 

 

 

Figure 5.1 : 3D Isometric View of Final Design of S1223 Wing 
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Figure 5.2 : 3D Front View of Final Design of S1223 Wing 

 

 

Figure 5.3 : 3D Top View of Final Design of S1223 Wing 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 106 

REFERENCES 

 

Acar, H. (2019). Principles of Aircraft Design, Aerodynamics lecture note 

ANSYS Fluent Tutorial Guide 18 (2018) ‘ANSYS Fluent Tutorial Guide 18.’ ANSYS 

  Fluent Tutorial Guide 18. 

ANSYS, I. (2018) ANSYS Fluent Tutorial Guide R18. ANSYS Fluent Tutorial Guide 

  18. 

Ashley, H. and Rodden, W. P. (1972) ‘Wing-Body Aerodynamic Interaction.’  

  Annual Review of Fluid Mechanics. 

Eppler, R. (1990) Airfoil Design and Data. Airfoil Design and Data. [5] 

European Aviation Safety Agency (2017) ‘Annual Safety Review 2017.’ Annual 

  Safety Review 2017. [6] 

European Aviation Safety Agency (2003) ‘Certification Specifications for Normal, 

  Utility, Aerobatic and Commuter Category Aeroplanes (CS-23).’  

  Director.‘ [1] 

European Aviation Safety Agency (2019) ‘Notice of Proposed Amendment 2019-

  01.’ Easa. 

J. D. (1984) ‘Fundamentals of aerodynamics.’ 

Keane, A. J., Sóbester, A. and Scanlan, J. P. (2017) Small Unmanned Fixed-wing 

  Aircraft Design. Small Unmanned Fixed-wing Aircraft Design. 

Kondapalli, S. prasad, Krishna, V. and Kumar, B. (2013) ‘Aerofoil Profile  

  Analysis and Design  Optimisation,’ 3, January, pp. 1–10.Anderson, 



 107 

Kumar, S. M. (2016) ‘Investigation of Aerodynamic Performances of NACA 0015 

  Wind Turbine Airfoil.’ International Journal of Engineering Research. 

Lan, C. and Roskam, J., (2008). Airplane Aerodynamics And Performance. 

Lawrence, KS:   DAR Corporation. 

Leena Bansal, Sandeep Chauhan, Dr. Chandan Kumar, Dr. S. M. Muzakkir, 

Hasan Zakir Jafri. (2017). CFD Analysis of a 3d Aerofoil using Ansys Fluent. 

Mohammad H. Sadraey (2012) Aircraft design: a systems engineering approach’ 

  (2013) Choice Reviews Online. [3] 

Raymer D. P. (1992), "Aircraft Design: A Conceptual Approach", AIAA Education 

  Series [4] 

Reza, M. M. S., Mahmood, S. A. and Iqbal, A. (2016) ‘Performance Analysis and 

  Comparison of High Lift Airfoil for Low-Speed Unmanned Aerial 

  Vehicle.’ International Conference on Mechanical, Industrial and 

  Energy Engineering 2016. 

Schlichting, H., Truckenbrodt, E. and Ramm, H., (1979). Aerodynamics At The 

Airplane.   New York [etc.]: McGraw Hill.  

Selig, M. S. and Guglielmot, J. J. (1997) ‘High-lift low Reynolds number airfoil 

  design.’ Journal of Aircraft. 

Talay, T. A. (1975) ‘Introduction to the Aerodynamics of Flight.’ NASA Single  

  Research Memorandum Volume. 

Tangler, J. and Somers, D. (1995) ‘NREL airfoil families for HAWTs.’ Awea. 

 



 

 108 

Troldborg, N., Bak, C., Sørensen, N. N., Madsen, H. A., Ŕethoŕe, P. E., Zahle, F. 

  and Guntur, S. (2013) ‘Experimental and numerical investigation of 

  3D aerofoil characteristics on a MW wind turbine.’ In European Wind 

  Energy Conference and Exhibition, EWEC 2013. 

Wegener, P. P. (1991) What Makes Airplanes Fly? What Makes Airplanes Fly? 

Url-1 <https://www.slingaircraft.com/aircraft/sling-2/> [2] 

 

 

 


