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1. Fluid Dynamics Around Airfoils 

 
Two-dimensional flow around a streamlined shape 

 

  

Foces on an airfoil Distribution of pressue coefficient over an airfoil 

 
The variation of the lift coefficient with the angle of attack for a symmetrical and non-symmetrical airfoil 
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2. Governing Equations 
Conservation of mass: This equation describes the time rate of change of the fluid density at a fixed point in 

space. ���� + ��� ���� + ��	 ��
� = 0 

Conservation of momentum: Balance of Linear Momentum �� = ∑�� 
Momentum balance along the x-axis: 

� ����� + � ���� + 
 ���	� = −���� + ������ + �����	 + ��� 

Momentum balance along the y-axis: 

� ��
�� + � �
�� + 
 �
�	� = −���	 + ������ + �����	 + ��� 

Constitutive laws: For a Newtonian fluid, the viscous stresses are proportional to the velocity gradients: 

���� ������ ����=� � 2 ���� ���� + � ��� �� + ���� 2 � ��
! 

Navier-Stokes Equations: 

� ����� + � ���� + 
 ���	� = −���� + � "�#���# + �#��	#$ + ��� 

� ��
�� + � �
�� + 
 �
�	� = −���	 + � "�#
��# + �#
�	#$ + ��� 

Or in vectorial form 

 

� %�&'(�� + )&'(. ∇''(,&'(- = −∇''(� + �∇#&'( + ��( 
Using vector identities 

� %�&'(�� + ∇''( "&'(. &'(2 $ − &'( × /''(- = −∇''(� + �0∇''()∇''(. &'(, − ∇''( × /''(1 + ��( 
 

Bernoulli’s Equation: Integrated forms of the simplified versions of the Navier-Stokes Equations, e.g. for unsteady 

irrational flows  

∇''( "&'(. &'(2 $ + ∇''(�� − �( = 0 

Kelvin’sTheorem: In an incompressible inviscid flow with conservative body forces, the time rate of change of 

circulation around a closed curve consisting of the same fluid elements is zero, i.e,  
2324 = 0 
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3. Dimensional Analysis and Control Volume Approach 

 
Some common variables and dimensionless groups in fluid mechanics 

 
Control volume for obtaining drag on a two-dimensional body.  

5 = ��6# 7 �#�6 81 − �#�6:;	
�<=
�<>

 

The decrement of momentum flux is a direct measure of the body drag. 
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4. Potential Flow Theory 

 
Elementary flows, which can be superimposed to describe the flow around bodies of arbitrary shape. 

 

 
Doublet+vortex+uniform flow: synthesis of flow around circular cylinder with circulation 

 

  
Irrotational flow around a nonsymetrical airfoil  

with zero circulation (zero lift) 
Actual flow past a nonsymetrical airfoil  

with positive circulation (positive lift) 

  

The Kutta-Joukowski theorem states that the force experienced by a body in a uniform 

stream is equal to the product of the fluid density, stream velocity, and circulation and has a 

direction perpendicular to the stream velocity,  ? = �&@Γ. 

 

 



5 

 

5. Numerical (Panel) Method 

 

 
Source panel distribution over the surface of a body of arbitary shape (for non-lifting bodies) 

 
 

 
Discrete vortex representation of the thin, lifting airfoil model. 
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6. Flow over Two-Dimensional Airfoil (Thin-Airfoil Theory) 

Representation of the mean camber line by a vortex sheet  

whose filaments are of variable strength B�C� 

 
 

1. The lift slope of a two-dimensional airfoil is 2D. 

 

2. The airfoil camber does not change the lift slope and can be viewed as an additional angle of attack 

effect.  

 

3. The trailing-edge section has a larger influence on the above camber effect. Therefore, if the lift of 

the airfoil needs to be changed without changing its angle of attack, then changing the chordline 

geometry (e.g. by flaps or slats) at the trailing-edge region is more effective than at the leading-edge 

region. 

 

4. The effect of the thickness of the airfoil is not treated in a satisfactory manner by this approach. 

 

5. The two-dimensional drag coefficient obtained by this model is zero and there is no drag associated 

with the generation of two-dimensional lift. Experimental airfoil data, however, include drag due to 

viscous boundary layer on the airfoil. 
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Schematic description of airfoil camber effect on the lift coefficient 

 
Effect of high-lift devices on the lift coefficient of a three-element airfoil (E represents flap deflection) 

 
Lift and pitching moment of a NACA 0009 airfoil. The “zero-lift” drag coefficient is close to FG = 0.0055. 



8 

 

6. Flow Over Finite Wings (The Lifting Line Model) 

 

 
Generation of vortex system by finite aspect ratio wing 

 

 

Far field horseshoe model of a finite wing Chord and load distribution for a thin elliptic wing. 
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1. The wing lift slope ;FI ;J⁄  decreases as wing aspect ratio becomes smaller. 

 

2. The induced drag of a wing increases as wing aspect ratio decreases.  

 

3. Using the results of this theory we must remember that the total drag 5 of a wing includes the 

induced drag 5L and the viscous drag	5N. 

 

 
Variation of lift coefficient slope versus aspect ratio for thin elliptic wings. 

 

 
Induced drag for a finite elliptic wing versus FI 
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7. Viscous Flow and Boundary Layer Theory  

 
Flow regions in a high Reynolds number flow 

 
Velocity profile for the flat-plate laminar boundary layer OPQ = 5.477 × 10T 

 

 
Control volume to derive the momentum integral equation for boundary layer flow. 

 

Displacement thickness δ∗��� = 7 "1 − ���, 	�X $;	
@

N
 

 

 

 

   

Momentum thickness Θ��� = 7 ���, 	�
X "1 − ���, 	�X $;	

@

N
 

D��� = ρX#Θ��� 
�\��� = ρX# ;Θ���;�  

   

Von Karman Momentum  Integral: For an accelerating/decelerating boundary layer flow ;
;� )X���#Θ���, + X���

;X���
;� δ∗��� = �\���ρ  

 


