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Introduction 

•  Drag: force parallel to the free-stream velocity 
•  Lift: force perpendicular to the free-stream velocity 
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•  All	
  bodies	
  immersed	
  in	
  a	
  
viscous	
  flowing	
  fluid	
  will	
  be	
  
subjected	
  to	
  a	
  drag	
  force	
  

•  Airfoils	
  are	
  2D	
  shapes	
  that	
  are	
  
aerodynamically	
  efficient,	
  this	
  
is,	
  they	
  are	
  able	
  to	
  generate	
  
high	
  li-	
  forces	
  with	
  respect	
  to	
  
the	
  inevitable	
  drag	
  forces	
  



Drag, lift, pressure and shear 
•  The lift and drag are the result of pressure forces and 

viscous forces acting on the surface of a body 
–  Pressure forces are normal to the surface 
–  Viscous shear forces are tangential to the surface 
–  Integrating them over the total surface and projecting them with 

respect to the free-stream yields the resultant drag and lift 
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Drag, lift, pressure and shear 
•  Differential lift force: 

•  Differential drag force: 

•  Integrating: 

•  Drag can be divided into: 
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Form	
  drag	
   Fric1on	
  drag	
  



Drag coefficient 

•    
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RECALL:	
  Non-­‐dimensional	
  analysis!	
  

  Vo
2

ρ
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Drag coefficient 
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2D	
  body	
   3D	
  body	
  



Drag coefficient 
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Drag coefficient – effect of Re 
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Posi@ve	
  pressure	
  

Nega@ve	
  pressure	
  



Drag coefficient – effect of Re 
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Posi@ve	
  pressure	
  

Nega@ve	
  pressure	
  Turbulent boundary layer 
around the ball  
à It remains attached to the surface longer distances (it separates further away)	
  



Drag coefficient – roughness effect 
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•  Roughness induces early transition to turbulent boundary layer: 
–  Earlier critical Re 
–  Lower form (pressure) drag 
–  Higher friction drag 



Drag coefficient – roughness effect 
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•  Question: Why aren’t all motorcycle helmets like golf balls? 



Drag coefficient 
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•    

Re=0.10	
  

Drag & Lift 

Re=25.5	
   Re=118	
  
Re=15000	
  



Drag coefficient 
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•  Exercise: 



Drag coefficient 
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•  Drag and rolling resistance: 
–  Equilibrium of forces: 

–  Rolling resistance: 

•  Cr – friction coefficient 
•  N – normal force 

–  Power equation: 



Drag  
coefficient 
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•  Exercise: 

 kg



Vortex shedding (von Karman vortex street) 
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•  Flow past a cylinder shows an oscillatory behavior at certain Reynolds number 
ranges in the manner of alternative detaching vortices. 

•  The flow can be indistinctly  
laminar or turbulent. 



Vortex shedding 
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•    

For	
  a	
  circular	
  cylinder:	
   For	
  other	
  shapes:	
  

 
St ≡ n ⋅d

Vo

 
St = n ⋅d

Vo

  
Re =

Vo ⋅d
ν

  
Re =

Vo ⋅d
ν



Vortex shedding 
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•  It causes cyclic changes in pressure on the ‘cylinder’ and therefore 
induces vibrations if the structure is not completely stiff. 

•  Example: 
Rectangular cylinder, 
Tacoma Narrows bridge, 
collapsed in 1940 



Lift force 
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Why is lift generated in an airfoil?  
Two consistent explanations based on conservation equations: 

Momentum conservation equation: 

C.V. 

Vin	
   Vout	
  

Change of momentum in the vertical direction 
because the airfoil deflects the air downward 
 è Upward force (LIFT) 

Lift force	
  

Top: High velocity, low pressure 

Bottom: Low velocity, high pressure 

Bernoulli equation: 

Larger pressure at bottom è Upward force (LIFT) 

Lift force	
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•  Average rate of rotation of fluid particles in an area 
bounded by a closed curve. 

•  It is mathematically defined by the following path integral: 

•  Sign convention: 
–  Clockwise – positive 
–  Counterclockwise – negative 

Circulation 
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* Opposite to the mathematical definition of line integral 



•  Circulation around a body creates a force perpendicular to the incoming flow: 
lift. 

•  One of the simplest ways to create circulation is rotating a sphere or a cylinder 
around its axis 

•  Note: also circulation (and therefore lift) is not zero around an airfoil with an angle 
of attack. 

Circulation 
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Circulation: 

Uniform flow: 



•  The spin of a moving sphere produces a lift and therefore it deflects 
its trajectory from straight to curve. 

•  It is called Magnus effect and it is commonly used in ball sports. 

Circulation 
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