
Boundary Layers – Pressure Gradient Effects 

 
 
 

 
https://www.youtube.com/watch?v=VUiGhyHC-1A 

 
no dimples:  26+ mpg 

with dimples:  29+ mpg 
 

A bit more on the topic: 
https://www.theborneopost.com/2014/04/08/vehicle-aerodynamics-drag-reduction-
through-surface-dimples/ 
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Let’s look at the velocity profile at different points along a plate for a flow with an adverse pressure 
gradient (dp/dx > 0): 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In an adverse pressure gradient flow the boundary layer velocity profile will always have an inflection 
point.  This can be shown by considering the boundary layer momentum equation: 
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Note that at the wall boundary (y = 0), u = v = 0 so that: 
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Thus, at the wall boundary in an adverse pressure gradient (dp/dx > 0), we must have: 
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However, at the free stream interface (y = G) we have: 
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in order for the boundary layer profile to merge smoothly with the outer flow velocity profile.  The change 
in sign of the boundary layer curvature indicates that somewhere within the boundary layer there must be a 
point of inflection.  The inflection point moves toward the outer flow boundary as the flow moves 
downstream in an adverse pressure gradient flow.   
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Ww = 0 
(zero slope at the wall) 

This is defined as the separation 
point. 

backflow at the wall (recirculation).  The 
boundary layer thickens considerably � 

the BL assumption that v << u is no 
longer valid 

 
(From White, F.M., Fluid Mechanics, 3rd ed., McGraw-Hill.) 
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Notes: 
1. Turbulent BLs have more momentum than laminar BLs (consider the velocity profiles)  

�  fluid in a turbulent BL will travel further into an adverse pressure gradient than fluid in a 
laminar BL 

�  BL separation occurs later for a turbulent BL than for a laminar BL 
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(From Van Dyke, M., An Album of Fluid Motion, Parabolic Press.) 

Note that Ww, laminar < Ww, turbulent since 
the velocity gradient for laminar 
flow is less than the velocity 
gradient for turbulent flow. 

COM 
 
Bernoulli’s Eqn: 



Boundary Layers – Pressure Gradient Effects 

 



Boundary Layers – Pressure Gradient Effects 

 
 
 
 
 

 
 
 
 

 
 
 
 

  

   

C. Wassgren  Last Updated:  16 Nov 2016 
Chapter 09:  Boundary Layers 

6. Forces on Objects Immersed in a Fluid Flow 
 
The force acting on an object immersed in a fluid flow is comprised of the force due to pressure variations 
over the surface and the force due to viscous shear stresses. 
 
If we know the pressure (p) and shear stress (τ) distribution over the object, then: 
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where FP is the force due to the pressure component, FS is the force due to the shear stress component, and 
A is the surface area of the object. 
 
The component of the force acting in the direction parallel to the incoming flow is known as the drag force, 
FD, and the component perpendicular to the incoming flow is known as the lift force, FL.   
 
 
Notes: 
1. The pressure force component of the drag is known as form drag while the shear stress drag component 

is known as the skin friction drag. 
 
2. A streamlined body is one in which the (skin friction drag) >> (form drag). 
 
 
 
 

A bluff body is one in which the (form drag) >> (skin friction drag). 
 
 
 
 
 
 
3. The lift and drag are often expressed in dimensionless form as a lift and drag coefficient, CD and CL: 
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where A is usually the frontal projected area (area seen from the front) for a bluff body or the planform 
area (the area seen from above) for a streamlined body. 
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Two contributions to the total drag force: 



Boundary Layers – Pressure Gradient Effects 

 

 

 
 
  

   

C. Wassgren 390 Last Updated:  14 Aug 2010 
Chapter 08:  Boundary Layers 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Inviscid analysis works reasonably well on the upstream side but fails miserably on the downstream side 
due to boundary layer separation.  Notice that the pressure in the wake is relatively uniform and equal to the 
pressure at the boundary layer separation point.  Hence, delaying boundary layer separation helps to 
recover the pressure in the wake as a well as decreasing the area of the wake.  As a result, the drag due to 
pressure forces (aka form drag) decreases as boundary layer separation is delayed.

 
(From White, F.M., Fluid Mechanics, 3rd ed., McGraw-Hill.) 
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(From White, F.M., Fluid Mechanics, 3rd ed., McGraw-Hill.)
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Dimpled disc cycle wheels (from Zipp) for bicycle racing. 
“…the Recr is reduced by the presence of the dimples….dimples make the flow turbulent 
at an earlier point so the more energetic turbulent flow may stay attached to the surface 
for longer.” 
 

 
https://www.racecar-engineering.com/articles/technology/can-dimpled-aerodynamic-
surfaces-reduce-drag/ 
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Commonly used curve fits to the curve shown above are: 

 ReD < 1: CD = 24/ReD  (Stokes’ drag law) 
 ReD < 5: CD = 24/ReD (1+3/16ReD)  (Oseen’s approximation) 

 0 ≤ ReD ≤ 2*105: CD = 24/ReD + 6/(1+ReD
0.5) + 0.4 

 ReD < 2*105: CD = 0.44 (Newton’s Law) 
 

  

 

drag crisis 

 
 

drag crisis 


