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Viscous flows
where are viscous effects important? □



Drag



Drag
skin friction drag □

pressure drag □



Influence of form
Bluff and blunt bodies □



Estimate profile drag from the velocity profile in the wake
3.10 AFES □

D =

∫

2

ρu2 (U∞ − u2)dy2



Influence of Re

Which situation corresponds to the highest Re?

(A)

(B)

(C)



Influence of Re
boundary layer properties □



Influence of Re
flow separation □



Boundary layers
boundary layer height □

Rex □

mass flux momentum flux



Boundary layer theory

Consider a 2D, steady, incompressible boundary layer:

∂ u

∂ x
+
∂ v

∂ y
= 0 x∗ = x/L = O (1)

y∗ = y/L = O (δ/L)

u∗ = u/U∞ = O (1)

v∗ = v/U∞
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Boundary layer theory

Prandtl’s thin boundary layer equations
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Boundary conditions: u|y=0 = 0
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Boundary layer theory

Prandtl’s thin boundary layer equations
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Flat plate boundary layer



Laminar versus turbulent flows

Osborne Reynolds (1842-1912)

https://youtu.be/y0WRJtXvpSo


Laminar versus turbulent flows



Laminar and turbulent boundary layers
laminar vs turbulent boundary layers □
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Boundary layer growth
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Wall shear stress



Skin friction drag

CF =
1.328
p

Rex

CF =
0.074

Re1/5
x



Boundary layers on curved surfaces
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Boundary layers on curved surfaces



Boundary layer separation



Boundary layer separation



Boundary layer separation



Boundary layer separation

?
?

Which curve belongs to the laminar boundary layer?

(A) blue

(B) red



Boundary layer separation

laminar

turbulent



Boundary layer separation



Boundary layer separation

laminar turbulent



Boundary layer separation

? ?

?

? ?



Boundary layer separation

A B

C

D E



Boundary layer separation on airfoils



Boundary layer separation on airfoils



Back to drag



More drag

CD <,>, or= CD

U∞ U∞



More drag

Solid vs open hemisphere



More drag
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