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Drag
Boundary layers
Boundary layer separation

Boundary layer separation on airfoils



where are viscous effects important? O

Viscous flows




Drag




skin frictiondrag. O

pressure drag. O
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Influence of form
Re;
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Estimate profile drag from the velocity profile in the wake
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Influence of Re

Which situation corresponds to the highest Re?
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Influence of Re

Wiscous effacts
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flow separation

Influence of Re

Viscous forces
important throughout
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Boundary layers

boundary layer height
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Boundary layer theory U

Edge of poundary \ayer 3—_/
Consider a 2D, steady, incompressible boundary layer: i

@—I—Q:O x*=x/L=0()

ax ay y*:y/L:0(5/L)
uw=u/Uy,=0()
vi=v/U,
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Boundary layer theory ?
Consider a 2D, steady, incompressible boundary layer: ;

du du 1dp v(azu azu) x*=x/L=0(1)

Uz— TtV —=——7%— +
ox Jy pdx dx2 Jdy? y'=y/L=0(5/L)
u=u/U,=0(1)

vi=v/Uy,=0(6/L)
Re=UL/v
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Boundary layer theory ?
Consider a 2D, steady, incompressible boundary layer: ;

2 2
u—+v—=———+v(a v+3 v) x'=x/L=0(1)
0x oy poy dx2 Jy? y'=y/L=0(5/1)
uw=u/Uy=0(1)
vi=v/Uy,=0(6/L)
Re=U,L/v=0(L*/56%)




Boundary layer theory —
Prandt!’s thin boundary layer equations //_i(

Boundary conditions:  ul,—o =



Boundary layer theory

Prandftl’s thin boundary layer equations

For y — 00! u—+v =——1—W




Flat plate boundary layer
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Laminar versus turbulent flows

Osborne Reynolds (1842-1912)
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https://youtu.be/y0WRJtXvpSo

Laminar versus turbulent flows
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laminar vs turbulent boundary layers O
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Boundary layer growth
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Wall shear stress
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Boundary layers on curved surfaces
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Boundary layer separation
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Boundary layer separation
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Boundary layer separation
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Boundary layer separation
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Boundary layer separation
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Boundary layer separation
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Boundary layer separation
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Boundary layer separation
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Boundary layer separation on airfoils




Boundary layer separation on airfoils




Back to drag
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More drag

Cp <, > 0r= Cp




More drag

Solid vs open hemisphere



More drag

Reference area

Drag coefficient
5

Reynolds number

Reference area

Drag coefficient

Reynolds number
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Take away message
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