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Non-dimensionalization – Reynolds number



Limit cases: Euler and Stokes equations



Nonlinear functions: linearization



Nonlinear equations: fixed point iteration



Nonlinear equations: Newton’s method



Time discretization of initial value problem



Time discretization of initial value problem



Forward Euler method



Backward Euler method



Backward Euler method



Time stepping methods as quadrature rules



Euler methods as quadrature rules



Midpoint and trapezoidal methods



Theta method (F/B Euler, trapezoidal,…)



Same time stepping methods for IVP systems



Partial differential equation: heat equation



Heat equation: variational form and FEM



Heat equation: stability estimate



Heat equation: semi-discrete IVP system



Navier-Stokes equations: FEM



FEM semi-discretization of IVP system



Stabilization: linear transport model problem



Stabilization: linear transport model problem



Stabilization: linear transport model problem



Stabilization: linear transport model problem



Stabilization: linear transport model problem



NSE: Streamline diffusion stabilization



NSE: Least squares stabilization



Linear dynamical system



Linear dynamical system



Linear dynamical system



Stability of linear dynamical system

If the matrix A is non-defective, then 



Stability of linear dynamical system



Symmetric positive definite matrix



Diffusion and heat conduction



Skew-symmetric normal matrix



Vortex and wave propagation



Defective matrix



Transition to turbulence



Nonlinear dynamical system



Linear stability analysis



Navier-Stokes equations



Triple decomposition of velocity gradient



Triple decomposition of velocity gradient



Linear stability analysis



Linear stability analysis



Linear stability analysis



Navier-Stokes equations

No slip boundary condition: 𝑢 = 0

Slip boundary conditions: 𝑢 $ 𝑛 = 0

Friction boundary conditions: 𝑛!𝜎𝑡" = β𝑢 $ 𝑡"
Outflow boundary conditions: 𝑛!𝜎 = 0



Incompressible flow – attachment point

• ∇ " 𝑢 = 0

• !"!!#!
= − !""

!#"

[Water and aluminum dust.]



Incompressible flow – boundary layer

• ∇ " 𝑢 = 0
• 𝑢$ = 𝑓 𝑥%
• 𝑢% = 0

[Water and aluminum dust.]



Cylinder (Re = 0.16) – separation point

• ∇ " 𝑢 = 0

• !""!#"
= − !"!

!#!

[Water and aluminum dust.]



Cylinder (Re = 26) – 2 separation points

• ∇ " 𝑢 = 0

• !""!#"
= − !"!

!#!

[Oil and magnesium.]



Cylinder (Re = 26) – 2 vortices

• ∇ " 𝑢 = 0
• 𝑢$ = 𝑓 𝑥%
• 𝑢% = 𝑔(𝑥$)

[Oil and magnesium.]



Cylinder (Re = 300) – Karman vortex street

[Wind and smoke.]



Lab 2 – velocity vector field

[Wind and smoke.]



Lab 2 – scalar pressure field

[Wind and smoke.]



Lab 2 – lift force on cylinder

[Wind and smoke.]



Lab 2 – lift force on cylinder

[Wind and smoke.]



Lab 2 – Strouhal number

[Wind and smoke.]



Lab 2 – drag force on cylinder

[Wind and smoke.]



Lab 2 – drag force on cylinder

[Wind and smoke.]



Karman vortex streets

[https://en.wikipedia.org/wiki/Vortex_shedding#/media/File:Heard_Island_Karman_vortex_street.jpg]

[https://en.wikipedia.org/wiki/Vortex_shedding#/media/File:SchornsteinwendelSKL.jpg]



Cylinder (Re = 2000) – shear layer

[Water and air bubbles.]



Cylinder (Re = 2000) – 3D turbulent wake

[Water and air bubbles.]



Re = 10 000 – turbulent shear layers

[Water and air bubbles.]



Simulation of airflow past landing gear  

[De Abreu et al., Computers and Fluids, 2016]



Acoustic sources and turbulent vortices

[De Abreu et al., Computers and Fluids, 2016]



Sphere: Re = 15 000 vs 30 000
turbulent boundary layers (drag crisis)



Sphere: Re = 15 000 vs 30 000
turbulent boundary layers (drag crisis)



Sphere: Re = 15 000 vs 30 000
trip wire – to trigger turbulent boundary layer



Sphere: Re = 15 000 vs 30 000
trip wire – to trigger turbulent boundary layer

[https://en.wikipedia.org/wiki/Golf_Ball#/media/File:Golf_Ball.jpg]



Credits

Album of fluid flow (Milton Van Dyke)
• https://en.wikipedia.org/wiki/An_Album_of_Fluid_Motion
• https://www.abebooks.com/9780915760022/Album-Fluid-Motion-

Milton-Dyke-0915760029/plp

https://en.wikipedia.org/wiki/An_Album_of_Fluid_Motion
https://www.abebooks.com/9780915760022/Album-Fluid-Motion-Milton-Dyke-0915760029/plp

