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Fluid-structure interaction

[Water and air bubbles.]

• https://gfm.aps.org/meetings/dfd-2020/5f5f0056199e4c091e67bd9e

https://gfm.aps.org/meetings/dfd-2020/5f5f0056199e4c091e67bd9e


Flow visualiza3on: pathlines

[h#ps://en.wikipedia.org/wiki/Streamlines,_streaklines,_and_pathlines#/media/File:Kaberneeme_campfire_site.jpg]



Flow visualiza3on: streamlines

h#ps://www3.nd.edu/~cwang11/2dflowvis.html



Representation of fluid flow

• Pathlines vs Streamlines
• Particles vs mesh/fixed coordinate system
• Lagrangian vs Eulerian representation
• Smooth particle hydrodynamics vs Finite element method

[https://www3.nd.edu/~cwang11/2dflowvis.html]



Representation of fluid flow

• Pathlines vs Streamlines
• Par<cles vs mesh/fixed coordinate system
• Lagrangian vs Eulerian representa<on
• Smooth par<cle hydrodynamics vs Finite element method



Representa3on of fluid flow

• Lagrangian representa?on: moving par?cle posi?on 𝑋 𝑡 , 𝑋 0 = 𝑋0
• Eulerian representa?on: fixed posi?on 𝑥, velocity 𝑢(𝑥, 𝑡)



Representa3on of fluid flow

• Lagrangian representation: moving particle position 𝑋 𝑡 , 𝑋 0 = 𝑋0
• Eulerian representation: fixed position 𝑥, velocity 𝑢(𝑥, 𝑡)

• 𝑢 𝑋 𝑡 , 𝑡 = !"
!#



Representation of fluid flow

• Lagrangian representation: moving particle position 𝑋 𝑡 , 𝑋 0 = 𝑋0
• Eulerian representation: fixed position 𝑥, velocity 𝑢(𝑥, 𝑡)

• 𝑢 𝑋 𝑡 , 𝑡 = !"
!#
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&# + 𝑢 * ∇ 𝑢

• Acceleration along particle path



Deforming domains

[h2ps://en.wikipedia.org/wiki/Level-set_method#/media/File:Level_set_method.png]

Interface tracking
• Mesh follow deforma7on
• Explicit interface 

representa7on

Interface capturing
• Mesh fixed
• Implicit interface 

representa7on



Unified con3nuum fluid-structure interac3on



Unified con3nuum fluid-structure interac3on



Space-time finite element approximation



Space-time finite element approximation



Demo ALE



Mesh smoothing – elas3c analogy



Unified Con*nuum fluid-structure 
interac*on
[J. Hoffman, J. Jansson, M. Stöckli, M3AS, Vol.21(3), 2011.] 

ALE-FEM method 
• Conforming fluid-solid mesh
• Mesh smoothing



Contact model



Unified Continuum contact model
[Spühler, Degirmenci, Jansson, Hoffman, KTH PhD thesis, 2018]



FSI simulation of vocal folds
[N.C.Degirmenci, et al, Proc. Interspeech, 2017]



Heart simula3on and data analysis

[Spühler et al., 2017, 2020]



FSI simula3on of aor3c valves
[Spühler et al., Frontiers in Physioloy, Vol.9, 2018]



Navier-Stokes Brinkman model



Demo NS-Brinkman



Incompressible flow – aNachment 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 separa3on 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.]



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.]



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



Simula3on of drag crisis – slip/fric3on bc



Demo 2D Navier-Stokes equa3ons for high Re 



Direct Numerical Simulation (DNS)

• Energy dissipation to heat at smallest scale in turbulent  
flow (Kolmogorov scale) ~ Re-3/4

• Cost of Direct Numerical Simulation (DNS) ~ Re9/4

• Re > 106 : DNS impossible! Need cheaper models!



Reynolds Averaged NSE (RANS)
• Compute statistical ensemble average of NSE solutions
• Introduces Reynolds stresses that need to be modeled 

(turbulent eddy viscosity) : the closure problem
• Calibration of RANS model parameters is a challenge 



Large Eddy Simula3on (LES)
• Compute only the largest scales of the flow  
• Filter NSE (spa7al average): model subgrid scales
• Near walls “Resolved LES” imprac7cal for high Re 
• Wall-layer models: e.g. assume RANS near the wall 

(DES)



Direct FEM Simula3on of Turbulence (DFS)

• Direct FEM approxima<on of the Navier-Stokes equa<ons

• No RANS/LES averaging/filtering (only the mesh scale)
• No explicit turbulence/subgrid model (no closure problem)
• AutomaLc turbulence model based on NSE residual  

(cf. Implicit LES, MILES [Fureby/Grinstein AIAA 99],
VMM-LES [Bazilevs et.al. 07, Principe/Codina/Henke 10,…])

• Automa<c mesh resolu<on : adap<ve algorithm with error control in 
output of interest (drag, liI,…) 

• Cheap wall-layer model : slip (fric<on) boundary condi<on
(no boundary layer resolu<on : no boundary layer mesh)



Direct FEM Simulation of Turbulence (DFS)
• For (v,q) in Wh : find (U,P) in Vh such that

(DtU + (U⋅∇)U,v) + (ν∇U,∇v) – (P,∇⋅v) + (q,∇⋅U) 
+ (δR(U,P),R(v,q)) = (f,v)

• Slip (no penetration) velocity: u⋅n = 0    
• Wall shear stress: τ = nTσt = β(u⋅t)    (β skin friction 

coefficient) 

• Least squares stabilization of residual: R(U,P), with δ ~ h
• R(v,q) = [Dtv + (U⋅∇)v + ∇q- ν∆v - f, ∇⋅v]T
• No explicit subgrid model of unresolved scales
• Dissipation: - dK/dt = ||β1/2u⋅t||2 + ||ν1/2∇U||2 + ||δ1/2R(U,P)||2



Demo turbulence model



Mul3phase flow

• hIps://gfm.aps.org/mee?ngs/dfd-2020/5f5ec1d2199e4c091e67bd66

• hIps://gfm.aps.org/mee?ngs/dfd-2020/5f5f6542199e4c091e67be2a

https://gfm.aps.org/meetings/dfd-2020/5f5ec1d2199e4c091e67bd66
https://gfm.aps.org/meetings/dfd-2020/5f5f6542199e4c091e67be2a


Mul3phase flow

• hIps://gfm.aps.org/mee?ngs/dfd-2020/5f5fc002199e4c091e67bf49

https://gfm.aps.org/meetings/dfd-2020/5f5fc002199e4c091e67bf49


Credits

Gallery of fluid motion (American Physical Society)
• https://gfm.aps.org

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

