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Context
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Ø Engineering applications involve fluid flows around solids
Ø Stationary bodies
Ø Moving bodies

Ø Examples:

Ø Biological flows

Ø Turbomachinery

Ø Aircraft design

Ø Wind turbines

Ø And many more..

v Complex geometries
§ Need for unstructured grids
§ Moving boundaries
§ Need for re-meshing

v Complex flows
§ Unsteady 3D effects
§ Need for highly predictive flow 

solvers

Ø Use of Computational Fluid Dynamics (CFD)
Ø Simulate numerically the problem
Ø Examine the physical phenomena
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Ø And many more..

Ø Use of Computational Fluid Dynamics (CFD)
Ø Simulate numerically the problem
Ø Examine the physical phenomena

What are the state-of-the-art rotor modelling 
approaches for unsteady high-fidelity simulations?

v Complex geometries
§ Need for unstructured grids
§ Moving boundaries
§ Need for re-meshing

v Complex flows
§ Unsteady 3D effects
§ Need for highly predictive flow 

solvers
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Body-fitted (Sliding/Overset mesh methods) [1]

+ Geometry well represented in calculation domain
+ Aerodynamic forces calculated directly
- Mesh movement/adaptation needed to follow the solid
- Very expensive; unaffordable for regular use

Actuator Line Method (ALM) [1]

+ Geometry represented as a single line of points
+ Affordable cost for regular use
- Experimental data the aerodynamic coefficients needed
- Unrealistic fields near the blades

[1] Porté-Agel, F. et al (2019) Boundary-Layer Meteorology
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+ Geometry well represented in calculation domain
+ Aerodynamic forces calculated directly
- Mesh movement/adaptation needed to follow the solid
- Very expensive; unaffordable for regular use

Actuator Line Method (ALM) [1]

+ Geometry represented as a single line of points
+ Affordable cost for regular use
- Experimental data the aerodynamic coefficients needed
- Unrealistic fields near the blades

[1] Porté-Agel, F. et al (2019) Boundary-Layer Meteorology

Ø Original methodology
Based on Immersed Boundary Methods

Ø Implementation and verification
Ø Validation cases (2D laminar flows)

Alternatives combining strengths of Body-fitted methods and ALM?
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Immersed Boundary Methods (IBM) [1]

+ Geometry well represented in calculation domain
+ Aerodynamic forces calculated directly
+ No re-meshing required
+/- Variety of models with different strengths and weaknesses [2]
- Mass/momentum conservation not always guarantied [3]

[1] Peskin, C. S. (1972) Journal of Computational Physics
[2] Sotiropoulos, F. and Yang, X. (2014) Progress in Aerospace Sciences

[3] Muldoon, F. and Acharya, S. (2005) Proceedings of 
2005 ASME Fluids Engineering Division Summer Meeting

Proposition:
VOS-Implicit Volume Penalty IBM

Target characteristics:

q Appropriate description of the moving 
solid

q Solid/fluid volume preservation

q Correct influence of solid to the fluid’s 
dynamics

q Accurate prediction of aerodynamic loads

q Efficient, robust and affordable
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Lagrangian particles for the solid displacement

VOS-IVP Ingredients

[1] Hirt, C. and Nichols, B. . (1981) Journal of Computational Physics
[2] Angot, P. et al (1999) Numerische Mathematik

Solid mesh

Seed particles

Place particles on fluid mesh
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Lagrangian particles for the solid displacement

Volume of Solid (VOS) approach [1]

VOS-IVP Ingredients

[1] Hirt, C. and Nichols, B. . (1981) Journal of Computational Physics
[2] Angot, P. et al (1999) Numerische Mathematik
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Lagrangian particles for the solid displacement

Volume of Solid (VOS) approach [1]

Composite velocity

VOS-IVP Ingredients

[1] Hirt, C. and Nichols, B. . (1981) Journal of Computational Physics
[2] Angot, P. et al (1999) Numerische Mathematik

Fluid velocity Solid velocity

Composite velocity

Example: Rotating cylinder (Magnus Effect)
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Lagrangian particles for the solid displacement

Volume of Solid (VOS) approach [1]

Penalization IBM [2]

Composite velocity

VOS-IVP Ingredients

[1] Hirt, C. and Nichols, B. . (1981) Journal of Computational Physics
[2] Angot, P. et al (1999) Numerische Mathematik
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Ø Continuity equation:

Ø Momentum equation:

VOS-IVP governing equations
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Remark: the penalty density factor varies in space and time:

Implicit Volume Penalty approach

Ø Penalizing the predicted velocity:

Ø Penalizing the final velocity:

Ø Modified Pressure Poisson equation (PPE):
<latexit sha1_base64="RSq9Hz97nVqVtfBJFW9W/XHXmxs="></latexit>

r ·
✓

1

�⇢
rP

◆
=

r · u⇤

�t
� r · un+1

�t

<latexit sha1_base64="TYRDJUIFqpxpR7WSW40AWlQFW3s="></latexit>

un+1 � u⇤

�t
= �1

⇢
rPn+1/2 +

�

⌘

�
u⇤ � un+1

�

<latexit sha1_base64="tObbauSw53w1Gdsi7fL5fGEvaU8="></latexit>

u⇤ =
1

�
[un +�tR] +

� � 1

�
un+1
s



The CFD platform [1,2]: !"#$%&

Iason Tsetoglou 11

• Features
• Large Eddy Simulations
• Unstructured meshes and adaptive grid refinement
• Low-Mach number Navier-Stokes equations (incompressible and variable density)
• Double-domain decomposition and hybrid OpenMP/MPI communications
• Highly efficient solvers for linear system inversion (PCG, DPCG)
• 4th-order central finite-volume method and 4th-order time integration
• Suited for massively parallel computing (>32 000 procs)
• Used by 250+ scientists/engineers in academia and industry

[1] YALES2 web site, http://www.coria-cfd.fr
[2] SUCCESS web site, http://success.coria-cfd.fr

• ALM for Vertical Axis 
Wind Turbines [3]

[3] Houtin-Mongrolle, F. et al. (2020) Journal 
of Turbulence

http://www.coria-cfd.fr/
http://success.coria-cfd.fr/
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Solid Volume Conservation

Δ𝑥 = 𝐷/10Δ𝑥 = 𝐷/5

Ø The mean error remains constant
Ø Depends on discretization errors of initial solid mehD/�x < "s >[%] "rms

s [%]

1 0.16 7.35 · 10�14

5 0.16 2.11 · 10�14

10 0.16 1.38 · 10�14
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Fluid Mesh
Solid in oscillation

At each iteration:
1. Move the particles
2. Interpolate particles’ volume & compute solid 

volume fraction

Numerical volume:

Theoretical volume:

Error in volume:

Ø The mean fluctuation error is essentially negligible
Ø Diminishes with finer grid resolution à linked to interpolation errors

Theoretical solid surface 
Discretized solid surface
Lost solid volume

The solid volume is conserved in time and is independent of the fluid mesh resolution!
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Forces & characteristic quantities:

Field characteristics:
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[3] Kravchenko, A . et al. (1999) Journal of Computational Physics[1] Qu, L. et al. (2013) Journal of Fluids & Structures
[2] Park, J. et al. (1998) KSME International Journal
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Forces & characteristic quantities:

Field characteristics:
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Forces & characteristic quantities:

Field characteristics:
BF

VOS-IVP
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Forces & characteristic quantities:

Field characteristics:
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VOS-IVP
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Results:

Ø VOS-IVP results match very well with BF and 
reference data [1]

Ø Drag relative error remains less than 3%
Ø Lift relative error less than 10%
Ø Strouhal relative error less than 6%
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�x = 0.02D
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Set-up:

3.0 3.2 3.4 3.6 3.8 4.0
t/T [°]

°4

°3

°2

°1

0

1

2

3

4

F
x
[N

]

Exp. Dutsch (1998)

BF: D/¢x = 100

VOS-IVP: D/¢x = 10

VOS-IVP: D/¢x = 25

VOS-IVP: D/¢x = 50

VOS-IVP: D/¢x = 100

10°2 10°1 100 101 102

f [Hz]

10°7

10°6

10°5

10°4

10°3

10°2

10°1

100

F
x
[N

]

BF: D/¢x = 100

VOS-IVP: D/¢x = 10

VOS-IVP: D/¢x = 25

VOS-IVP: D/¢x = 50

VOS-IVP: D/¢x = 100

Force & frequency:

<latexit sha1_base64="vpNji73UcAJDNSrd30dHIrLKi/Q="></latexit>

�x & : HFnoise &

[1] Dutsch, H. et al. (1998) Journal of Fluids Mechanics

<latexit sha1_base64="7d3pYzqIB/q/+GiNcof7yTVAJT8=">AAACBXicbVDLSgMxFM3UV62vUZe6CC2CYKmZQtWNULQLlxXsAzpDyaSZNjTzIMmIQ+nGjT/gR7hxoYhb/8Fd/8b0sdDWAxcO59yb3HvciDOpEBoZqaXlldW19HpmY3Nre8fc3avLMBaE1kjIQ9F0saScBbSmmOK0GQmKfZfThtu/HvuNeyokC4M7lUTU8XE3YB4jWGmpbR5WTu0K5QrDB3gJWxbKF0v5EspbCDmwbeZQAU0AF4k1I7ly1j55HpWTatv8tjshiX0aKMKxlPq9SDkDLBQjnA4zdixphEkfd2lL0wD7VDqDyRVDeKSVDvRCoStQcKL+nhhgX8rEd3Wnj1VPzntj8T+vFSvvwhmwIIoVDcj0Iy/mUIVwHAnsMEGJ4okmmAimd4WkhwUmSgeX0SFY8ycvknqxYJ0VrFudxhWYIg0OQBYcAwucgzK4AVVQAwQ8ghfwBt6NJ+PV+DA+p60pYzazD/7A+PoBjTqXvA==</latexit>

D/�x = [10, 25, 50, 100]

<latexit sha1_base64="of8v53cZOf6J8+eRLirdcHEkqgo=">AAAB7XicbZC7SgNBFIbPxltcb1FLm8EgWIVZC7UJBm0so5gLJEuYncwmY2Z3lplZISx5BxsLRWwsfBR7G/FtnCQWmvjDwMf/n8Occ4JEcG0w/nJyC4tLyyv5VXdtfWNzq7C9U9cyVZTVqBRSNQOimeAxqxluBGsmipEoEKwRDC7GeeOOKc1lfGOGCfMj0ot5yCkx1qpfs7KHcadQxCU8EZoH7weKZ+9uOXn9dKudwke7K2kasdhQQbRueTgxfkaU4VSwkdtONUsIHZAea1mMScS0n02mHaED63RRKJV9sUET93dHRiKth1FgKyNi+no2G5v/Za3UhKd+xuMkNSym04/CVCAj0Xh11OWKUSOGFghV3M6KaJ8oQo09kGuP4M2uPA/1o5J3XPKucLFyDlPlYQ/24RA8OIEKXEIVakDhFu7hEZ4c6Tw4z87LtDTn/PTswh85b9+cmJF+</latexit>

Re = 100
<latexit sha1_base64="MTtJy9RK/S3OYA3BUz3lAhEzFz8=">AAACCHicbVDLSsNAFJ3UV62vqksXDhbBjSUR1G6KxQoKbirYB7QhTKaTduhMEmYm0hKydOOvuHGhiFv/QHeu/BWnj4W2HrhwOOde7r3HDRmVyjS/jNTc/MLiUno5s7K6tr6R3dyqySASmFRxwALRcJEkjPqkqqhipBEKgrjLSN3tlYd+/Y4ISQP/Vg1CYnPU8alHMVJacrK71+ViyxMIx1WnxZHqCh5z1E+S2IMXSfHYyebMvDkCnCXWhORKZ98f/cPCZcXJfrbaAY448RVmSMqmZYbKjpFQFDOSZFqRJCHCPdQhTU19xIm049EjCdzXSht6gdDlKzhSf0/EiEs54K7uHN4qp72h+J/XjJRXsGPqh5EiPh4v8iIGVQCHqcA2FQQrNtAEYUH1rRB3kY5F6ewyOgRr+uVZUjvKWyd560ancQ7GSIMdsAcOgAVOQQlcgQqoAgzuwSN4Bi/Gg/FkvBpv49aUMZnZBn9gvP8ABVyc/A==</latexit>

KC =
Umax

fD
= 5

<latexit sha1_base64="OxppgkJToL1RTgBS+4MUlE1MIDI=">AAACGHicbVDLTgIxFO34RHyhLt00EBOIEWdYqBsT1I1LTOSRMIR0SgcaOtNJe8eETPgL3fgrblxojFt2/I3lsVDwJE1Pz7k3vfd4keAabHtsrayurW9sprbS2zu7e/uZg8OalrGirEqlkKrhEc0ED1kVOAjWiBQjgSdY3evfTfz6E1Oay/ARBhFrBaQbcp9TAkZqZ85dT4qOHgTmSuJhm+ahgK/xWQm7Ecc+vsEulTpfmr2g0M7k7KI9BV4mzpzkyln39HlcHlTamZHbkTQOWAhUEK2bjh1BKyEKOBVsmHZjzSJC+6TLmoaGJGC6lUwXG+ITo3SwL5U5IeCp+rsjIYGezG4qAwI9vehNxP+8Zgz+VSvhYRQDC+nsIz8WGCSepIQ7XDEKYmAIoYqbWTHtEUUomCzTJgRnceVlUisVnYui82DSuEUzpNAxyqI8ctAlKqN7VEFVRNELekMf6NN6td6tL+t7VrpizXuO0B9Yox/06KDE</latexit>

uc(t) = �2⇡fA cos(2⇡ft)
<latexit sha1_base64="M1eRSaFLDnbXxzP8fwnk5VijnD8=">AAAB/nicbVDLSgMxFM3UV62vUXGlSLAIrspMF+pGKLrpsgX7gM5QMmmmDU0yQ5IR6lBw44e4caGI236HO7/BnzDTdqHVA4HDOfdyT04QM6q043xauaXlldW1/HphY3Nre8fe3WuqKJGYNHDEItkOkCKMCtLQVDPSjiVBPGCkFQxvMr91R6SikbjVo5j4HPUFDSlG2khd+yCEV9AplaEHPY70QPK0ej/u2kWn5EwB/xJ3ToqVo0n96/F4UuvaH14vwgknQmOGlOq4Tqz9FElNMSPjgpcoEiM8RH3SMVQgTpSfTuOP4alRejCMpHlCw6n6cyNFXKkRD8xkFlEtepn4n9dJdHjpp1TEiSYCzw6FCYM6glkXsEclwZqNDEFYUpMV4gGSCGvTWMGU4C5++S9plkvuecmtmzauwQx5cAhOwBlwwQWogCqogQbAIAVP4AW8Wg/Ws/Vmvc9Gc9Z8Zx/8gjX5BtKAl9g=</latexit>

f = 0.2 Hz

* Fixed boundary with moving frame of reference

*
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Force & frequency:

3.0 3.2 3.4 3.6 3.8 4.0
t/T [°]

°4

°3

°2

°1

0

1

2

3

4

F
x
[N

]

Exp. Dutsch (1998)

BF: D/¢x = 100

VOS-IVP: D/¢x = 10

VOS-IVP: D/¢x = 25

VOS-IVP: D/¢x = 50

VOS-IVP: D/¢x = 100

3.0 3.2 3.4 3.6 3.8 4.0
t/T [°]

°4

°3

°2

°1

0

1

2

3

4
Total force

Momentum source

<latexit sha1_base64="4xg0gQ8OonaEQrJqkS6qYBcQANA=">AAAB+HicbVDJSgNBEO2JW4xLRj16aRIEQYgzAZeLEDQHjxHMApkh9HR6kiY9C9014hjyF968eFDEq5/iLX9jZzlo4oOCx3tVVNXzYsEVWNbYyKysrq1vZDdzW9s7u3lzb7+hokRSVqeRiGTLI4oJHrI6cBCsFUtGAk+wpje4mfjNByYVj8J7SGPmBqQXcp9TAlrqmPnqqVNlAgh+xFe4fNYxi1bJmgIvE3tOipWCc/I8rqS1jvntdCOaBCwEKohSbduKwR0SCZwKNso5iWIxoQPSY21NQxIw5Q6nh4/wkVa62I+krhDwVP09MSSBUmng6c6AQF8tehPxP6+dgH/pDnkYJ8BCOlvkJwJDhCcp4C6XjIJINSFUcn0rpn0iCQWdVU6HYC++vEwa5ZJ9XrLvdBrXaIYsOkQFdIxsdIEq6BbVUB1RlKAX9IbejSfj1fgwPmetGWM+c4D+wPj6AUrVlIc=</latexit>

D/�x = 25 Ø The noise comes from the momentum source term

Ø Specifically, there are local overshoots at the immersed 
body’s surface for the time derivative:

<latexit sha1_base64="O1eqXRZHx0t/mW359yB1tDI+Ym0="></latexit>

@

@t
(�sus)|x=xi :

�n+1
s,i un+1

s,i � �n
s,iu

n
s,i

�t

<latexit sha1_base64="HhkUn24hlD2AZn14tbAP9Sl8Kgk=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBC8GHZF1IsQ9eIxgnlAEsLsZDYZMju7zvSKYclPePGgiFd/x5t/4yTZgyYWNBRV3XR3+bEUBl3321lYXFpeWc2t5dc3Nre2Czu7NRMlmvEqi2SkGz41XArFqyhQ8kasOQ19yev+4Gbs1x+5NiJS9ziMeTukPSUCwShaqfHUYeSSHF91CkW35E5A5omXkSJkqHQKX61uxJKQK2SSGtP03BjbKdUomOSjfCsxPKZsQHu8aamiITftdHLviBxapUuCSNtSSCbq74mUhsYMQ992hhT7ZtYbi/95zQSDi3YqVJwgV2y6KEgkwYiMnyddoTlDObSEMi3srYT1qaYMbUR5G4I3+/I8qZ2UvLOSd3daLF9nceRgHw7gCDw4hzLcQgWqwEDCM7zCm/PgvDjvzse0dcHJZvbgD5zPH34cjvU=</latexit>

xc = �A

<latexit sha1_base64="9tsLefJieQYnR61PZN/pYHZQt2Y=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9eKxgv2ANpTNdtIu3WzC7kYsoT/CiwdFvPp7vPlv3LY5aPXBwOO9GWbmBYng2rjul1NYWl5ZXSuulzY2t7Z3yrt7TR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMbqZ+6wGV5rG8N+ME/YgOJA85o8ZKrcceI5fkqleuuFV3BvKXeDmpQI56r/zZ7ccsjVAaJqjWHc9NjJ9RZTgTOCl1U40JZSM6wI6lkkao/Wx27oQcWaVPwljZkobM1J8TGY20HkeB7YyoGepFbyr+53VSE174GZdJalCy+aIwFcTEZPo76XOFzIixJZQpbm8lbEgVZcYmVLIheIsv/yXNk6p3VvXuTiu16zyOIhzAIRyDB+dQg1uoQwMYjOAJXuDVSZxn5815n7cWnHxmH37B+fgGExSOvg==</latexit>

xc = A

<latexit sha1_base64="UDVJ8nYd8ftN+Nk+zSL4TAX+C8Y=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OKxgv2ANpTNdtIu3WzC7kYsoT/CiwdFvPp7vPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3U791iMqzWP5YMYJ+hEdSB5yRo2VWk89Rq6J2ytX3Ko7A1kmXk4qkKPeK391+zFLI5SGCap1x3MT42dUGc4ETkrdVGNC2YgOsGOppBFqP5udOyEnVumTMFa2pCEz9fdERiOtx1FgOyNqhnrRm4r/eZ3UhFd+xmWSGpRsvihMBTExmf5O+lwhM2JsCWWK21sJG1JFmbEJlWwI3uLLy6R5VvUuqt79eaV2k8dRhCM4hlPw4BJqcAd1aACDETzDK7w5ifPivDsf89aCk88cwh84nz/5QY6t</latexit>

xc = 0

[1] Dutsch, H. et al. (1998) Journal of Fluids Mechanics

Set-up:

<latexit sha1_base64="of8v53cZOf6J8+eRLirdcHEkqgo=">AAAB7XicbZC7SgNBFIbPxltcb1FLm8EgWIVZC7UJBm0so5gLJEuYncwmY2Z3lplZISx5BxsLRWwsfBR7G/FtnCQWmvjDwMf/n8Occ4JEcG0w/nJyC4tLyyv5VXdtfWNzq7C9U9cyVZTVqBRSNQOimeAxqxluBGsmipEoEKwRDC7GeeOOKc1lfGOGCfMj0ot5yCkx1qpfs7KHcadQxCU8EZoH7weKZ+9uOXn9dKudwke7K2kasdhQQbRueTgxfkaU4VSwkdtONUsIHZAea1mMScS0n02mHaED63RRKJV9sUET93dHRiKth1FgKyNi+no2G5v/Za3UhKd+xuMkNSym04/CVCAj0Xh11OWKUSOGFghV3M6KaJ8oQo09kGuP4M2uPA/1o5J3XPKucLFyDlPlYQ/24RA8OIEKXEIVakDhFu7hEZ4c6Tw4z87LtDTn/PTswh85b9+cmJF+</latexit>

Re = 100
<latexit sha1_base64="MTtJy9RK/S3OYA3BUz3lAhEzFz8=">AAACCHicbVDLSsNAFJ3UV62vqksXDhbBjSUR1G6KxQoKbirYB7QhTKaTduhMEmYm0hKydOOvuHGhiFv/QHeu/BWnj4W2HrhwOOde7r3HDRmVyjS/jNTc/MLiUno5s7K6tr6R3dyqySASmFRxwALRcJEkjPqkqqhipBEKgrjLSN3tlYd+/Y4ISQP/Vg1CYnPU8alHMVJacrK71+ViyxMIx1WnxZHqCh5z1E+S2IMXSfHYyebMvDkCnCXWhORKZ98f/cPCZcXJfrbaAY448RVmSMqmZYbKjpFQFDOSZFqRJCHCPdQhTU19xIm049EjCdzXSht6gdDlKzhSf0/EiEs54K7uHN4qp72h+J/XjJRXsGPqh5EiPh4v8iIGVQCHqcA2FQQrNtAEYUH1rRB3kY5F6ewyOgRr+uVZUjvKWyd560ancQ7GSIMdsAcOgAVOQQlcgQqoAgzuwSN4Bi/Gg/FkvBpv49aUMZnZBn9gvP8ABVyc/A==</latexit>

KC =
Umax

fD
= 5

<latexit sha1_base64="OxppgkJToL1RTgBS+4MUlE1MIDI=">AAACGHicbVDLTgIxFO34RHyhLt00EBOIEWdYqBsT1I1LTOSRMIR0SgcaOtNJe8eETPgL3fgrblxojFt2/I3lsVDwJE1Pz7k3vfd4keAabHtsrayurW9sprbS2zu7e/uZg8OalrGirEqlkKrhEc0ED1kVOAjWiBQjgSdY3evfTfz6E1Oay/ARBhFrBaQbcp9TAkZqZ85dT4qOHgTmSuJhm+ahgK/xWQm7Ecc+vsEulTpfmr2g0M7k7KI9BV4mzpzkyln39HlcHlTamZHbkTQOWAhUEK2bjh1BKyEKOBVsmHZjzSJC+6TLmoaGJGC6lUwXG+ITo3SwL5U5IeCp+rsjIYGezG4qAwI9vehNxP+8Zgz+VSvhYRQDC+nsIz8WGCSepIQ7XDEKYmAIoYqbWTHtEUUomCzTJgRnceVlUisVnYui82DSuEUzpNAxyqI8ctAlKqN7VEFVRNELekMf6NN6td6tL+t7VrpizXuO0B9Yox/06KDE</latexit>

uc(t) = �2⇡fA cos(2⇡ft)
<latexit sha1_base64="M1eRSaFLDnbXxzP8fwnk5VijnD8=">AAAB/nicbVDLSgMxFM3UV62vUXGlSLAIrspMF+pGKLrpsgX7gM5QMmmmDU0yQ5IR6lBw44e4caGI236HO7/BnzDTdqHVA4HDOfdyT04QM6q043xauaXlldW1/HphY3Nre8fe3WuqKJGYNHDEItkOkCKMCtLQVDPSjiVBPGCkFQxvMr91R6SikbjVo5j4HPUFDSlG2khd+yCEV9AplaEHPY70QPK0ej/u2kWn5EwB/xJ3ToqVo0n96/F4UuvaH14vwgknQmOGlOq4Tqz9FElNMSPjgpcoEiM8RH3SMVQgTpSfTuOP4alRejCMpHlCw6n6cyNFXKkRD8xkFlEtepn4n9dJdHjpp1TEiSYCzw6FCYM6glkXsEclwZqNDEFYUpMV4gGSCGvTWMGU4C5++S9plkvuecmtmzauwQx5cAhOwBlwwQWogCqogQbAIAVP4AW8Wg/Ws/Vmvc9Gc9Z8Zx/8gjX5BtKAl9g=</latexit>

f = 0.2 Hz

<latexit sha1_base64="7d3pYzqIB/q/+GiNcof7yTVAJT8=">AAACBXicbVDLSgMxFM3UV62vUZe6CC2CYKmZQtWNULQLlxXsAzpDyaSZNjTzIMmIQ+nGjT/gR7hxoYhb/8Fd/8b0sdDWAxcO59yb3HvciDOpEBoZqaXlldW19HpmY3Nre8fc3avLMBaE1kjIQ9F0saScBbSmmOK0GQmKfZfThtu/HvuNeyokC4M7lUTU8XE3YB4jWGmpbR5WTu0K5QrDB3gJWxbKF0v5EspbCDmwbeZQAU0AF4k1I7ly1j55HpWTatv8tjshiX0aKMKxlPq9SDkDLBQjnA4zdixphEkfd2lL0wD7VDqDyRVDeKSVDvRCoStQcKL+nhhgX8rEd3Wnj1VPzntj8T+vFSvvwhmwIIoVDcj0Iy/mUIVwHAnsMEGJ4okmmAimd4WkhwUmSgeX0SFY8ycvknqxYJ0VrFudxhWYIg0OQBYcAwucgzK4AVVQAwQ8ghfwBt6NJ+PV+DA+p60pYzazD/7A+PoBjTqXvA==</latexit>

D/�x = [10, 25, 50, 100]
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Velocity profiles at phase angle 180°:

<latexit sha1_base64="DUY2/R3wGknzLW8amRV6ai1+sgw="></latexit>

1

2
(r⇥ u)D/Umax

<latexit sha1_base64="MQ0iHMpQK9Zsa866tyGUX7j9Q48=">AAAB+nicbVDLSgNBEJyNrxhfGz16GRIEQYi7HtSLEDQHjxHMA7JLmJ30JkNmH8zMqsuav/DqxYMiXv0Sb/kbJ4kHTSxoKKq66e7yYs6ksqyxkVtaXlldy68XNja3tnfM4m5TRomg0KARj0TbIxI4C6GhmOLQjgWQwOPQ8oZXE791B0KyKLxVaQxuQPoh8xklSktds1jDx9ipAVcEP+ALbFtds2xVrCnwIrF/SLlaco6extW03jW/nF5EkwBCRTmRsmNbsXIzIhSjHEYFJ5EQEzokfehoGpIApJtNTx/hA630sB8JXaHCU/X3REYCKdPA050BUQM5703E/7xOovxzN2NhnCgI6WyRn3CsIjzJAfeYAKp4qgmhgulbMR0QQajSaRV0CPb8y4ukeVKxTyv2jU7jEs2QR/uohA6Rjc5QFV2jOmogiu7RM3pFb8aj8WK8Gx+z1pzxM7OH/sD4/AbxM5TV</latexit>

D/�x = 10

<latexit sha1_base64="i18IH5rSA+ky2L5Agy8yd4DY0Zo=">AAAB+nicbVDJSgNBEK1xjXGb6NFLkyAIQpwJuFyEoDl4jGAWyAyhp9OTNOlZ6O5Rh5i/8OrFgyJe/RJv+Rs7y0ETHxQ83quiqp4XcyaVZY2MpeWV1bX1zEZ2c2t7Z9fM7dVllAhCayTikWh6WFLOQlpTTHHajAXFgcdpw+tfj/3GPRWSReGdSmPqBrgbMp8RrLTUNnMVdIKcCuUKo0d0iUqnbbNgFa0J0CKxZ6RQzjvHz6NyWm2b304nIklAQ0U4lrJlW7FyB1goRjgdZp1E0hiTPu7SlqYhDqh0B5PTh+hQKx3kR0JXqNBE/T0xwIGUaeDpzgCrnpz3xuJ/XitR/oU7YGGcKBqS6SI/4UhFaJwD6jBBieKpJpgIpm9FpIcFJkqnldUh2PMvL5J6qWifFe1bncYVTJGBA8jDEdhwDmW4gSrUgMADvMAbvBtPxqvxYXxOW5eM2cw+/IHx9QP6TJTb</latexit>

D/�x = 25

<latexit sha1_base64="LwrSAGTR9L//CWnxcW/5GXT0M+4=">AAAB+nicbVDJSgNBEO2JW4zbRI9emgRBEOKM4HIRgubgMYJZIDOEnk5N0qRnobtHHWL+wqsXD4p49Uu85W/sLAdNfFDweK+KqnpezJlUljUyMkvLK6tr2fXcxubW9o6Z363LKBEUajTikWh6RAJnIdQUUxyasQASeBwaXv967DfuQUgWhXcqjcENSDdkPqNEaalt5iv4GDsV4IrgR3yJT622WbRK1gR4kdgzUiwXnKPnUTmtts1vpxPRJIBQUU6kbNlWrNwBEYpRDsOck0iICe2TLrQ0DUkA0h1MTh/iA610sB8JXaHCE/X3xIAEUqaBpzsDonpy3huL/3mtRPkX7oCFcaIgpNNFfsKxivA4B9xhAqjiqSaECqZvxbRHBKFKp5XTIdjzLy+S+knJPivZtzqNKzRFFu2jAjpENjpHZXSDqqiGKHpAL+gNvRtPxqvxYXxOWzPGbGYP/YHx9QP3R5TZ</latexit>

D/�x = 50

[1] Dutsch, H. et al. (1998) Journal of Fluids Mechanics
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Computational performances
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Performance measurements:
Ø Reduced computational cost:

Stationary solid:

Moving solid:

v Identical cost per iteration

v Higher cost per iteration for VOS-IVP
v PPE cost increases due to variable Laplace operator
v Iso-grid, the new method costs in total two times more (x2)
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RCT = WCT⇥Ncores/iteration/node [µs/iter/node]



Target characteristics:
q Appropriate description of the moving solid

q Solid/fluid volume preservation

q Correct influence of solid to the fluid’s dynamics

q Accurate prediction of aerodynamic loads

q Efficient, robust and affordable
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Conclusions & perspectives

Volume of Solid – Implicit Volume Penalty method
Conclusions Validated on 2D laminar cases:
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§ Lagrangian particles

Conclusions & perspectives

Volume of Solid – Implicit Volume Penalty method
Conclusions Validated on 2D laminar cases:
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§ Solid volume is inherently conserved & independent of the mesh

§ Lagrangian particles

Conclusions & perspectives

Volume of Solid – Implicit Volume Penalty method
Conclusions Validated on 2D laminar cases:

D/�x < "s >[%] "rms
s [%]

1 0.16 7.35 · 10�14

5 0.16 2.11 · 10�14

10 0.16 1.38 · 10�14
<latexit sha1_base64="1dvg+nMIr+SGthFmio3AhCGVJVg="></latexit>



Iason Tsetoglou 25

§ Solid volume is inherently conserved & independent of the mesh

§ Physical phenomena are well reproduced

§ Forces well predicted

§ Lagrangian particles

Conclusions & perspectives

Volume of Solid – Implicit Volume Penalty method
Target characteristics:

q Appropriate description of the moving solid

q Solid/fluid volume preservation

q Correct influence of solid to the fluid’s dynamics

q Accurate prediction of aerodynamic loads

q Efficient, robust and affordable

Conclusions Validated on 2D laminar cases:
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Volume of Solid – Implicit Volume Penalty method
Target characteristics:

q Appropriate description of the moving solid

q Solid/fluid volume preservation

q Correct influence of solid to the fluid’s dynamics

q Accurate prediction of aerodynamic loads

q Efficient, robust and affordable

Conclusions

§ Solid volume is inherently conserved & independent of the mesh

§ Physical phenomena are well reproduced

§ Forces well predicted

Validated on 2D laminar cases:

§ Lagrangian particles

§ Moving bodies affect the cost of the PPE

x2



Conclusions & perspectives
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Volume of Solid – Implicit Volume Penalty method
Target characteristics:

q Appropriate description of the moving solid

q Solid/fluid volume preservation

q Correct influence of solid to the fluid’s dynamics

q Accurate prediction of aerodynamic loads

q Efficient, robust and affordable

Conclusions

§ Solid volume is inherently conserved & independent of the mesh

§ Physical phenomena are well reproduced

§ Forces well predicted

Validated on 2D laminar cases:

§ Lagrangian particles

Perspectives
o Tame HF noise in force estimation
o In-depth performance study and code optimization
o Turbulent flow validation cases & Wind energy applications 

(VAWT, HAWT)

§ Moving bodies affect the cost of the PPE
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Volume of Solid – Implicit Volume Penalty method
Target characteristics:

q Appropriate description of the moving solid

q Solid/fluid volume preservation

q Correct influence of solid to the fluid’s dynamics

q Accurate prediction of aerodynamic loads

q Efficient, robust and affordable

Conclusions

§ Solid volume is inherently conserved & independent of the mesh

§ Physical phenomena are well reproduced

§ Forces well predicted

Validated on 2D laminar cases:

§ Lagrangian particles

Perspectives
o Tame HF noise in force estimation
o In-depth performance study and code optimization
o Turbulent flow validation cases & Wind energy applications 

(VAWT, HAWT)

§ Moving bodies affect the cost of the PPE

Industrial application: SAFRAN Tech
Ø Use in transmission gearbox simulations
Ø Video credit: Mélody Cailler
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Thank you for your attention!



BACK UP
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Implicit Volume Penalty (Detailed)

Iason Tsetoglou 31

Momentum equation

Predicted penalized velocity

Final penalized velocity

Pressure Poisson

Penalty force

r ·
✓

1

�⇢
rP

◆
=

r · u⇤⇤

�t
� r · un+1

�t
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Remark: the penalty factor varies in space and time:

Advancing velocity field with implicit penalty method Computing penalty forcing term



Volume of Solid - Implicit Volume Penalty (VOS-IVP) IBM
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Force estimation

[1] Suzuki, K. and Inamuro, T. (2011) Computers and Fluids
[2] Shen, L. and Chan, E. (2008) Ocean Engineering
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F = �
X

⌦

⇢ fpen�V =
X

⌦

⇢ (fprediction + f correction)�V

Ø For mobile immersed bodies, the negative sum of the IB forcing terms is equal to the total force, which includes both the 
forces from external fluid and the internal forces (needed to move the fluid inside the solid region) [1,2]

Ø In our case the internal force is already supplied to the system via the solid momentum source term whose role is to move 
the fluid inside the solid, so the external force can be computed by the negative sum of the penalty forces over the domain.



2D simulation: Oscillating cylinder in a quiescent fluid, Re=100, KC=5
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Inline force compared to experimental data and resolved body-fitted simulation (y+=0.5) w/ moving reference frame:
�x = d/25 = 4⇥ 10�4
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f IBM ⌘ fpenalty +
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Dt
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Ø If the solid momentum is included to the N.S. equation, the total force has way less high frequency noise.
Ø This noise is also reduced by increasing the mesh resolution.
Ø Very good agreement with reference cases.

Penalty Only: VOS-IVP:



2D Convergence: Flow over stationary cylinder at Re=100
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�x = 0.02D

Ø Study of time-step (CFL) and penalty time parameter (α),

on the error of maximum velocity inside the solid and mean drag coefficient (comp. to BF)

[3] Kravchenko, A . et al. (1999) Journal of Computational Physics[1] Qu, L. et al. (2013) Journal of Fluids & Structures
[2] Park, J. et al. (1998) KSME International Journal
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hCPUCFL0.09 = 80

Ø But the average costs:


