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Introduction

Turbulent flows

Wake Vortex Study at Wallops Island, NASA Langley Research Center Phys. Fluid29, 015105
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Introduction

Numerical simulations

T 8

Wake Vortex Study at Wallops Island, NASA Langley Research Center Phys. Fluid29, 015105
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Introduction

Large-eddy simulation

Wake Vortex Study at Wallops Island, NASA Langley Research Center Phys. Fluid29, 015105
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Introduction

Large-eddy simulation
A Navier-Stokes equations velocity field 0 , pressure I

l filter

A Filtered Navier-Stokes equations turbulentstressest 606 00
l subgrid-scale stress model T
A Large-eddy simulation velocity field O, pressure N~

l discretization

A Numerical simulation [Subgrid-scale model T @]

Pope (2011), Turbulent Flows
Sagaut (2005), Large Eddy Simulation for Turbulent Flows
Berselli, lliescu & Layton (2006), Mathematics of Large Eddy Simulation of Turbukotvs Phys. Fluid29, 015105
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Introduction

Large-eddy simulation

A Navier-Stokes equations equations:
" symmetry properties,
l lter conservation laws

A Filtered Navier-Stokes equations turbulent stresses:
nearwall scaling,
l subgrid-scale stress model T realizability dissipation
A Large-eddy simulation [Subgrid-scale model t e]

Soeziale (1985), J. Fluid MecHL56, 55 Chapman & Kuhn (1986), J. Fluid MechL70, 265

Oberlack (1997), CTR Ann. Res. Briegfs Vreman et al.(1994), J. Fluid Mec278, 351

Razafindralandy et al.(2007), Eur. J. Mech. BG, 531 Vreman (2004), Phys. Fluid6, 3670

Cheviakov & Oberlack (2014), J. Fluid Mech/60, 368 Nicoud et al.(2011), Phys. Fluid23, 085106 Phys. Fluid29, 015105
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Model constraints

Properties of the Navier-Stokes equations
A Symmetries
I Galilean invariance, rotational invariance, ...
A Conservation laws
I Momentum, angular momentum, vorticity-related quantities

Properties of the turbulent stresses
A Near-wall scaling behavior

A Realizability
A Dissipation behavior
I Vreman 2"d |aw of thermodynamics
I Nicoud et al. Verstappen
Soeziale (1985), J. Fluid MecHL56, 55 Chapman & Kuhn (1986), J. Fluid MechlL70, 265
Oberlack (1997), CTR Ann. Res. Briegfs Vreman et al.(1994), J. Fluid Mec278, 351

Razafindralandy et al.(2007), Eur. J. Mech. BG, 531 Vreman (2004), Phys. Fluid6, 3670
Cheviakov & Oberlack (2014), J. Fluid Mech/60, 368 Nicoud et al.(2011), Phys. Fluid23, 085106 Phys. Fluid29, 015105
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Model constraints

Properties of the turbulent stresses
A Dissipation behavior

I Vreman: match model and true dissipation
I Verstappen: dissipate small-scale motions

E(k) -

Vreman (2004), Phys. Fluid§6, 3670
Verstappen (2011), J. SciComput 49, 94

Phys. Fluid&9, 015105
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Analysis of velocity-gradient-based models

Smagorinsky
WALE
Vreman
AMD
Gradient
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Smagorinsky (1963), Mon. Weather Re®1, 99
Nicoud & Ducros (1999), Flow, Turbul Combust62, 183
Vreman (2004), Phys. Fluid$6, 3670

U* Dynamic procedure

3

ay restore symmetry

Rozema et al. (2015), Phys. Fluid27, 085107

Clark et al.(1979), J. Fluid Mec1, 1

Phys. Fluid&9, 015105
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Model constraints

Analysis of velocity-gradient-based models

Symmetries Dissipation properties
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U* Dynamic procedure may restore symmetry
Smagorinsky (1963), Mon. Weather Re®1, 99 Rozema et al. (2015), Phys. Fluid27, 085107

Nicoud & Ducros (1999), Flow, Turbul Combust62, 183 Clark et al.(1979), J. Fluid Meci®1], 1
Vreman (2004), Phys. Fluid$6, 3670 Phys. Fluid29, 015105
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Model examples

Vortex-stretching-based eddy viscosity model
A Eddy viscosity model

T 0@ )oY

: y oy (S S
0) — (—_,
E (] ) |Y¥$§' B

A Correction factor

I Based on vortex stretching magnitude sY s
I Corrects dissipation behavior
I Corrects near-wall scaling behavior

Phys. Fluid&9, 015105
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Model examples

Analysis of velocity-gradient-based models

Symmetries Dissipation properties
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Phys. Fluid&9, 015105
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Numerical results

Solver

A In-house incompressible Navier-Stokes solver

A Finite-volume method on a staggered grid

A Explicit 2"-order time-stepping method

A 2nd (or 4th)-order kinetic-energy-conserving spatial discretization
A Pressure projection method

Verstappen & Veldman (2003), J.Comput Phys187, 343 Phys. Fluid29, 015105
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Numerical results

Vortex-stretching-based eddy viscosity model
A Decaying homogeneous isotropic turbulence @ 6 o t
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Comte-Bellot and Corrsin (1971), J. Fluid Mech8, 273 Phys. Fluid29, 015105
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Numerical results

Vortex-stretching-based eddy viscosity model

A Turbulent plane-channel flow @ 'YQ
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Phys. Fluid&9, 015105
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Summary & Outlook

Summary
A Context: large-eddy simulation of turbulent flows

A Focus: constructing subgrid-scale models

A Approach: model constraints from Navier-Stokes
equations and turbulent stresses

A Result: framework to assess and create models
I Existing models: room for improvement
I  New model: encouraging results

Phys. Fluid&9, 015105
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Summary & Outlook

Outlook

A Model constraints

I Assess practical importance
I New model constraints

A Improve models using exact solutions of Navier-Stokes [Daniel Ward]
A Improve description of transition to turbulence?
A Other ideas?

A Related projects

I Capture transport processes using nonlinear turbulence models
I Try new flow-dependent subgrid characteristic length scales

A Long-term goal: improving numerics
I Transfer analytical properties to discrete level

Phys. Fluid&9, 015105
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