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Introduction

Objective

� Present the layout and use of dynamic mesh features in OpenFOAM

� Demonstrate how object orientation makes it easy to set up complex interacting
motion and topological changes

Topics

1. OpenFOAM: executive overview

2. Geometry handling In OpenFOAM: polyhedral cell support

3. Automatic mesh motion solver: mini-element FEM with variable diffusivity

4. Topological mesh changes

5. Dynamic mesh classes with examples: 6-DOF bodies, IC engines, �uid-structure

6. Summary

7. (OpenFOAM: capability highlights)
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OpenFOAM: Executive Overview

What is OpenFOAM?

� OpenFOAM is a free-to-use Open Source numerical simulation software with
extensive CFD and multi-physics capabilities

� Free-to-use means using the software without paying for license and support,
including massively parallel computers : free 1000-CPU CFD license!

� Software under active development, capabilites mirror those of commercial CFD

� Substantial installed user base in industry, academia and research labs

� Possibility of extension to non-traditional, complex or coupled physics:
Fluid-Structure Interaction, complex heat/mass transfer, internal combustion
engines, nuclear simulations (�uid �ow + neutronics), mult i-scale simulations

Main Components

� Discretisation: Polyhedral Finite Volume Method, second order in space and time

� Lagrangian particle tracking, Finite Area Method (2-D FVM on curved surface)

� Massive parallelism in domain decomposition mode

� Automatic mesh motion (FEM), support for topological changes

� All components implemented in library form for easy re-use

� Physics model implementation through equation mimicking
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Implementing Continuum Models

Implementing Continuum Models Through Equation Mimicking

� Natural language of continuum mechanics: partial differential equations

� Example: turbulence kinetic energy equation
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� Objective: represent differential equations in their natural languag e

solve
(

fvm::ddt(k)
+ fvm::div(phi, k)
- fvm::laplacian(nu() + nut, k)

== nut * magSqr(symm(fvc::grad(U)))
- fvm::Sp(epsilon/k, k)

);

� Correspondence between the implementation and the original equation is clear:
opening doors for easier handling of complex physics

� . . . to do it justice, mesh handling should also be �rst-class !
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Geometry Handling
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Handling Complex Geometry in OpenFOAM

� Complex geometry is a rule, not exception

� Polyhedral cell support

� Polyhedral cell with polygonal faces

� Consistent handling of all cell types

� More freedom in mesh generation

� Interfaces to mesh generation packages

Native Automatic Mesh Generation

� Two techniques under active development,
based on STL surface geometry description

� Polyhedral dual mesh; surface-adjusted octree
hexahedral mesh

Dynamic Mesh Handling

� Supporting cases of deforming geometry using
automatic mesh motion solvers

� For extreme mesh deformation, mesh topol-
ogy is modi�ed during the simulation using the
topology change engine
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Automatic Mesh Motion

Handling Shape Change: Problem Speci�cation

� Initial valid mesh is available

� Time-varying boundary motion

� Prescribed in advance: e.g. IC engines

� Part of the solution: surface tracking

� Need to determine internal point motion based on prescribed boundary motion

� Mesh in motion must remain valid: face and cell �ip must be pre vented by the
solution algorithm and control of discretisation error

Solution Technique

� Point position provided by solving an equation where motion of the boundary acts
as the boundary condition for the motion equation

� Choice of motion equation: Laplace or pseudo-solid equation

� Details of mesh grading controlled by variable diffusivity

� Experience shows cell-based methods fail in interpolation; variants of spring
analogy technique proved unreliable for large deformation

� Vertex-based (FEM) mini-element discretisation with polyhedral cell support

� (Cell-based motion solver with controlled cell-to-point interpolation)
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Automatic Mesh Motion

Effect of Variable Diffusivity: Oscillating Airfoil Simulation

� Initial mesh; constant diffusivity

� Distance-based diffusivity 1=l2 ; deformation energy; distortion energy
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Automatic Motion: Surface Tracking

Hydrofoil Under A Free Surface

� Flow solver gives surface displacement

� Mesh adjusted to free surface position

Free-Rising Air Bubble with Surfactants

� Two meshes coupled on free surface

Single Solver, Complex Coupling

� FVM on moving meshes:
segregated p � u solver

� Automatic mesh motion

� Finite Area Method (FAM)
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Topological Mesh Changes

Topological Changes on Polyhedral Meshes

� For extreme cases of mesh motion, changing point positions is not suf�cient to
accommodate boundary motion and preserve mesh quality

� De�nition of a topological change : number or connectivity of points, faces or cells
in the mesh changes during the simulation

� Motion can be handled by the FVM with no error (moving volume), while a
topological change requires additional algorithmic steps

� Cell insertion and deletion will formally be handled as a combination of mesh
motion (collapsing cells and faces to zero volume/area) and a change in
connectivity after the face and cell collapse
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Topological Mesh Changes

Implementation of Topological Changes in OpenFOAM

� Primitive mesh operations

� Add/modify/remove a point, a face or a cell

� This is suf�cient to describe all cases, even to to build a mes h from scratch
� . . . but using it directly is very inconvenient

� Topology modi�ers

� Typical dynamic mesh operations can be described in terms of primitive
operations. Adding a user-friendly de�nition and triggeri ng logic creates a
“topology modi�er” class for typical operations

� Some implemented topology modi�ers
� Attach-detach boundary
� Cell layer additional-removal interface
� Sliding interface
� Error-driven adaptive mesh re�nement

� Dynamic meshes

� Combining topology modi�ers and user-friendly mesh de�nit ion, create
dynamic mesh types for typical situations

� Examples: mixer mesh, 6-DOF motion, IC engine mesh (valves + piston),
solution-dependent crack propagation in solid mechanics
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Topology Modi�ers

“Set-and-Forget” De�nition of Topology Modi�ers

� layerAdditionRemoval mesh modi�er removes cell layers when the mesh is
compressed and adds cells when the mesh is expanding. De�nit ion:

� Oriented face zone, de�ning an internal surface

� Minimum and maximum layer thickness in front of the surface

� Both internal and patch faces are allowed

� slidingInterface allows for relative sliding of components. De�nition:

� A master and slave patch, originally external to the mesh

� Allows uncovered master and slave faces to remain as boundaries

right mixerSlider
{ {

type layerAdditionRemoval; type slidingInterface;
faceZoneName rightExtFaces; masterPatchName outsideSli der;
minLayerThickness 0.0002; slavePatchName insideSlider;
maxLayerThickness 0.0005; projection visible;
active on; active on;

} }

� Even for simple cases, it is easier to speak about problem classes (mixer vessels,
engines, 6-DOF bodies) rather than working out individual topology modi�ers
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Dynamic Mesh: Floating Body

Example: Single Floating Body in Free Surface Flow (VOF)

� Single phase VOF free surface �ow model with accurate pressu re reconstruction

� 6-DOF force balance for solid body motion: solving an ODE

� Variable diffusivity Laplacian motion solver with 6-DOF boundary motion as the
boundary condition condition

Problem Setup

1. Specify mesh, material properties and initial + boundary �ow conditions

2. Dynamic mesh type: sixDofMotion . Mesh holds floatingBody objects

3. A �oating body holds 6-DOF parameters: mass, moment of ine rtia, support, forces

4. Flow solver only sees a dynamicMesh : encapsulated motion
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Dynamic Mesh: Floating Body

Example: Multiple Floating Bodies

� Problem setup: as above, but with multiple bodies •̂

� Example: simulation of two bodies in close proximity with different distance

� Elastic support for each boat in the x-direction with linear spring and damping;
minor elastic support in the y-direction

� Automatic mesh motion shows its use: adding constrained components is trivial

� Extensive validation effort under way through open-source collaboration
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Dynamic Mesh: Floating Body

Example: Single Capsizing Body

� Problem setup: as above, but with a sliding surface (sphere) around the body

� Mesh motion is decomposed into translational and rotational component

� External mesh performs only translational motion

� Rotation on capsize accommodated by sliding interface

� (New feature: relative motion without topological change: GGI)
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Dynamic Mesh: IC Engine

Example: Multi-Valve Engine Mesh

� For complex topological changes, multiple interacting topology modi�ers are used
and need to be synchronised and used in unison with mesh motion

� Case setup requires the mesh class to adhere to the “language of the problem”

� Example: Engine valve

� De�nition identi�es valve stem, top and bottom surface in ge ometry

� Topology modi�ers: layer addition-removal on top and botto m surface; sliding
interface along valve curtain

� Valve motion de�ned in terms of valve lift curves and crank an gle degree

� Result: topology modi�ers are added automatically for each valve

� Engine mesh components

� Piston class, with motion de�ned in terms of crank angle degr ee and cell
layering thickness

� List of valves, each with own lift curve
� Identi�cation of intake and exhaust ducts, piston bowl etc.

� The user builds the mesh and associates various surfaces to engine components:
easy setup after initial static mesh generation
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More Dynamic Mesh Examples

Example: In-Cylinder Flow with Moving Piston and Valves

� Exhaust and intake stroke in a 2- and 4-stroke engine

� Moving piston and operating valves using topological changes

� Interacting topological modi�ers and mesh motion handled b y the mesh class

� Politecnico di Milano: combining mesh deformation, topological changes and
re-meshing to achieve optimum resolution and quality (SAE 2007-01-0170)

Example: Fluid-Structure Interaction

� Formally, considerably more complex than �oating body case s

� . . . but due to automatic mesh motion only limited changes are needed

� Dynamic mesh class transfers data on surface and uses automatic motion

� (Close coupling: shared matrix format or Reduced Rank Extrapolation)
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Summary

Summary

� OpenFOAM implements polyhedral mesh handling in library form

� Mesh analysis classes separated from discretisation support classes

� Built-in support for mesh motion and topological changes

� Simple handling of moving boundary problems: automatic mesh motion solver

� Topological changes support

� Basic operations: add/modify/remove point/face/cell

� Mesh modi�er classes operate in terms of basic operations. T riggering of
topological changes is a part of the class (automatic)

� Pre-de�ned mesh modi�ers available for standard operation s

� Dynamic mesh classes encapsulate topology modi�ers and (au tomatic) mesh
motion for easy handling of classes of dynamic mesh problems

� Top-level physics solver is separated from dynamic mesh handling for
inter-operability of components. Example: 6-DOF moving body in �ow

� Quest for a fully automatic polyhedral mesh generator continues!
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OpenFOAM: Capability Highlights

Physical Modelling Capability Highlights

� Basic: Laplace, potential �ow, passive scalar/vector/ten sor transport

� Incompressible and compressible �ow: segregated pressure -based algorithms

� Heat transfer: buoyancy-driven �ows, conjugate heat trans fer

� Multiphase: Euler-Euler, VOF free surface capturing and surface tracking

� RANS for turbulent �ows: 2-equation, RSTM; full LES capabil ity

� Pre-mixed and Diesel combustion, spray and in-cylinder �ow s

� Stress analysis, �uid-structure interaction, electromag netics, MHD, etc.
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