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Open Source CFD Platform €

OpenFOAM: Open Source Computational Continuum Mechanics

Commercial CFD vendors do not provide exibility for custom isation and add-on
developments to answer the needs of commercial and research users

Proprietary approach to solution methodology is the limiting factor: closed
software architecture; no customer-speci ¢ proprietary m odels etc.

Complete CFD methodology is already in the public domain (research papers,
model formulation, numerical schemes, linear equation solvers etc.)

The way forward involves educated users and customised simulations

Objective: open source implementation of existing knowledge and an
object-oriented platform for easy future development

1.

A A

Completely open software platform using object-oriented design
Extensive modelling capabilities in library form: component re-use
Fast, robust and accurate numerical solver

State of the art complex geometry handling

On-order targeted and customer-driven model development

... but the mode of operation changes considerably
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Implementing Continuum Models €

How to Handle Complex Continuum Models in Software?
Natural language of continuum mechanics: partial differential equations

Example: turbulence kinetic energy equation

2
@l (uk) r [( + Or kl= %(r u+ru') 2 Kk
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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
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Object Orientation €

Object-Oriented Software

Analysis of numerical simulation software through object orientation:
“Recognise main objects from the numerical modelling viewpoint”

Objects consist of data they encapsulate and functions which operate on the data
Example: Sparse Matrix Class

Data members
Sparse addressing pattern (CR format, arrow format)
Diagonal coef cients, off-diagonal coef cients

Operations on matrices or data members
Matrix algebra operations: +; ; ;=
Matrix-vector product, transpose, triple product, under-relaxation
Actual data layout and functionality is important only internally: ef ciency
Example: Linear Equation Solver
Operate on a system of linear equations Ax = bto obtain x
It is irrelevant how the matrix was assembled or what shall be done with solution
Ultimately, even the solver algorithm is not of interest: all we want is new x!

Gauss-Seidel, AMG, direct solver: all answer to the same interface
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Object Orientation €

Basic Components
Scalars, vectors and tensors with algebra
Computational mesh; mesh motion, adaptive re nement, topo logical changes
Fields (scalar, vector, tensor) and boundary conditions: Dirichlet, Neumann etc.
Sparse matrix support with linear solver technology

Discretisation Classes
Implemented as interpolation, differentiation and discretisation operators

All discretisation methods use identical basic components, e.g. common mesh and
matrix support. Better testing and more compact software implementation

Physical Modelling Libraries and Top-Level Solvers
Libraries encapsulate interchangeable models with common interfaces
New models provide functionality adhering to common interface
Custom-written and optimised top-level solvers for class of physics
Utilities
Common functionality is needed for most simulation methods
Example: problem setup, mesh manipulation, data analysis

Introduction to OpenFOAM at SIMDI 06 — p.5/20



Geometry Handling

Complex Geometry Handling

Complex geometry is a rule, not exception: need ef cient sup port
Polyhedral cell handling: rstin class

A cell is a polyhedron bounded by polygons

Consistent handling of all cell types

More freedom in mesh generation

Interfaces to all major mesh generators: polyhedral mesh encompasses all
Automatic Mesh Motion and Topological Changes

Solution-dependent automatic mesh motion from prescribed boundary motion

Encapsulated on-demand topological mesh changes: e.g. mesh layering
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Model-to-Model Interaction L4

Common Interface for Model Classes

Using equation mimicking, one can implement a complete solver for chosen
equation set. Example: turbulent ow of ideal gas with the k model

However, even a simple change would require recompilation: we need a general
mechanism for handling e.g. multiple turbulence models

Physical models grouped by functionality, e.g. material properties, viscosity
models, turbulence models etc.

Models answer to common interface: new model does not disturb existing code
Model Implementation in Library Form
Related models answer to common interface: virtual base class

Each model implements its own behaviour in a speci c way: new model is
independent from already implemented software

... but the functionality to the user is always the same. As a result, the remainder
of the software is unchanged: no new bugs!

User chooses a model from library at run-time from implemented choices in a
standard way, with each model carrying its own model constants and control
parameters
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Model-to-Model Interaction L4

Example: Turbulence Model Class Hierarchy

class turbulenceModel

f
virtual volTensorField R() const = O;
virtual fvVectorMatrix divR
(
volVectorField& U
) const = O;
g

fvVectorMatrix UEQn

(
fvm::ddt(rho, U)
+ fvm::div(phi, U)
+ turbulence->divR(U)

- fvc::grad(p)
);

class SpalartAllmaras: public turbulenceModel
f... O
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OpenFOAM: Implemented Capabillities €

Discretisation Methods and Support

Second and fourth-order Finite Volume with mesh motion and topological changes

Polyhedral Finite Element solver (mesh motion)

Lagrangian particle tracking (discrete particle model); Diesel spray model

Finite Area Method: FVM on a curved surface in 3-D

A-posteriori error estimation

Dynamic mesh handling and topology changes; automatic mesh motion
Standard Top-Level Solvers

Basic: Laplace, potential ow, transport

Incompressible ow, compressible ow

Heat transfer: buoyancy-driven ows

Multiphase: Euler-Euler, surface capturing and surface tracking

DNS and LES turbulent ows, aero-acoustics

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

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

This is just a “standard set”. users write their own applications using the library
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OpenFOAM: Implemented Capabillities €

Physical Modelling Libraries
Thermo-physical models (liquids and gasses)
Chemical reaction library interface (Chemkin)
Non-Newtonian viscosity models
Turbulence models (RANS and LES, compressible and incompressible); DNS
Diesel spray (atomisation, dispersion, heat transfer, evaporation, spray-wall etc.)
Utilities
Pre-processing, data manipulation
Mesh import and export, mesh generation and manipulation
Parallel processing tools: decomposition and reconstruction
Post processor hook-up (reader module) and data export
High Performance Computing Support
Massively parallel computing: domain decomposition approach
Next-generation of linear equation solver technology: up to 3 times faster!
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Layered Development €

OpenFOAM Software Architecture
Design encourages code re-use: developing shared tools
Classes and functional components developed and tested in isolation

Vectors, tensors and eld algebra

Mesh handling, re nement, mesh motion, topological change s

Discretisation, boundary conditions

Matrices and linear solver technology

Physics by segment in library form

Custom-written top-level solvers optimised for ef ciency and storage

Library level mesh, pre-, post- and data handling utilities
Custom-written top-level solvers optimised for ef ciency and storage
Development of model libraries: easy model extension
Model-to-model interaction handled through common interfaces

Run-time selection provides ultimate user-coding capabilities : differencing
schemes: convection, diffusion, rate of change; gradient calculation; boundary
conditions; linear equation solvers; physical models; mesh motion algorithms etc.
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OpenFOAM in Use €

Tailored Computational Continuum Mechanics Solution

On-demand physics and coupling: customised and optimised solver for chosen
physics and material models

Flexible, high-performance, high accuracy open source platform
Built-in complex geometry support and massive parallelism

Supporting tools, from mesh generation and problem setup to data analysis and
post-processing

Library Functionality Chosen for This Demo
Moving deforming mesh free surface ow solver
Surface capturing solver: dominant surface tension

Fluid-structure interaction: explicit and implicit coupling
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Example: Free Surface Flow €

Hydrofoil Under Free Surface
Flow solver calculates surface motion Single Solver, Complex Coupling
Mesh adjusted to free surface position FVM on moving meshes
Automatic mesh motion
FAM: Surface physics

Vp = VE

Free-Rising Air Bubble with Surfactants

Two meshes coupled on free surface

U
0.455

0.342
0.228
0.115
0.002 &

C
4.638¢-07

3.465¢-07
2.292e-07

1.120e-07
-5.263e-09
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Example: Multi-Phase Flow €

Leading Surface Capturing Solver
Ef cient handling of interface breakup
Accurate handling of dominant surface tension: no parasitic velocity
Special algorithm based on Volume of Fluid (VOF) approach

Ink-Jet Printer Nozzle, d = 20 m: Breakup Under Surface Tension

Droplet-Wall Interaction: Dry and Wet Wall Impact
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Example: Flow-Induced Vibration €

Fluid-Structure Interaction: Flow-Induced Deformation

Traditional explicit coupling: Picard iterations. Pressure transferred from uid to
structure and displacement from structure to uid: pro le a nd force conservation

Fluid: incompressible ow model, with run-time model selec tion
Stress analysis: linear response with large deformation
Automatic mesh motion solver used to deform the uid mesh
On solid side, mesh deformation is a part of the solution
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Example: Falling Containers

Falling Plastic Containers

At impact, complex ow eld causes deformation of a solid: tr avelling wave in an
elastic pipe. Wave speed dependent on properties of the coupled system

Very strong interaction: mean ow and stress is zero. Explic it coupling fails

Equation-level coupling: one system approach

Fluid
@ u) 2
+ = 2 — I I
o r- (uu)=r . r () p
Solid
2
@@ut)+r (uu)=r 2N _ §Ntr(_)l pl +r
where
Zt t 2
N= t p= 3tr(s) = 2 Ztr () dt
t=0 3
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Example: Falling Containers €

Combined experimental and numerical study
In uence of bottle geometry: at or curved bottom

Further simulations include container fracture using a cohesive zone model for
fracture dynamics

As the crack opens, uid within the container is exposed to at mospheric conditions
and leaks out, changing the ow eld

Results courtesy of dr. A Karac, and prof. A. lvankovi¢, UC Dublin
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Interface with Other Software L4

Mesh Conversion Tools
OpenFOAM does not provide integrated meshing: Work in Progress
Polyhedral mesh support makes for easy mesh conversion
Mesh converters for STAR-CD (Pro-Am), Fluent (Gambit, T-Grid), Ansys etc.
Post-Processing
Native post-processing with open source tools: Paraview, OpenDX
Reader modules and data export for Ensight, FieldView, VTK
Open source design allows on-the- y data analysis built int o the solver
Example: measuring solver convergence in terms of load stabilisation
Coupled Simulations
Cases of uid-structure interaction can be handled complet ely within OpenFOAM
Interfacing withe external software simple: full source code is available
Data interpolation, mesh motion and communication utilities already implemented

Example: 1-D to 3-D coupling in internal combustion engine simulations;
simulation of a ying sail shape for racing yachts
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OpenFOAM in Research and Industry €

OpenFOAM Project: Leading Open Source Numerics Library

Rapidly expanding scope of OpenFOAM makes it dif cult to lis t its current use and
capabilities: user-side development and research

OpenFOAM in Industry
An open platform for in-house or specialist software development

Interest greatly increased in the last year, sometimes following PhD projects, study
visits, funded projects or joint development

Active use in Audi, ABB Corporate Research, BAE Systems, Calderys SA, Esteco,
Mitsubishi, Shell Oil, Toyota, Volkswagen and a number of consultancy companies

OpenFOAM in Research
Open architecture and extensive capabilities make a good research platform
Currently, downloads on over 200 Universities worldwide
First OpenFOAM Workshop: Zagreb Croatia, Jan/2006: 80 attendees

Leading research/development centres: Chalmers University, Sweden; Politecnico
di Milano, Imperial College, University College Dublin, TU Freiberg, Germany

Major development through US Research Labs: National Energy Technology Lab
(NETL), US Dept. of Energy (MFIX-NG), Oak Ridge National Labs, USA
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Summary €

Project Status Summary
OpenFOAM is a free software, available to all at no charge: GNU Public License

Wikki Ltd. provides enhanced version with additional capabilities; support and
consultancy

Object-oriented approach facilitates model implementation
Equation mimicking opens new grounds in CCM
Extensive capabilities already implemented
Open design for easy user customisation
Solvers are validated in detail and match ef ciency of comme rcial codes
Number of contributors is rapidly increasing
OpenFOAM Consultancy and Wikki Ltd.
Original developer of OpenFOAM with full control of its features

Extensive CFD experience and knowledge of commercial CFD (PhD Imperial
College, STAR-CD and Fluent developer — next generation solver effort)

Providing targeted development, support and consultancy: the customer only pays
for what is needed, both in support and development effort
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