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Background

Objective

� Present an open source CFD simulation platform based on fundamental ideas of
object orientation, layered software design and equation mimicking

Topics

1. Implementing complex physical models through equation mimicking

2. OpenFOAM: Object-oriented software for Computational Continuum Mechanics

3. Layered software development and open source collaboration platform

4. Mesh conversion, generation and motion

5. Physical modelling capabilities

6. Some illustrative examples

7. Development of in-house simulation tools: OpenFOAM as a research platform

8. Summary
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Open Source CFD Platform

Open Source Computational Continuum Mechanics

� Commercial CFD dominates the landscape: a complete code with suf�cient
ef�ciency, parallelism, mesh handling and pre- and post- ut ilities is a large project

� Targeted at industrial user and established physics. Can we extend the scope?

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

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

1. Completely open software platform using object-oriented design

2. Extensive modelling capabilities in library form: component re-use

3. Fast, robust and accurate numerical solver
4. State-of-the-art complex geometry handling

5. Collaborative and project-driven model development

� This furthers the research and collaboration by removing proprietary software
issues: complete source code and algorithmic details available to all

� . . . but the mode of operation changes considerably
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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

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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Object-Oriented Numerics for CCM

Flexible Handling of Arbitrary Equations Sets

� 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
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Object Orientation

Object-Oriented Software: Create a Language Suitable for the Problem

� 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 : protected and managed

� Sparse addressing pattern (CR format, arrow format)

� Diagonal coef�cients, off-diagonal coef�cients

� Operations on matrices or data members: Public interface

� 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 [A ][x] = [ b] to 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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Model-to-Model Interaction

Common Interface for Model Classes

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

� Each model answers the interface of its class, but its implementation is separate
and independent of other models

� The rest of software handles the model through generic interface: breaking the
complexity of the interaction matrix

class turbulenceModel
f

virtual volTensorField R() const = 0;
virtual fvVectorMatrix divR
(

volVectorField& U
) const = 0;
virtual void correct() = 0;

g;

� New turbulence model implementation : Spalart-Allmaras 1-equation model

class SpalartAllmaras : public turbulenceModel
f // Model implementation lives here g;
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Model-to-Model Interaction

Common Interface for Model Classes

� Model user only sees the virtual base class

� Example: steady-state momentum equation with turbulence

autoPtr<turbulenceModel> turbulence
(

turbulenceModel::New(U, phi, laminarTransport)
);

fvVectorMatrix UEqn
(

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

==
- fvc::grad(p)

);
UEqn.solve();

� Implementation of a new model does not disturb existing models

� Consumer classes see no changes whatsoever, just a new model choice
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Top-Level Solver Code

Application Development in OpenFOAM

� Custom-written top-level solvers are written for each class of physics

� Solvers are optimised for ef�ciency and storage, re-using b asic components

� Writing top-level code is very similar to manipulating the equations

� Ultimate user-coding capabilities : components can be re-used to handle most
problems in computational continuum mechanics

Layered Development

� 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

� Library level mesh, pre-, post- and data handling utilities

� Model-to-model interaction handled through common interfaces

� New components do not disturb existing code: fewer bugs
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Mesh Handling

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.

Automatic Mesh Generation

� Meshing projects in OpenFOAM: Cartesian base with boundary interaction,
polyhedral dual mesh. Methods based on oct-tree build: parallelisation!

� Mesh generated from STL surface, with parameters for resolution control
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Automatic Mesh Generation

Integrated Automatic Meshing

� The FVM method allows polyhedral support:
fewer cells per volume, minimal distortion,
near-wall layers, richer connectivity

� Polyhedral cell support, combined with
automatic mesh motion and topological
changes gives a state-of-the-art mesh
handling module

� Avoiding user-interaction:
reliable automatic meshing
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Prescribed Mesh Motion

Prescribed Mesh Motion

� Domain shape is changing during the simulation in a prescribed manner

� Motion is known and independent of the solution

� . . . but it is usually only prescribed at boundaries

� De�nition of moving mesh involves point position and mesh co nnectivity for every
point and cell for every time-step of the simulation. This is typically de�ned with
reference to a pre-processor or parametrically in terms of motion parameters
(crank angle, valve lift curve, etc.)

� “Dynamic” mesh changes are out of the question: eg. mesh re�n ement

� Can we simplify prescription of mesh motion?
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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
algorithm

Solution Technique

� Point position will be provided by solving an equation for point motion, given
boundary motion as a boundary condition

� Cell-based methods fail in interpolation; spring analogy unreliable

� Choosing vertex-based (FEM) discretisation with polyhedral cell support:
mini-element technique

� Choice of equation: Laplace or pseudo-solid

Solution-dependent mesh motion: solving equations for mesh deformation
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Automatic Mesh Motion

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

� Automatic mesh motion

� FAM: Surface physics
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Physical Modelling Capabilities

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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Large Eddy Simulation

LES for Aero-Acoustic Noise Generation on a Rain Gutter

� 3-D and transient simulation, incompressible Navier-Stokes model, segregated
pressure-velocity solver

� Suf�cient mesh resolution to capture energy-containing sc ales of turbulence.
Ef�cient linear equation solvers and massive parallelism

� Second-order energy-conserving numerics in space and time

� Sub-grid scale model library: 15 models on run-time selection

� Field mapping and data analysis tools, e.g. inlet data mapping for realistic inlet
turbulence; on-the-�y sampling and averaging
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Multi-Phase Free Surface Flow

Two-Phase Incompressible Fluid System

� Modelling two-�uid system with a sharp interface

� Complete domain treated as a single continuum, with a jump in properties at the
interface between �uids

� Interface position tracked using an indicator variable 
 : surface capturing
approach , also know as Volume Of Fluid (VOF)

� Surface tension term: pressure jump across the interface. Single pressure and
single momentum equation for complete continuum
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Multi-Phase Free Surface Flow

Leading Surface Capturing Solver

� Ef�cient handling of interface breakup

� Accurate handling of dominant surface tension: no parasitic velocity

� OpenFOAM solver: interFoam , rasInterFoam , no modi�cations

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

Complex Surface Breakup Phenomena: Sloshing and wet wall impact
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Free Surface LES

LES of a Diesel Injector

� Injection of Diesel fuel into the atmosphere and subsequent breakup

� d = 0 :2mm, high velocity and surface tension

� Mean injection velocity: 460m=s injected into air, 5:2MPa , 900K

� 1.2 to 8 million cells, aggressive local mesh re�nement

� 50k time-steps, 6� s initiation time, 20� s averaging time

� OpenFOAM solver: lesInterFoam , no modi�cations
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Internal Combustion Engine

Internal Combustion Engine Simulations

� 1/8 sector with 75 % load and n-heptane

� RANS, k � � turbulence model, simpli�ed
5-species chemistry and 1 reaction,
Chalmers PaSR combustion model

� Temperature on the cutting plane, spray
droplets coloured with temperature

Cold Flow with Valves

� Parallel valves

� Exhaust and intake
stroke

Engine with Side-Valves

� Demonstration of
topological changes
and combustion in a
single solver
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Fluid-Structure Interaction

Solution Techniques for Coupled Problems

� Partitioned approach : Picard iterations

� Optimal for weakly coupled FSI problems

� Separate mathematical model for �uid and solid continua

� Shared or different discretisation method: FVM and FEM
� Coupling achieved by enforcing the kinematic and dynamic conditions on the

�uid-solid interface
� Strong coupling by additional iteration loop over partial solvers

(need a convergence acceleration method)

� Monolithic approach : Simultaneous solution

� Appropriate when �uid-structure interaction is very stron g

� Good stability and convergence properties
� In some cases may lead to ill-conditioned matrices or sub-optimal

discretisation or solution procedure in �uid or solid regio n

Levels of Fluid-Structure Coupling

� Uni�ed mathematical model: single equation set for �uid and structure

� Uni�ed discretisation method and boundary coupling consis tency

� Uni�ed solution procedure: �uid + structure matrix solved i n a single solver
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Fluid-Structure Interaction

ALE FVM Fluid Flow Solver

� Continuity and momentum equation for incompressible �ow in ALE formulation

� Space conservation law; automatic mesh motion solver: Laplace equation

� Collocated 2nd order FVM for �ow and 2nd order FEM for mesh mot ion

Updated Lagrangian FVM Solver

� Incremental momentum equation in updated Lagrangian formulation
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Levels of Fluid-Structure Coupling

� Uni�ed mathematical model: single equation set (prof. Ivan ković, UC Dublin)

� Uni�ed discretisation method and boundary coupling consis tency

� Uni�ed solution procedure: �uid + structure matrix solved i n a single solver

Data Transfer

� Data transfer and coupling signi�cantly easier: both domai ns in the same solver

� Data interpolation routines already available: patch-to-patch interpolation

OpenFOAM: Open Platform for CFD and Complex Physics Simulations – p.22/36



Fluid-Structure Interaction

Cantilevered Beam Vibration in an Oscillating Flow Field

Effect of Under-Relaxation

Number of outer iterations per time-step
� s =� f Fixed under-relaxation Adaptive under-relaxation

10 30 6
1 60 12
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Fluid-Structure Interaction

Plastic Pipeline Failure: FSI With Crack Propagation

� Internal pressure drives crack propagation;
crack opening depressurises the pipeline,
dynamically interacting with the force driving
crack propagation

� Custom coupled �uid and structures solver;
patch-to-patch mapping tools for data transfer

� Crack model implemented as a derived
boundary condition: damage model
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Fluid-Structure Interaction

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
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Fluid-Structure Interaction

Single Continuum Formulation of Fluid-Structure Interaction

� 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

� OpenFOAM solver: custom solver, University College Dublin
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Liquid Film Model

Equation Set of a Thin Liquid Film Model

� Continuity equation
@h
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� Momentum equation
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� Shear stress terms and the convection term correction tensor C are calculated
from prescribed velocity pro�le

� Liquid �lm pressure
pL = pg + pd + p� + ph

where
� pg is the gas pressure

� pd is the droplet impact pressure

� p� is capillary (or Laplace) pressure
� ph is hydrostatic pressure
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Liquid Film Model

Solution of Surface-Based Equations: Finite Area Method

� Liquid �lm model: shallow water model on a curved surface wit h surface tension

� Example: collapse of �ve surface blobs under surface tensio n and gravity
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Lagrangian Particle Tracking

Hour-Glass Model

� Using particle tracking code with physics equations attached to a particles

� Particle-to-particle interaction: proximity model with correction

� Wall interaction model: bounce with energy loss

� OpenFOAM solver: customised solver, Chalmers University
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Vehicle Soling Simulation

Vehicle Soling Simulation: Coupled Eulerian, Lagrangian and Wall Transport Model

� Continuous phase: external aerodynamics �ow model; couple d or uncoupled

� Lagrangian tracking for droplets: drag, pressure term, gravity

� Liquid �lm model capturing surface transport

� Droplet re-ejection on sharp edges and liquid �lm stripping add further droplets
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In-House Simulation Tools

Tailored In-House Tools For Computational Continuum Mechanics

� OpenFOAM is developed as a library of tools, rather than integrated executable

� Users regularly combine multiple applications, eg.

� Incompressible turbulent free surface �ow solver (VOF) + Au tomatic mesh
motion + 6 degrees-of-freedom solid body motion solver

� Combination of extensive capabilities and open architecture creates ef�cient
platform for tailored use
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Deployment and Support

Deployment and Support

� OpenFOAM developed mainly on Linux/Unix: Windows and Mac OS X ports also
exist but are not widely used. This needs to be improved (new initiative:
OpenFOAM-extend)

� Data input/output is in �le form: there is no global graphica l user interface that can
be tailored to suf�cient level of usability (work in progres s)

� No built-in 3-D graphics; 2-D, graphing and sampling tools present

� External post-processing with integrated readers: paraFoam (open source)
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Point of Interest

Why Consider OpenFOAM

� Open architectures
� Access to complete source: no secret modelling tricks, no cutting corners

� Both community-based and professional support available

� Common platform for new R&D projects: shipping results of research into the
hands of a customer with no delay

� Low-cost CFD
� No license cost, portable to any computing platform (IBM Blue Gene)

� Ef�cient on massively parallel computers, portable to new c omms protocols

� Problem-independent numerics and discretisation
� Tackle non-standard continuum mechanics problem: looking beyond the

capabilities of commercial CFD

� Ef�cient environment for complex physics problems

� Tackling dif�cult physics is made easier through equation m imicking

� Utility-level tools readily available: parallelism, moving mesh
� Track record in non-linear and strongly coupled problems

� Excellent piece of C++ and software engineering! Decent piece of CFD
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Summary

Project Status Summary

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

� Object-oriented approach facilitates model implementation

� Equation mimicking opens new grounds in Computational Continuum Mechanics

� Extensive capabilities already implemented; open design for easy customisation

� Solvers are validated in detail and match the ef�ciency of co mmercial codes

OpenFOAM in Research and Industry

� Third OpenFOAM Workshop: Milan, Italy, Jul/2008. Closed at 200 attendees

� Leading research/development centres: FSB Zagreb, Chalmers University,
Sweden; Politecnico di Milano, University College Dublin, Penn State University;
new groups joining research and contributing code

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

� Interest greatly increased in the last three years, industry-sponsored PhD projects,
study visits, funded projects or joint development

� Active use in Audi, ABB Corporate Research, BAE Systems, US Navy, Shell Oil,
SKF, Hitachi, Mitsubishi, Airbus, Toyota, Volkswagen and high-end consultants
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