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Background

Objective

� Present the developing functionality in OpenFOAM based on fundamental ideas of
object orientation, layered software design and equation mimicking

� Review running development projects to encourage collaboration

Topics

1. Implementing complex physical models through equation mimicking

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

3. Layered software development as a collaboration platform

4. Automatic mesh generation for complex geometries

5. Illustrative examples of simulation and collaborative development

� Large Eddy Simulation (LES)

� Linear solver performance: CG-AMG

� Fluid-Structure Interaction (FSI) solvers in a single software

� Internal combustion engine simulation: in-cylinder �ows

� Proper Orthogonal Decomposition (POD) and reduced order modelling

6. 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

� CFD vendors cater to “standard” CFD market requirements, including �uid �ow
and heat transfer and selection of models for traditional physics

� Extensions through User-Coding : only a part of software is open to the user

� Proprietary implementation is the limiting factor: closed software architecture

� 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 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

� . . . but the mode of operation changes considerably
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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

OpenFOAM: A C++ Library forComplex Physics Simulations – p.4/24



Tempus NUSIC JEP-18085-2003

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 Ax = 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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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 answering to a common interfaces

� Models implement the interface functions, isolated with run-time selection

� 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, parallel execution
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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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Automatic Mesh Generation

Automatic Meshing for Complex Geometry

� Mesh generation for complex geometry
currently demands extensive user-interaction

� The FVM method is not limited to prescribed
cell shape: polyhedral support

� Fewer cells per volume, minimal distortion
and non-orthogonality, near-wall layers,
richer cell-to-cell connectivity, �ow alignment,
resolution control, error-driven adaptivity

� Primarily, reliable automatic meshing
X

Z

Y
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Example: 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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Example: Linear Solver Performance

Preconditioned Linear Solvers: CG-AMG

� LES plays an important role in engineering applications: superior to eddy viscosity
models in turbulent �ows without the cost of DNS

� LES is inherently 3D and transient in nature, requires extremely �nd meshes and
long simulation times on parallel computers

� It is critical to control computational cost: dominated by implicit solution of the
pressure equation: 50 to 80% of solution time

� Algebraic Multigrid and Krylov subspace solvers are currently used: can we do
better? Proposal: multiple orthogonal error reduction method

Iterative Linear Equation Solvers

� Multigrid uses stationary iterative methods as smoothers rather than solvers

� Acceleration is achieved by smoothing a hierarchy of matrix levels: coarsening

� Restriction and prolongation transfers solution and residual between levels

� Modern solvers use AMG to precondition Krylov space solvers: can we combine a
smoother, AMG methodology and Krylov space solver to accelerate solution?
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Example: Linear Solver Performance

Preconditioned Linear Solvers: CG-AMG
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Example: Linear Solver Performance

Preconditioned Linear Solvers: Single-CPU Performance

Coarsener Cycle Smoother Iter Time, s

AAMG, 2 V ILU 0/2 70 36.75
AAMG, 2 W SGS 0/2 18 62.45
AAMG, 4 W SGS 2/2 32 30.22

SAMG V SGS 0/2 14 18.04
SAMG W ILU 0/2 4 22.81
SAMG W SGS 0/2 4 20.27

CG Preconditioner Iter Time, s

Incomplete Cholesky 411 45.67

Coarsener Cycle Smoother

AAMG, 2 V SGS 0/2 44 23.84
AAMG, 4 W ILU 0/2 18 11.16

SAMG V SGS 0/2 14 18.38
SAMG V ILU 0/2 12 17.75
SAMG W ILU 0/2 4 22.86
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Example: Linear Solver Performance

Preconditioned Linear Solvers: Parallel Execution Time Test, Fine Mesh 5m cells

1 CPU 2 CPUs 4 CPUs

ID Iter Time, s Iter Time, s Iter Time, s

1 22 357.0 21 177.9 22 71.2
2 16 233.1 21 160.7 21 91.7
3 27 374.5 30 220.9 28 117.6
4 52 495.3 45 229.0 40 120.8
5 35 480.2 36 261.3 35 145.9
6 23 344.1 35 276.8 38 172.6
7 97 849.9 129 575.0 109 254.9
8 884 2571.3 913 1385.8 970 502.6

� Parallel tests presented so far include only small parallel machines

� Testing on large machines in progress: Albert (largest commercially held computer
in Europe) http://www.top500.org/system/8248

� BMW Sauber F1 Team: “outstanding performance scaling” on computers with
large cache memory and fast communications
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Example: Linear Solver Performance

Preconditioned Linear Solvers: Parallel Execution Time Test, Fine Mesh 5m cells

ID Solver Coarsener Cycle Smoother

1 CG-AMG AAMG, 4 W SGS 2/2
2 CG-AMG AAMG, 4 W ILU 0/2
3 PFEAMG AAMG, 4 W ILU 0/2
4 AMG AAMG, 4 W SGS 0/2
5 AMG AAMG, 4 W ILU 0/2
6 RREAMG AAMG, 4 W ILU 0/2
7 AMG AAMG, 2 V SGS 0/2

8 ICCG

� Coarsening strategy plays the dominant role for convergence rates of AMG

� Aggressive coarsening with good smoother (AAMG 4, ILU) is very effective

� Preconditioned AAMG with aggressive smoothing, ILU smoother and W-cycle
overall the best from the execution time point of view

� Preconditioned CG-AAMG with aggressive coarsening and ILU smoother and
W-cycle the best combination from the parallel point of view

OpenFOAM: A C++ Library forComplex Physics Simulations – p.16/24



Tempus NUSIC JEP-18085-2003

Example: 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 (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

OpenFOAM: A C++ Library forComplex Physics Simulations – p.17/24



Tempus NUSIC JEP-18085-2003

Example: Fluid-Structure Interaction

Updated Lagrangian FVM Solver

� Incremental momentum equation in updated Lagrangian formulation
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� Incremental constitutive equation for St. Venant-Kirchhoff elastic solid

� Su = 2 �� E u + � tr ( � E u ) I

� Increment of Green-Lagrangian strain tensor

� E u =
1
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� Final form of momentum equation ready for discretisation

Z

Vu

� u
@�v
@t

V. u �
I

Su

n u � (2� + � )r � u S. u =
I

Su

n u � q S. u

OpenFOAM: A C++ Library forComplex Physics Simulations – p.18/24



Tempus NUSIC JEP-18085-2003

Example: 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

Solution Procedure

1. Update mesh according to displacement increment from the previous time step

2. Update second Piola-Kirchhoff stress tensor

3. Do until convergence

� Calculated RHS of discretised momentum equation using last calculated
displacement increment �eld

� Solve momentum equation

4. Accumulate displacement vector and second Piola-Kirchhoff stress �elds

5. On convergence, switch to the next time step

Data Transfer

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

� Data interpolation routines already available: patch-to-patch interpolation
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Example: 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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Internal Combustion Engine Simulations

� Work performed at Politecnico di Milano:
leading engine collaboration group

� 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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Example: POD on LES Data

� Proper Orthogonal Decomposition (POD): analysis of �ow dat a in terms of energy
content. Based on a number of �ow �eld snapshots, result is de composed into
mutually orthogonal energy-dominant modes

� In LES, this corresponds to energy analysis in different scales of turbulence:
separation into large and small scales

� Decomposition rapidly converges in energy: �rst 3-4 modes c ontain 99.9 % E

� Extension to rapid CFD simulation : convert governing PDE's into ordinary
differential equations by projection to basis, e.g. accelerate and stabilise FSI
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Example: POD on LES Data

� First POD mode captures main characteristics of the �ow. Not e the different nature
of uz component: dominant turbulence interaction

� Higher modes capture the location and nature of turbulent interaction:
concentrated close behind the step, where turbulence is generated

POD Modes: p 0 1 2 3 U 0 1 2 Ux 0 1 2 Uy 0 1 2 Uz 0 1 2
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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 user customisation

� Solvers are validated in detail and match ef�ciency of comme rcial codes

� Number of contributors is rapidly increasing: notable out-of-core developments
and new physical models

New Capabilities in Development Pipeline

� Automatic mesh generation for complex geometry

� In-cylinder simulations for internal combustion engines: Gasolene Direct Injection
(GDI) with piston bowl penetration and extreme valve cant

� Suite of �uid-structure interaction solvers in a single sof tware

� Coupled and block matrices and conjugate solver technology

� Proper Orthogonal Decomposition: post-processing and reduced order models
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