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Outline L4

Objective

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

2. Provide insight into running development projects to encourage collaboration
Topics
Equation mimicking and object orientation in OpenFOAM
Linear algebra and solver support
Automatic mesh generation
Finite Area Method
In-cylinder simulations: dynamic mesh handling
Multi-region support and new Fluid-Structure Interaction (FSI) solver
Turbomachinery simulations: General Grid Interface (GGI)
Proper Orthogonal Decomposition (POD) in post-processing and model reduction

Short review of the Open Source effort
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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
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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 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

Let us review the development in one segment and see the impac t on functionality
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Linear Algebra and Solver Support €

Rewrite of Linear Algebra Classes
Current implementation of linear algebra and matrix support is over 12 years old
... yetitis used throughout the library

Limitations and implementation issues
Matrix stored in arrow format with scalar coef cients

Handling of vector variables poor and messy, especially for coupled boundary
conditions, e.g. symmetry plane for vectors

Equation segregation enforced by form of matrix: unacceptable!
Need exibility in addressing assembly and faster linear so lvers

Implementation issues for complex linear systems: multi-region equations, block
coupled matrices, saddle-point system, complex constraints

Some new algorithms dif cult to handle: pressure-based cou pled solver

Objective: Complete Rewrite of Linear Algebra and Linear Solver Classes
Conjugate heat transfer class of problems and solver methodology
Block solution of vector/tensor variables with full coupling

New fast linear solvers handling multi- and block-matrix systems
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Linear Algebra and Solver Support €

Conjugate Heat Transfer Problems

OpenFOAM supports multi-region simulations, with possibility of separate
addressing and physics for each mesh: multiple meshes, with local elds

Some equations present only locally, while others span multiple meshes

coupledFvScalarMatrix TEqns(2);

TEqgns.hook

(
fvm::ddt(T) + fvm::div(phi, T)
- fvm::laplacian(DT, T)
);

TEqgns.hook
(

);

fvm::ddt(Tsolid) - fvm::laplacian(DTsolid, Tsolid)

TEqgns.solve();

Coupled solver handles multiple matrices together in internal solver sweeps
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Linear Algebra and Solver Support €

Example: Conjugate Heat Transfer
Coupling may be established geometrically: adjacent surface pairs
Each variable is stored only on a mesh where it is active: (U, p, T)
Choice of conjugate variables is completely arbitrary: e.g. catalytic reactions

Coupling is established only per-variable: handling a general coupled complex
physics problem rather than conjugate heat transfer problem speci cally

Conjugate Heat Transfer, solid side

temperature
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Block Matrices L4

Component-Coupled Block Matrices

Consider general coupling for a vector variable, including coupling between
components and coupling to neighbourhood vectors

Ne— [Allu] = [ b]

f X
ap Up + ayuny = b

o ® N
.U\P\ 2 32 3
axx dxy  Axz Ux
apuUp = gayx ayy ayz g QUyg
Azx dzy  dAzz Uz

u is a vector, ap and ay may be 3 3 tensors

For vector components are coupled in the same cell, ap is a tensor

For a vector cross-coupled to its neighbourhood, (e.g. x-to-y), ay is a tensor
Matrix algebra generalises to block coef cients, includin g linear solvers

... and global sparseness pattern of the matrix is still dictated by the mesh!

New Developments in OpenFOAM — p.9/25



Block Matrices L4

Component-Coupled Block Matrices: Impact on Code Structure and Performance
Regular operators (ddt, convection, diffusion) create scalar coef cients

New and native way of handling tensorial viscosity in Laplace and boundary
coupling for vectors: fully implicit symmetry plane treatment

No need to delay matrix assembly for coupled boundary types

Fully implicit treatment forr [ (r u)"]: equation segregation is no longer forced
for undesirable cases but dictated by implicit operators

Implementation: Morphing Coef cient Array
coef cient array carries a scalar or vector or tensor eld: no storage overhead!

On matrix calculus operations or insertion of coupled boundary conditions,
coef cient array will expand as needed, e.g. scalarField + t ensorField

Choice of segregated or block solver at run-time; zero impact elsewhere
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New Linear Equation Solvers €

High-Performance Linear Equation Solver Technology

Fully parallel and optimised for oating point performance o a single CPU and
minimum communication overhead in parallel domain decomposition mode

Special non-diverging linear solver for badly conditioned matrices

LES, forward-facing step 660k cells

Segregated solver, residual history in 1 pressure solution
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Automatic Mesh Generation L4

Automatic Mesh Generation in OpenFOAM

Polyhedral mesh support provides exibility in mesh genera tion. OpenFOAM uses
polyhedral mesh format in discretisation for over 10 years

Error-driven adaptive mesh re nement implemented in 1995

Integrated mesh generator would provide signi cant capabi lities beyond mesh
motion, topological changes, or mesh-based adaptivity

... but we still do not have a decent automatic mesh generator!

Two running meshing projects in OpenFOAM (need support!): Cartesian cut cell
method and polyhedral dual mesh mesh generator
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Finite Area Method L4

Finite Area Method of Discretisation

Finite Volume discretisation for a 2-D curved surface in 3-D implemented in
operator form, consistent with OpenFOAM structure and re-using base classes

Finite Area mesh is bound to the Finite Volume faces: simpli ed coupling

faScalarMatrix CsEqgn
(

);

Wall Im model not implemented to date: shallow water equati ons

fam..ddt(Cs) + fam::div(phis, Cs) - fam::laplacian(Ds, Cs )
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In-Cylinder Engine Simulations

Dynamic Mesh Handling in Engine Simulations

OpenFOAM provides support for mesh motion and topological changes: moving
mesh in rate-of-change and convection operators, automatic eld mapping etc.

Automatic mesh motion classes, based on prescribed boundary motion

Topological mesh modi ers, e.g. mesh layering and sliding i nterface
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... but this capability is very far from real engines simulations

Politecnico di Milano is driving the engines effort: dr. Tommaso Lucchini

Excellent progress; collaboration with other research groups and automotive

companies
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In-Cylinder Engine Simulations €

Internal Combustion Engine Simulations

Object-based setup of topological changes allows simulation of non-standard
engine designs: not limited by small number of mesh templates

Example: two-stroke engine, with action modelled as sliding interfaces
Uncovered interface: domains connected
Covered interface treated as wall boundary
Mesh layering action accommodates moving piston

Compressible ow solver with topological change support

Simulation of uid ow and scavenging in a two-stroke engine
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In-Cylinder Engine Simulations €

Internal Combustion Engine Simulations
Motion prescribed in terms of engine geometry and valve lift curves
Topological changes required for valve opening and closing

For easy problem setup, using automatic mesh zoning and objects for valves and
piston: de nition of motion and set-and-forget topologica | changes

OpenFOAM ow solvers need to be modi ed to handle topologica | changes:
ensuring mass conservation and ux continuity

Methodology and validation on engine cases: SAE2007-01-0170 paper
To-do list: spray and topological changes, wall Im
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Fluid-Structure Interaction L4

Fluid-Structure Interaction in a Single Solver

OpenFOAM provides numerical models for both uids and struc tures;
patch-to-patch interpolation tools and multi-region handling already implemented
Signi cant work in integration and generalisation of stres s analysis solvers

Stress analysis for non-linear materials: incremental formulation

Handling large deformation: updated Lagrangian formulation

Coupling with external structural solver: sails for racing yachts

icoFsiFoam : rst multi-region integrated FSI solver in OpenFOAM
Identical uid-to-structure coupling: pressure and defor mation transfer
Adding run-time selection for uids and structures equatio n set
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Turbomachinery Simulations €

General Grid Interfaces

Sliding interface mesh modi er couples two mesh components in relative motion to
create a continuous mesh: topological change

In turbo-machinery simulations, similar coupling problem appears: sliding

rotor-stator interface, non-matching cyclics

Treatment of coupled boundaries topology change: General Grid Interfaces
Coupled path treatment implicit in discretisation and solvers
Coupling addressing calculated using patch-to-patch interpolation
Special handling for patch evaluation and operator discretisation
Special turbo-speci ¢ steady-state discretisation: mixing plane

Sliding rotating interface;
mixing plane

Non-matching cyclic
boundaries
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Proper Orthogonal Decomposition €

Proper Orthogonal Decomposition
Analysis of the solution in terms of energy norm: snapshots
@

@t+r (u)r (r )= Su+ Sp

POD provides a basis for the complete solution space of

. .
ori = |j
t) = i(t) i where i )=
(1) X i (1) i Ci §) Nl G |
where N is a number of ortho-normal modes and ; are the weights

POD basis converges rapidly in the energy norm and is truncated at e.g. 99.9 %
accuracy to a small number of representative modes

For numerical purposes, we can consider POD basis as a set of shape functions

Extension to rapid CFD simulation : converting governing PDE's into ordinary
differential equations by projection to basis
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Proper Orthogonal Decomposition €

Proper Orthogonal Decomposition in Post-Processing

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
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

POD modes are mutually orthogonal: each carries independent information
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Proper Orthogonal Decomposition €

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

Higher modes capture the location and nature of turbulent interaction:
concentrated close behind the step

POD Modes: p0123 U012 Ux012 Uy012 Uz012
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Proper Orthogonal Decomposition €

Proper Orthogonal Decomposition in Equation Projection

Substituting POD decomposition for into the governing equation reduces it to a
system of ordinary differential equations  : rapid simulation!

Equations are coupled and for non-linear terms (e.g. convection) non-linear. For
coupled differential equations, each eld is decomposed us ing POD

Solution methodology for coupled ODEs is very ef cient: exp licit time-stepping
with adaptive time-step and error control

Future work involves more complex equation sets: Stokes ow, Navier-Stokes
equations, inclusion of turbulence models POD and free surface ow

1-D Scalar Transport, Convection-Diffusion POD Reconstruction, 1-D Convection-Diffusion
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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
Second OpenFOAM Workshop: Zagreb Croatia, 7-9/Jun/2007

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

Major development through Research Labs: National Energy Technology Lab
(NETL), US Dept. of Energy (MFIX-NG), NRC Canada, US Navy
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Review of the Open Source Effort €

Major Running Projects using OpenFOAM

Politecnico di Milano, Chalmers University and industrial partners
OpenFOAM as a complete internal combustion engine simulation package:
coupling with 1-D codes, pre-mixed and Diesel combustion, catalytic
converters surface chemistry

MFIX-NG: National Energy Technology Lab, US. Dept of Energy
Multiphase Flow with Interphase eXchanges solver rewrite with OpenFOAM
used as a development platform

University of Zagreb

Fundamental work in development of basic functionality, e.g. block matrix and
block solver; conjugate matrix set solver support

Finite Area discretisation in operator form and relevant modelling
Fluid-structure interaction solvers with internal and external coupling

University College Dublin
Non-linear Finite Volume stress analysis, uid-structure interaction
Structural damage models and dynamic crack propagation
OpenFOAM in biomedical application

New Developments in OpenFOAM — p.24/25



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
In-cylinder simulations for internal combustion engines
Suite of uid-structure interaction applications
Coupled and block matrices and conjugate solver technology
Proper Orthogonal Decomposition: post-processing and reduced order models

Automatic code differentiation, forward derivatives, propagation of uncertainty
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