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Background

Objective

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

� Illustrate the use of library tools on automotive applications

Topics

1. Background: Writing an open source CFD code

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

3. Implementing physical models through equation mimicking

4. Layered software development and open source collaboration platform

5. Physical modelling capabilities

6. Some illustrative examples from automotive CFD

7. Points of interest: why people choose OpenFOAM

8. Project status 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- util ities 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) fut ure 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 and dynamic mesh handling

5. Collaborative and project-driven model development: managing, merging and
distributing open source contributions

6. Community-based and professional software support and training

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

� . . . but the source code needs to be easy to understand: equation mimicking

Open Source CFD in Automotive Applications – p. 3



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, capabilities 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:
�uid-structure interaction, complex heat/mass transfer, co mplex chemistry, internal
combustion engines, nuclear engineering, acoustics etc.

Main Components

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

� Lagrangian particle tracking (discrete element model)

� Finite Area Method: 2-D FVM on curved surface in 3-D

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

� Massive parallelism in domain decomposition mode

� 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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Top-Level Solver Code

Top-Level Solvers

� Libraries encapsulate interchangeable models with run-time selection

� New models provide functionality by adhering to a common interface

� Custom-written and optimised top-level solvers written for a class of physics, eg.
compressible combusting LES or VOF free-surface �ow

� Code clarity is paramount: existing solvers act as examples for further
development or customisation

Utilities

� Pre-processing, data manipulation, mesh-to-mesh mapping etc.

� Mesh import and export, mesh generation and manipulation

� Parallel processing tools: decomposition and reconstruction

� Post processor hook-up (reader module) and data export

� A-posteriori error estimation and solution analysis

Customised Data Extraction and Analysis

� User-de�ned on-the-�y data extraction: function objects

This is just a “standard set”: Users write their own applications using the library
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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 changes

� Discretisation, boundary conditions
� Matrices and linear solver technology

� Physics by segment in library form

� Custom-written top-level solvers optimised for ef�ciency an d memory use
� Library level mesh, pre-, post- and data handling utilities

� Custom-written top-level solvers optimised for ef�ciency an d storage

� Development of model libraries: easy model extension and run-time selection

� 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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Physical Modelling Capabilities

Physical Modelling Capability Highlights

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

� Incompressible and compressible �ow: segregated pressure-b ased 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 capabili ty

� Pre-mixed and Diesel combustion, spray and in-cylinder �ows

� Stress analysis, �uid-structure interaction, electromagn etics, MHD, etc.
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Examples of Use

OpenFOAM in Use

� If the design is well executed, code capabilities must be impressive

� A guided tour:

1. Show handling of highly non-linear multi-phase �ow probl ems

2. Illustrate coupling between multiple modelling frameworks

3. Present examples of co-simulation coupling interfaces

4. Summarise with applications from automotive CFD

Example Simulations Using OpenFOAM

� External aerodynamics with LES

� Flash boiling simulation in a Diesel injector

� Thin liquid �lm model: 2-D surface physics

� Wall soiling simulation: Lagrangian tracking and liquid �l m model

� Coupling interfaces and multi-physics: TISC, GASDYN, and GT-Power

� Particulate �lter modelling

� Internal combustion engine modelling
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External Aerodynamics with LES

Detached Eddy Simulation for External Aerodynamics: Icon CFD

� Pushing state-of-the-art by applying Detached Eddy Simulation (DES) to full car
body external aerodynamics simulations

� Increase in simulation cost over transient RANS is over 1 order of magnitude!

� Controlling the Cost of Full Car DES :

� Automated meshing and simulation environment, from STL surface of the car
body to averaged DES results and forces

� Hex-core mesher with near-wall layers and local re�nement: mes h is
designed to make it good for second-order LES numerics with minimal cost

� No parallel license cost of CFD solver: simulations run on approx. 200 CPUs

� Improvement in CD ; CL and force-per-component predictions due to better
capturing of turbulence and transient �ow features

Reproduced with permission from Islam et.al. SAE 2009-01-0333
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Flash-Boiling Simulations

Flash-Boiling Flows: Shiva Gopalakrishnan, David P. Schmidt, UMass Amherst

� The fundamental difference between �ash boiling and cavitat ion is that the process
has a higher saturation pressure and temperature: higher density

� Enthalpy required for phase change is provided by inter� phase heat transfer

� Jakob number : ratio of sensible heat available to amount of energy required for
phase change

Ja =
� l cp � T

� v hfg

� Equilibrium models are successful for cavitation since Ja is large and timescale of
heat transfer is small. Flash boiling represents a �nite rat e heat transfer process:
Homogeneous Relaxation Model (HRM)

Dx

Dt
=

�x � x

�
; � = � 0 � � 0:54 � 1:76

x is the quality (mass fraction), relaxing to the equilibrium �x over a time scale �

� The timescale � is obtained from empirical relationship: Downar–Zapolski [1996].
� is the void fraction and � is the non� dimensional pressure.
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Flash-Boiling Simulations

Flash-Boiling Flows: Numerical Method

� Conservation of Mass
@�
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� Conservation of Momentum
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The HRM model term is denoted as M (= Dx
Dt ). The superscripts k and k + 1 are

the corrector steps for the pressure equation.
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Flash-Boiling Simulations

Conservation of Mass
solve
(

fvm::ddt(rho) + fvm::div(phiv, rho)
);

Conservation of Momentum
fvVectorMatrix UEqn
(

fvm::ddt(rho, U) + fvm::div(phi, U) - fvm::laplacian(mu, U )
);
solve(UEqn == -fvc::grad(p));

Pressure Equation
fvScalarMatrix pEqn(fvm::laplacian(rUA, p));

solve
(

psi/sqr(rho) * (fvm::ddt(rho, p) + fvm::div(phi, p))
+ fvc::div(phivStar) - pEqn
+ MSave + fvm::SuSp(dMdp, p) - dMdp * pSave

);
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Flash-Boiling Simulations

Asymmetric Fuel Injector Nozzle-Design from Bosch GmbH.
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Thin Liquid Film Model

Modelling Assumptions: 2-D Approximation of a Free Surface Flow

� Isothermal incompressible laminar �ow

� Boundary layer approximation:
� Tangential derivatives are negligible compared to normal

� Normal velocity component is negligible compared to tangential

� Pressure is constant across the �lm depth

� Similitude of the �ow variables in the direction normal to the s ubstrate
� Prescribed cubic velocity pro�le

n
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Dependent variables: h and �v
�

v d;i
�v
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h
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0
v dh

� = n
h ; 0 � n � h

v (� ) = v fs � diag (a� + b� 2 + c� 3)
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Thin Liquid Film Model

Discretisation: Finite Area Method on a Curved Surface in 3-D

� Finite Area Method discretises equations on a curved surface in 3-D: fac, fam

� Surface is discretised using polygonal faces, accounting for surface curvature

� Surface motion is allowed: decomposed into normal and tangential motion

� Parallelisation tethered to the volumetric mesh: easy 3-D to 3-D data exchange

Validation: Droplet Spreading Under Surface Tension

� Liquid �lm equations governing the �ow; self-similar veloci ty pro�le

� Droplet spread driven by gravity and counteracted by surface tension

� Equation set possesses an (axi-symmetric) analytical solution
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Analytical solution
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Soiling Simulation

Volume-Surface-Lagrangian Coupling

� Coupling a volumetric �ow model with Lagrangian particles for a dispersed phase
to a thin liquid �lm model on the solid wall

� In terms of numerics,
coupling of volumetric,
surface and Lagrangian
models is easy to handle:
different modelling
paradigms

� Main coupling challenge is to
implement all components
side-by-side and control their
interaction: volumetric-to-
particle-to-surface data
exchange

� Close coupling is achieved by
sub-cycling or iterations over
the system for each time-step
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Code Coupling Interfaces

Multiple “Physics” of Software Packages in a Single Simulation

� Integration of interfaces and centralised simulation control across physics
problems “co-habitating” in a single engineering component

� Open source facilitates implementation: compatible numerics at coupled interfaces

1-D to 3-D Code Coupling

� Co-simulation tools with strong coupling:
GASDYN and GT-Power : Gianluca
Montenegro, Politecnico di Milano

� 1-D (compressible) �ow solver for components
where this is suf�cient

� Exchange of boundary conditions with 3-D
models of critical parts

TISC: Inter-Software Connector by TLK

� TISC handles the co-simulation environment,
exchanges the data between the programs,
synchronises, handles events and reports on
exchanged data

� OpenFOAM TISC interface: Henrik Rusche
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Diesel Particulate Filter Modelling

Modelling Diesel Particular Filters: Federico Piscaglia, Politecnico di Milano

� Steady-state compressible �ow through thin porous layers

� Detailed 3-D meshing of channels expensive: mesh resolution requirements

� . . . but due to �ow non-uniformity, channel-scale simulation s cannot provide the
answer: not all channels are equally loaded and energy equation is solved globally

� Solution: multi-scale �lter model
� Each channel is one cell thick: (1-D) simulation

� Porosity is a face property; �ow friction is a volumetric sink

� Porous faces are assigned time-dependent �ltration ef�cien cy due to soot
deposition, affecting the �ow and species distribution

� Automatic meshing tool for the monolith, unstructured mesh for inlet and outlet
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IC Engine Modelling

Spray, Wall Film and Combustion Simulations in Internal Combustion Engines

� Complete simulation of turbulent reacting �ow, spray inject ion, evaporation, wall
�lm and combustion. Mesh motion and topological changes: dynami c mesh class

� Example: GDI engine with automatic mesh motion , topological changes used in
standard form. Simulation includes intake stroke (moving piston + valves):
capturing reverse tumble �ow in the cylinder

� Full suite of Diesel spray modelling using Lagrangian modelling framework

� New: wall �lm model and spray-�lm interaction, with �eljko Tu ković, FSB

� Mesh sensitivity of spray penetration : solved with adaptive re�nement!

� Authors of engine simulations: Tommaso Lucchini, Gianluca D'Errico, Daniele
Ettore, Politecnico di Milano and Dr. Federico Brusiani, University of Bologna
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Point of Interest

Why Consider OpenFOAM

� Open architecture, under active development
� 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 without delay

� Low-cost CFD solver
� No license or maintenance cost, including high-performance computing

� Easily scriptable and embeddable: “automated CFD” and optimisation

� Ef�cient on massively parallel computers, portable to new pla tforms

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

capabilities of commercial CFD software: customised solutions

� Ef�cient environment for complex physics problems

� Tackling dif�cult physics is made easier through equation mimi cking

� Utility-level tools readily available: parallelism, dynamic 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,
Open Source development model, public contributions, documentation

� 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 comme rcial codes

OpenFOAM in Research and Industry

� Technical development driven by Special Interest Groups and Birds-of-a-feather

Turbomachinery Ship Hydrodynamics Simulation of Engines

Turbulence Fluid-Structure Interaction Multiphase Flows

Aeroacoustics Combustion and explosions Solid Mechanics

Documentation High Performance Computing OpenFOAM in Teaching

� Fifth OpenFOAM Workshop : join us in Gothenburg, 21-24 June 2010:
http://www.openfoamworkshop.org

� Leading research/development centres worldwide: FSB Zagreb, Chalmers
University, Politecnico di Milano, University College Dublin, UMass Amherst
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