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Disclaimer
The respective authors of the submitted abstracts are responsible for any information provided
in this abstract collection. In particular, authors retain copyright over their work, while allowing
the OpenFOAM R© Workshop Committee to allow others to freely access, use, and share the
presented work, with an acknowledgment of the work’s authorship and its initial presentation
at this workshop – as it has been a term of use for the upload form. In addition, authors are
encouraged to post and share their work at any point before and after the workshop.

The OpenFOAM R© Workshop is a community event and is not approved or endorsed by
Silicon Graphics International Corp. or the OpenFOAM R© Foundation, the producer of the
OpenFOAM R© software and owner of the OpenFOAM R© trade mark. The OpenFOAM R© Work-
shop Organizing Committee is not affiliated with Silicon Graphics International Corp. or the
OpenFOAM R© Foundation. However, the committee members duly acknowledge the trademark.
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Bio-fluid dynamics, fluid-structure interaction, subset motion solver  

 
Abstract 

 
The uptake of systemically administered medication to the brain is severely limited by the 

blood-brain barrier (BBB), a functional interface between blood and neural tissue that protects 

the brain from exposure to potentially harmful substances. Besides biochemical modalities that 

affect the entire brain, ultrasound induced BBB disruption generates a transient pathway for 

drug delivery to a specific cerebral location [1]. Pre-administered microbubbles (MBs) with a 

stabilizing lipid coating act as oscillators inside the blood when exposed to a focused ultrasound 

(FUS) field. The induced microcirculation impacts the vessel’s endothelium and triggers a local 

increase in BBB permeability in a way that is not yet entirely understood. 

We set up a multi-domain coupled microscale model consisting of MB, blood plasma, capillary 

blood vessel and red blood cells (RBCs) to study the transient distribution of wall shear stress 

(WSS) and transmural pressure (Ptm) at the endothelium during ultrasound induced MB 

oscillation.   

The microvessel is modeled as a circular cylindrical tube enclosing the fluid region which 

contains a spherical bubble 

at its center and parachute 

shaped RBCs along the 

axis (Fig. 1). Exploiting 

axial symmetry, a wedge 

mesh configuration was 

used. 

                                                 
‡ Corresponding Author: Wolfgang Wiedemair (wwiedema@ethz.ch) 

7th OpenFOAM Workshop 

Center of Smart Interfaces,  

Technische Universität Darmstadt, 

Germany 

25-28 June, 2012 

 

Figure 1: Sketch of the geometrical configuration 
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The MB is modeled as a pulsating spherical source immersed in blood plasma. Its motion is 

governed by a modified Rayleigh-Plesset equation (RPE) that accounts for the encapsulating 

lipid shell and the confinement inside a narrow 

vessel. This ordinary differential equation 

(ODE) is solved at runtime using OpenFOAM’s 

ODE solver capabilities. Through mesh 

adaptation according to the bubble motion, flow 

is generated in the surrounding blood plasma 

which is described as an incompressible 

Newtonian fluid. The fluid interacts with the 

wall of the compliant vessel as well as the 

adjacent RBCs using a strongly coupled, 

partitioned fluid-structure interaction (FSI) 

method. The solid domains are modeled as 

isotropic, Saint Venant-Kirchhoff materials [2] and the deformed parachute shaped RBCs are 

motile along the longitudinal axis of the vessel. Necessary mesh modifications around the MB 

are implemented using topological modifiers, while the accommodation of fluid-solid interface 

displacement is handled by automatic mesh motion. To prevent interference of these operations, 

the motion domain is restricted employing the subset motion feature.  

Sets of simulations were performed with this system 

using varying physiologically permissible 

configurations of MB size, ultrasound parameters 

and vessel compliance. We observed a shear layer at 

the fluid-solid interface (Fig. 2), as well as splitting 

and converging flow patterns in the vicinity of the 

RBC upon flow reversal. Delayed reflux of plasma 

is seen during the rapid MB contraction phase due to 

the presence of the RBC. A comparison of results 

for setups with and without RBCs reveals 

considerable differences with respect to Ptm 

distribution and WSS surface gradients.  

Our results suggest that the usually neglected RBCs, which constitute a large volume fraction of 

whole blood, play a marked role in shaping the WSS and Ptm distribution (Fig. 3) at the vessel 

fluid interface [3].  

We kindly acknowledge the financial support of the Swiss National Science Foundation through 

NCCR Co-Me. 

REFERENCES  

[1] K. Hynynen, Ultrasound for drug and gene delivery to the brain. Adv. Drug Delivery. Rev. 

60, pp. 1209-17 (2008) 

[2] Ž. Tuković and H. Jasak, Updated Lagrangian finite volume solver for large deformation 

dynamic response of elastic body. Trans. Famena 31, pp. 55-70 (2007) 

[3] W. Wiedemair et al., On ultrasound-induced microbubble oscillation in a capillary blood 

vessel and its implications for the blood–brain barrier. Phys Med Biol 57, pp. 1019-1045 (2012) 

Figure 2: Flow field during bubble expansion  

 

Figure 3: WSS and Ptm during bubble expansion 
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Optical measurement techniques applied for two-phase flow 
studies 

Martin Sommerfeld *‡1 

1 Zentrum für Ingenieurwissenschaften, Martin-Luther-Universität Halle-Wittenberg, 
D-06099 Halle (Saale), Germany 

June 14, 2012 

Keywords: optical measurements, non-intrusive, two-phase flows, phase-Doppler anemometry, 
particle image velocimetry, shadow imaging. 

 

Abstract 
Optical techniques applicable for two-phase flows may be classified in three principle methods 
[1]; point-wise methods, field imaging of velocities and high resolution shadow imaging. The 
phase-Doppler anemometer (PDA) is a local (point-wise) method which allows measurement of 
particle velocity and size with high spatial and temporal resolution [2]. An essential requirement 
however is that particles are spherical. For analysing flows with non-spherical particles the 
shadow-Doppler technique may be applied which provides a planar image of particles [2]. The 
application of PDA is demonstrated for measurements in a particle-laden channel flow, where 
the size measurement is mainly used for discriminating between tracer particles and dispersed 
phase particles [3]. In the measurements the effect of wall roughness and solids mass loading 
(i.e. effect of inter-particle collisions) was analysed [4], in order to provide data for validating 
the respective models in numerical calculations [5]. 
In pneumatic conveying through horizontal pipes as well as pipe bends inertial segregation 
occurs due to gravity and centrifugal effects. This also implies that particles having a size 
distribution will be segregated as a consequence of the dependence of fluid dynamic forces and 
inertial forces on particle diameter. These segregation effects were measured by [6, 7] applying 
a phase Doppler anemometry. These studies were performed for different pipe diameters, glass 
and stainless steel pipes and average conveying velocities. 
PIV (particle-image velocimetry) is a field imaging technique for velocity measurements with 
limited spatial and temporal resolution. Here, fine tracer particles dispersed in the flow are 
illuminated by a light sheet and subsequent double images are recorded for the determination of 
particle displacement and hence velocity in one plane. The application of PIV for two-phase 
flow measurements requires the discrimination between tracer particles and dispersed phase 
particles when velocity fields of both phases shall be determined simultaneously. There are 
several different principles for allowing such discrimination, mostly based on using two CCD-
cameras for recording the images. For demonstrating the capabilities of this field imaging it is 
                                                 
‡ Corresponding Author: Martin Sommerfeld (martin.sommerfeld@iw.uni-halle.de) 

7th OpenFOAM Workshop 
Center of Smart Interfaces,  
Technische Universität Darmstadt, 
Germany 
25-28 June, 2012 
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applied to bubbly flows in a laboratory column of 140 mm diameter. For measuring the fluid 
velocity, fluorescing tracer of 60 µm were added. A vertical centre plane in the bubble column 
was illuminated by a pulsed light sheet. Two CCD-cameras with appropriate optical filters, 
placed at certain scattering angles, recorded bubble and tracer velocity fields, respectively [8]. 
These data were used for validating numerical computations of bubbly flows based on LES and 
Lagrangian tracking [9]. 
Shadow imaging is mainly applied for studying elementary processes occurring on the scale of 
the particles (i.e. the particles are fully resolved by a proper magnification), allowing for the 
development of physical models to be implemented in the frame of numerical computations. For 
illuminating the process from the backside mostly LED arrays are being used. Recording the 
event may be done by double image CCD cameras for low temporal resolution or CMOS high-
speed cameras if a high temporal resolution is required. The first example of application was 
again the 140 mm bubble column where the micro-structure of the bubble swarm was analysed, 
as well as the velocity fields of bubbles and fluid (i.e. tracer particles). The discrimination 
between the phases was realised based on the detection of the bubble contours and the 
application of several filter operations [10, 11]. 
As a second example, experimental studies on the collision of highly viscous droplets are 
introduced. From these measurements collision maps, indicating the outcome of the collision 
process (i.e. bouncing, coalescence, stretching and reflexive separation), are derived [12]. These 
maps are required for allowing the modelling of the outcome of droplet collisions in a spray. 

REFERENCES  

[1] Crowe, C.T., Schwarzkopf, J.D., Sommerfeld, M. and Tsuji, Y.: Multiphase Flows with 
Droplets and Particles. 2nd Edition, CRC Press, Boca Raton, U.S.A. (2012) 
[2] Sommerfeld, M. and Tropea, C.: Single-Point Laser Measurement. Chapter 7 in 
Instrumentation for Fluid-Particle Flow (Ed. S.L. Soo), Noyes Publications, 252-317 (1999) 
[3] Kussin, J. and Sommerfeld, M.: Experimental studies on particle behaviour and turbulence 
modification in horizontal channel flow with different wall roughness. Experiments in Fluids, 
33, 143-159 (2002) 
[4] Sommerfeld, M. and J. Kussin, J.: Wall roughness effects on pneumatic conveying of 
spherical particles in a narrow horizontal channel. Powder Technology, 142, 180-192 (2004) 
[5] Lain, S. and Sommerfeld, M.: Euler/Lagrange computations of pneumatic conveying in a 
horizontal channel with different wall roughness. Powder Technology, 184, 76-88 (2008) 
[6] Huber, N. and Sommerfeld, M.: Characterization of the cross-sectional particle 
concentration distribution in pneumatic conveying systems. Powder Technology, 79, 191-210 
(1994) 
[7] Huber, N. and Sommerfeld, M.: Modelling and numerical calculation of dilute-phase 
pneumatic conveying in pipe systems. Powder Technology, 99, 90-101 (1998) 
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hydrodynamics in a laboratory bubble column at higher void fraction. Experiments in Fluids, 
33, 826-837 (2002) 
[9] Lain, S. and Sommerfeld, M.: Numerical simulation of the transient three-dimensional gas-
liquid flow in a cylindrical bubble column. Proceedings of the ASME Joint U.S.-European 
Fluids Engineering Summer Meeting, Miami, Florida, Paper No. FEDSM2006-98392 (2006) 
[10] Bröder, D. and Sommerfeld, M.: Planar shadow image velocimetry for the analysis of the 
hydrodynamics in bubbly flows. Measurement Science and Technology, 18, 2513 – 2528 (2007) 
[11] Sommerfeld, M. and Bröder, D.: Analysis of hydrodynamics and micro-structure in a 
bubble column by planar shadow image velocimetry. Industrial & Engineering Chemistry 
Research, 48, 330-340 (2009) 
[12] Kröner, M. und Sommerfeld, M.: Experimental investigation of droplet collisions with 
higher viscosity. CD-ROM Proceedings ILASS – Europe 2010, 23rd Annual Conference on 
Liquid Atomization and Spray Systems, Brno, Czech Republic, September 2010 
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Radiation based tomographic imaging of multiphase flows 
Uwe Hampel*‡ 

Helmholtz-Zentrum Dresden-Rossendorf, Institute of Fluid Dynamics 
and 

AREVA Endowed Chair of Imaging Techniques in Energy and Process Engineering, 

Technische Universität Dresden 

January 30, 2012 
 
Multiphase flows are widely found in many fields of science, engineering, and industry. 
Examples are mineral oil processing, chemical reaction engineering, and nuclear thermal 
hydraulics. Measurement and visualisation of multiphase flows is therefore of high scientific 
and engineering relevance. In particular the development and validation of multiphase CFD 
models requires measurement data from flow scenarios with high spatial and temporal 
resolution. 
Since multiphase flows are complex in space and time, high-resolution imaging modalities are 
needed as measurement tools. Unfortunately, multiphase flow research made only partial benefit 
from the recent tremendous progress in optical, laser and ultrasound based measurement 
techniques, because of the opaqueness of such flows for light and sound. Especially radiation 
based tomographic methods are therefore being considered as the key technology for multiphase 
flow visualisation. However, to date only few methods are suited because of the stringent 
requirements for high spatial and temporal resolution. In particular, methods are sought, which 
can visualize multiphase flow in complex geometries, within vessels with opaque walls and 
inserts, such as chemical reactors, heat exchangers or fuel rod assemblies, but also porous media 
of fixed bed reactors or rock samples. The presentation now will give an introduction to the 
recent progress in radiation based tomographic imaging techniques for multiphase flow 
measurement and discuss their particular role with respect to CFD code development.  

                                                
‡ Corresponding Author: Prof. Uwe Hampel (u.hampel@hzdr.de) 

7th OpenFOAM Workshop 
Center of Smart Interfaces,  
Technische Universität Darmstadt, 
Germany 
25-28 June, 2012 
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Monday – 2012-06-25

OFW Training Courses on OpenFOAM R© Technology

• Basic Training

A Getting Started (Installation, Structure)

B Getting Routine (Basic Use & Workflow, Pre-/Post-Processing)

C Getting Skilled (Top-level modifications)

• Advanced Training

D Getting Experienced (Advanced Applications)

E Getting Advanced (Advanced Developments)
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Running My First Case in OpenFOAM
®
 

Ivana Buntić-Ogor
‡1

 
 

1
 i.buntic – technical computing & consulting services  

 

March 29, 2012 

Running applications and utilities, Pre-processing, Post-processing, Parallel run 

 

1. Training overview 

 
This basic training will give an overview in using OpenFOAM® applications and utilities. 

Available pre-processing tools in OpenFOAM® will be presented. With running prepared 

tutorial (based on chosen case from ERCOFTAC Classic Collection Database), general case 

structure and application settings will be highlighted, as well as case initialisation (e.g. using 

potentialFoam ) and settings of boundary conditions. It will be pointed out how to set the 

boundary conditions from your own set of data (e.g. measurements). Case and convergence 

control will be shown on the run.  Additionally, an overview of using post-precessing tools and 

Paraview will be shown. Preparation, setting and execution of cases in parallel will also be 

presented. Most used utilities and additional functions will close the overview on the basic 

usage of OpenFOAM®. 

 

Training duration 2,5 hours. 

2. Requirements 

The level of training participants: there are not specific requirements. Prerequisites for 

workshop USB-stick: standard OpenFOAM® installation with pyFoam, swak4Foam and pre-

compiled profile1DfixedValue boundary condition.  

REFERENCES  

[1] OpenFOAM® Users Guide, OpenFOAM foundation (2011) 

[2] www.openfoamwiki.net  

                                                 
‡
 Corresponding Author: Ivana Buntić-Ogor (i.buntic-ogor@ib-tccs.com) 

7th OpenFOAM Workshop 

Center of Smart Interfaces,  

Technische Universität Darmstadt, 

Germany 

25-28 June, 2012 
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Generic external aerodynamic simulation training

Thorsten Grahs∗§1

1move-csc, Schuntertal 10, D-38108 Braunschweig, Germany

March 30, 2012

Training Sessions (B) Getting Routine (Basic use and workflow)

We propose an external aerodynamic simulation training, where we will use the Ahmed body
reference model to show in a generic test case, how to set up an external aerodynamic wind
tunnel simulation. We will start with the pre-processing

• mesh set up – (applying different refinement zones/refinement areas/layers)

• case set up – (turbulence models/boundary conditions/initialization/functionObjects)

After the set up, we show in detail how to initialize and run the case on different resolutions,
i.e. running

• coarse run – (running the simulation on a coarse mesh)

• generating fine case – (fine mesh resolution/adjusting settings)

• fine run – mapping (coarse results onto the fine mesh/running simulation)

After having demonstrated the simulation step we show how to post-process the results, i.e.

• Visualization in Paraview – (Using different filters, selecting velocity profiles,...)

After having demonstrated the whole simulation process step-by-step, we will show how to
automate the whole process and run the external aerodynamic process automatically.

Special software will not be required.

§Corresponding Author: Thorsten Grahs (grahs@move-csc.de)
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7th OpenFOAMR© Workshop
Center of Smart Interfaces,
Technische Universität Darmstadt,
Germany
25 – 28 June 2012

Advanced ParaView Tutorial

Philippe Pébay∗§1

1Kitware

May 15, 2012

ParaView

In this tutorial we will cover advanced ParaView features including quantitative analysis,
Python scripting, parallel processing, and extensions to ParaView via programmable filters
and plugins.

§Corresponding Author: Philippe Pébay (philippe.pebay@kitware.com)
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Automatic testing of solvers using PyFoam

Bernhard F.W. Gschaider∗§1

1ICE Strömungsforschung

March 20, 2012

verification, automatic, PyFoam, swak4Foam

1 Motivation

Numerical software like OpenFOAM can fail on many levels: the range of possible errors
goes from simple programming errors in the solver to wrong implementations of the physical
equations. But also problems in the underlying toolkit (OpenFOAM) or in the supporting
software (parallelization toolkits etc) are possible. It is important to be sure that a solver
always generates correct results even though its implementation or the software it is based on
changed.

To be sure that this is regularly and consistently tested it is best to put someone in charge who
is consistent and regular: a computer that automatically runs tests.

2 Content

This training session will show how PyFoam (a Python-library to work with OpenFOAM)
can be used implement an automatic testloop. To support the collection of the test results the
CDash/CTest-software will be used.

The first part of the session will give a quick introduction to CTest (the toolkit that is already
used for the test harness of openfoam-extend).

The majority of the talk will be used to introduce the CTestRun-class in PyFoam. This class
is used to set up a case, run the solver and check the validity of the results. The major goals
of the class are

• to be fault tolerant (there should always be meaningful output to CTest even in the
case of programming errors in the tests)

§Corresponding Author: Bernhard F.W. Gschaider (bgschaid@ice-sf.at)
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• make writing the tests as easy as possible (only a superficial knowledge of Python is
required. The class takes care of common pitfalls associated with classes in Python)

Two concrete examples for tests will be developed during the session:

• The pitzDaily-case will be compared with data from the original paper

• Simulation results of the Taylor-Green vortex will be compared with the analytic solution
(for this swak4Foam will be used)

To follow the lecture it is not required know about programming PyFoam. Also no knowledge
of Python is required: the hearer should know the basic ideas of procedural and object-oriented
programming (any language will do).

3 Administrative

The required software for this is

ctest Any version bigger than 2.6

OpenFOAM Any version after 1.6 will do

PyFoam Version from beginning of April 2012

swak4Foam Version from beginning of April 2012
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Training: Object orientation, generic programming and

polymorphism in OpenFOAM

Tomislav Marić∗§1

1Center of Smart Interfaces, Mathematical Modeling and Analysis, Technische
Universität Darmstadt

May 16, 2012

object orientation, generic programming, polymorphism

This training session will provide an overview of the basic mechanisms of object orientation,
generic programming and dynamic polymorphism as well as their use in the OpenFOAM R©

library. Modularity and efficiency of the OpenFOAM R© library are based on these mechanisms,
and proper extensions of the library rely on their understanding.

Two examples will be implemented during a hands-on session: a generalized linear least squares
gradient scheme, and a surface interpolation scheme involving indirect wide stencil interpola-
tion. The motivation behind both calculations will be presented, as well as a visualization of the
comparison with the standard interpolation and gradient schemes for fields with sharp jumps.

References

[1] Bjarne Stroustrup, The C++ Programming Language, Addison Wesley, 1997

[2] Nicolai M. Josuttis, The C++ Standard Library (A Tutorial and Reference), Addison
Wesley, 2011

[3] Scott Meyers, Effective C++, Third edition, Addison Wesley, 2011

§Corresponding Author: Tomislav Marić(maric@csi.tu-darmstadt.de)
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Technische Universität Darmstadt,
Germany
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Programming Model Libraries from Scratch

Kathrin Kissling∗†

Center or Smart Interfaces, Technical University Darmstadt

June 25, 2012

physical model library, abstract base class

Aim of the training is transferring knowledge to programm complete model libraries from
scratch. The training programming work bases on the OpenFOAM solver scalarTransportFoam.
This will be enhanced by implementing a library modelling the diffusion coefficient as temper-
ature or concentration dependent, respectively.

The training will be structured in

• a theory part, explaining two physical models for diffusion coefficients

• a C++ part, focussing on class hierarchie and abstract base classes with respect to
OpenFOAM technology. Different model libraries will be adressed and analysed.

• a hands-on programming session

The first task of the programming session is the implementation of an abstract base class
steering the run time selection process of the diffusion coefficient models. The second task is
the programming of two simple sample models for the diffusion coefficients. The implemented
library will be linked to the solver and applied to a simple test case.

Prerequesites

• OpenFOAM-1.6-ext installation (workshop usb-disk)

†Corresponding Author: Kathrin Kissling (kissling@csi.tu-darmstadt.de)
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A brief introduction to functionObjects in
OpenFOAM

Jens Höpken

April 23, 2012

This session deals with the basic concept of functionObjects in OpenFOAM. After
a short overview on the default functionObjects, a custom one is developed during the
session. For that purpose the existing forces functionObject is customised to suite
the needs of multiphase flow simulations, but without overwriting the existing forces.
If there is some time left in the session, the code is extended to save the patch of interest
and some fields as a VTK in each timestep.

1
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Thin liquid film flow simulation with OpenFOAM R©

Željko Tuković∗§1

1University of Zagreb, Croatia

May 15, 2012

Thin Film Model

In this class, an overview of thin liquid film flow numerical model implemented in OpenFOAM
will be presented and illustrated by tutorials.

In some circumstances, thin liquid film flow along curved solid surface can be mathematically
described by simplified two-dimensional model with depth average tangential velocity and the
liquid film thickness as the unknown variables. In this class, we will present numerical solution
of such thin liquid film model using finite-area (FA) method available in OpenFOAM. Some
details of the mathematical model expressed in the form of surface transport equations will be
given and structure of the corresponding thin liquid film flow solver will be presented.

Tutorials will demonstrate simulations of thin liquid film flows driven by surface tension, gravity
and shear stress force.

Duration: 90 minutes

§Corresponding Author: Željko Tuković (Zeljko.Tukovic@fsb.hr)
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Germany
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A deeper look into Lagrangian spray source code -

information for case setup and model development

Peter Keller ‡1

1TU Bergakademie Freiberg, Numerical Thermo-Fluid Dynamics

May 7, 2012

Lagrangian, setup, development

In this training the basic classes and methods of Lagrangian spray library will be presented
and discussed. Looking at the source code the information needed within the case dictionaries
shall be identified. It will be demonstrated how to set up spray configurations for injectors,
atomization, break-up and evaporation models or injector types and where it is used inside the
solver implementation. Additionally, the most important functions to update parcel properties
will be explained to allow further model developments more easily. For this reason a new case
will be set up using a multi-hole injector within a with blockMesh generated o-grid mesh.
Furthermore, difficulties arising for certain boundary conditions and limitations of the existing
models will be shown.

‡Corresponding Author: Peter Keller (Peter.Keller@iec.tu-freiberg.de)
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Immersed Boundary Method

In this class, an overview of immersed boundary method implemented in OpenFOAM will be
presented and illustrated by tutorials.

The distinguishing feature of immersed boundary (IB) method is that the simulation of flow
around or inside immersed boundary is carried out on a grid (usually Cartesian) which does not
conform to the boundary shape. The procedure for imposition of boundary conditions on the
IB is what distinguishes one IB method from another. In this class we will present OpenFOAM
implementation of IB method based on the so called ”discrete forcing approach” with direct
imposition of boundary conditions.

Tutorials will show how to build IB in form of triangulated surface and solve flow over fixed
and moving IB on Cartesian mesh with local mesh refinement near IB.

Duration: 90 minutes

§Corresponding Author: Željko Tuković (Zeljko.Tukovic@fsb.hr)
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adaptive meshes, deforming domains, FSI, free surfaces.

1 Training Session Proposal

In this session, the use of the dynamicTopoFvMesh class for handling deforming domains in 2D
and 3D will be discussed. Brief background will be given on the implemented mesh adaptation
algorithms [1] which include node smoothing, edge reconnection, and conservative mesh-to-
mesh field mapping [2]. The main focus of the class will concern initial case setup and the use
of the various mesh adaptation controls available to the user. Methods of assigning prescribed
boundary motion and calculated motion will be communicated by examples of fuel injector valve
closure and a six degree-of-freedom falling projectile respectively. Archetypal tutorial cases will
be covered in class and will concern internal, external, and free surface deforming flows. Due
to the inherent non-orthogonality of tetrahedral meshes, specific fvSchemes configurations to
improve stability and accuracy will be shared.

Skill Designation: (D) Advanced Training - Advanced Applications.
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Abstract

Turbo means spin, or whirl. Our focus is thus on rotating machinery and functionality that
is related to rotation. Examples will use incompressible flow solvers, but the functionalities
should also be useful for compressible flow. We will mainly use the tutorials distributed with
OpenFOAM-1.6-ext to learn how to set up and run cases for rotating machines. We will have
a look at how the solvers that in different ways involve rotation can be derived from the more
fundamental solvers, and we will find and investigate the additional classes that are used.

The training is more useful for those who knows how to use Linux commands, run the basic
OpenFOAM tutorials, use the OpenFOAM environment, compile parts of OpenFOAM, read
the implementation of simpleFoam and icoFoam, and read the implementations of OpenFOAM
classes.

Contributions have been done by Maryse page and Martin Beaudoin, IREQ, Hydro Quebec

We will be using OpenFOAM-1.6-ext, unless explicitly stated other

‡Corresponding Author: H̊akan Nilsson (hani@chalmers.se)
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Fluid-structure interaction, interpolation, mesh motion, external coupling.

This training session will deal with performing Fluid-Structure Interaction (FSI) simulations
inside the OpenFoam library. At first, the theoretical concepts and methodological set-up will
be briefly discussed, focusing the attention in particular to the strongly-coupled segregated
approach. Successively, a simple serial FSI code will be presented and discussed in detail,
with special attention on coupling, interpolation of data at the interface(s) and mesh motion
issues. A hands-on session on a 2D cavity test case with a deformable bottom will then be
carried out, showing how a full FSI simulation can successfully be implemented inside OF.
Some hints on how to extend it to parallel cases will be given. In the second part of the
session, some simulations of the FSI of wind-sails with OF will be presented [2]. An overview
of the tools developed and how to handle more complex framework will be discussed. In
particular, the problem of coupling OF with an external solver, the use of Radial Basis
functions [1] to interpolate data at the interface and the implementation of the Inverse Dis-
tance Weighting [3] techniques to deform the computational domain will be briefly described.
Some time will finally be devoted to answer questions and hopefully interact with the audience.

Prerequisites: A good understanding of OpenFOAM code organization and main solu-
tion algorithms. Some knowledge of C++.

Category:

(D) Getting Experienced (Advanced Applications)

(E) Getting Advanced (Advanced Developments)

†Corresponding Author: Matteo Lombardi (matteo.lombardi@epfl.ch)
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Figure 1: (a) 2D FSI cavity set-up. (b) FSI simulation: time 19.2 s

.

Figure 2: (a) Steady FSI of a Gennaker. (b)Transient FSI of a Gennaker and Main.

.
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Hydro power, swirl, rotor-stator, validation

Abstract

CFD of hydro power applications require some specific functionalities to be implemented,
verified, and validated. Some of those are multiple frames of references, rotating meshes
and different approaches for rotor-stator interaction. The OpenFOAM Turbomachinery
Working Group was established at the Second OpenFOAM Workshop in Zagreb, June
2007. Some of its purposes are to develop functionalities in OpenFOAM for hydro power
simulations, to provide tutorials on how to best make use of those functionalities, and
to provide validation test cases. The authors have been part of this process, yield-
ing test cases for the ERCOFTAC Conical Diffuser (ECD), the ERCOFTAC Centrifu-
gal Pump (ECP), the Timisoara Swirl Generator (TSG), and a Single Channel Pump
(SCP) (http://openfoamwiki.net/index.php/Sig Turbomachinery / Validation test cases). An
additional relevant test case, the swirling flow in the Dellenback Abrupt Expansion
(DAE) (http://openfoamwiki.net/index.php/Sig Turbulence / Dellenback Abrupt Expansion)
was made available through the Turbulence Working Group. The presentation will first give a
short overview of those test cases.

During last year, the functionalities have been further applied and validated in some of the
above-mentioned cases, and the U9 Kaplan turbine model (U9), the Turbine-99 draft tube
(T99), the Stuttgart Swirl Generator (SSG), the cooling air flow in an electric generator, and
a double cavity. In addition to the previously studied rotor-stator interaction methods, the
overlapGgi functionality has been evaluated. In all the cases, the aim is to do full predictions
of the flow, i.e. to reduce the need of detailed boundary conditions and advanced modeling. In
the U9 case, the boundary conditions are moved further away from the region of interest. In
the SSG case the available hybrid models have been used, and in the electric generator and

§Corresponding Author: H̊akan Nilsson (hani@chalmers.se)
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double cavity, the flow is developing by the simulation itself, without the use of inlet and outlet
boundary conditions. In the T99 case, the influence of different draft tube inlet conditions are
studied, and compared to the results from a proprietary CFD tool.

The work shows that OpenFOAM is becoming a mature tool for hydro power simulations,
yielding similar results as those of proprietary CFD tools. It also highlights some remaining
issues, such as numerical disturbances and convergence.
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Pump turbine, vortex rope, pressure pulsation, turbulence modeling 

 

 
This paper presents numerical simulations of the vortex rope in a pump turbine. Numerous 

modern pump storage hydropower plants are equipped with such types of reversible runners, 

which have to be designed to run as turbines in electricity production mode and pumps in 

storage mode. Therefore, design process of pump turbines is very demanding and depends on 

the results gained from numerical simulations. 

 

The unsteady vortex rope is a physical phenomenon which occurs in hydropower plants 

equipped with pump turbines due to the fact that they often have to run in off-design conditions. 

As a consequence strong pressure fluctuations, high axial and radial forces as well as system 

vibrations are present. Thus further investigation of vortex rope appearance and its accurate 

prediction by means of CFD are of great importance. 

 

The numerical simulations are performed with OpenFOAM-1.6-ext and the numerical results 

are evaluated against experimental measurements ([1]) which are performed in the laboratory of 

the Institute of Fluid Mechanics and Hydraulic Machinery, University of Stuttgart. The closed-

loop test rig is represented with spiral case, guide vanes, reversible runner and simplified 

straight cone draft tube (Figure 1). Only the part load operating point is investigated, where the 

highest pressure fluctuations occur. The focus of the numerical study is the application and 

comparison of RANS, VLES, SST-SAS and IDDES implemented in OpenFOAM. The special 

interest is on their ability to well predict the arising unsteady vortex rope ([2]). The simulations 

are carried out as unsteady. Furthermore, the impact of the different computational domain 

configurations, grid densities, time steps and turbulence model parameters on the quality of 

results and computational effort are examined.  
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Figure 1: Scheme of the test rig and sectional drawing of the pump turbine 
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Casing – Distributor – Steady state – k-epsilon turbulence model. 

 
This paper is a logical continuation of the work presented in the last two workshops [1, 2] on the 
assessment of flow behavior inside hydraulic turbine components. In ref [1], the simulation of a 
single blade passage comprising one stay vane and one guide vane in tandem configuration was 
analyzed. In ref [2], prediction of the draft tube losses was studied. In this study, the flow in the 
full casing and distributor, including all blade passages, will be numerically solved with 
OpenFOAM-1.6ext. 
 
The role of the casing is to evenly distribute the flow to the runner. The stay vanes maintain the 
structure of the distributor and the guide vanes control the flow rate and create swirl at the 
entrance of the runner. The prediction of the flow uniformity and losses in the casing and 
distributor will enable designers to make the best selection for their project. The torque 
calculations on the guide vanes will be used more specifically in the choice of the servo-motor. 
 
For this specific application, the computational domain consists of the casing volute and 
distributor. Specialized mesh generation and adaptation algorithms have been developed for 
each part. The casing mesh has only hexahedral elements and the hybrid distributor mesh is 
composed both of hexahedral and prismatic elements. Simulations will be computed using the 
k-epsilon model. 
 
Results from flow simulations will be presented. Guide vane torque results will also be 
compared with experimental data. 
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An OpenFOAM validation study on several compressible flow turbomachinery cases is shown 

with comparison to test data.  The study used the new density based solver [1] which is based on 

a Godunov flux method in conjunction with a Riemann solver.  All cases were run second order 

with a four stage Runge-Kutta time integration scheme using local time stepping.  The example 

cases all consisted of single blade row designs at steady state and were run fully viscous with 

the SST turbulence model.  

 

The results showed a definite superiority over other compressible flow OpenFOAM solvers in a 

series of simplified cases as well as in more complex examples in actual turbomachinery 

designs.  A typical Laval nozzle case and transonic bump case are presented initially 

demonstrating the basic ability of the solver to capture shocks and to handle transonic flow in 

general.  Actual turbomachinery applications consisted of a two-dimensional transonic 

compressor cascade, a moderately super-sonic two-dimensional turbine cascade, two radial 

compressor cases, a radial inflow turbine, and a high speed axial compressor stage. 

 

The results showed the solver to be very capable of capturing pressure distributions and, most 

importantly, aerodynamic loss through the machines.   The ability of the solver to accurately 

model performance in a wide range of different designs and across the entire performance map 

was demonstrated.  Detailed comparisons to highly regarded test data are shown [2, 3, 4, 5, 6].   

  

Computational costs of the solver were quite high with run times coming in at about 10 times 

longer than other commercial compressible flow solvers.  Some solution acceleration methods 

are discussed and the speed ups achieved with some of these methods are presented.  
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Introduction

Hybrid RANS-LES methods and in particular detached-eddy simulation (DES) are in the focus
of ongoing method development research, but are generally not yet routinely applied in industry.
This is partly due to increased computational expense relative to RANS models and partly due
to a low Software Readiness level (SRL) rating. OpenFOAM R© provides a basic infrastructure
for DES, nonetheless some important features are lacking and mastering the entire process
chain for an industrial application remains challenging.

The highly unsteady flow around a helicopter fuselage geometry is a suitable application to
assess the SRL of OpenFOAM R©, where hybrid RANS-LES methods are expected to deliver an
improved prediction of the separated wake of the fuselage and rotor hub over RANS models.

The contribution presents a thorough and systematic analysis of the existing software infra-
structure, both in terms of grid generation capabilities using the snappyHexMesh tool and an
evaluation of the existing DES implementations, along with proposed solution strategies.

§Corresponding Author: Marian Fuchs (marian.fuchs@cfd.tu-berlin.de)
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Numerical methodologies and expected results

The complex, three-dimensional geometry investigated during the ongoing EU project HE-
LIDES is an EC135 helicopter fuselage, including several geometrical details such as door
handles, window frames and exhausts. The capability of the OpenFOAM R© meshing tool snap-
pyHexMesh to create grids with wall-refined prism layers that meet external aerodynamics
standards is critically examined and a comparison to the commercial grid generation tool
HexpressTM(Numeca) will be presented.

Figure 1: Precursor RANS simulation of the EC135
fuselage.

The existing DES models in
OpenFOAM R© will be examined and
extensions and verification procedures
will be presented. The code features
required to perform high quality and
robust DES are discussed, including
a low-dissipative numerical convection
scheme. First results from the ongoing
work will be presented for precursor
RANS (see Figure 1), URANS and
state-of-the-art DDES computations.
Best practice regarding the choice of the
underlying RANS model was adopted
from investigations on a simplified EC145
geometry from the EU ATAAC project[1].
Additionally, a comprehensive study has
been carried out to assess the numerical
and parallel efficiency of the flow solver.

As an outlook, an overview of the remain-
ing simulations planned for the HELIDES project including landing skids and a rotating rotor
hub will also be given.
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1. Introduction 
Aircraft icing occurs when super-cooled liquid droplets in the air collide with the surface of an 
aircraft and freeze. Exposed structures, e.g. the engine inlet, wings, stabilizers, and fuselage, are 
vulnerable to icing. In particular, icing on wings causes serious deterioration in performance as 
it alters the airfoil shapes and aerodynamic characteristics of the wings. Wings with icing on 
them usually have lower lift coefficients and higher drag coefficients. The icing also damages 
flight safety of the aircraft due to its effects on the stall characteristics of the wings [1]. 
As the cause-and-effect diagram of Fig. 1 illustrates, investigation into the relationship among 
ambient conditions, ice accretion shapes, and its aerodynamic performance is closely related to 
aircraft safety. Although the relation between the ice accretion shapes and the ambient 
parameters is discovered by the previous research [2], the relations between ice accretion shapes 
and its aerodynamic performance is unrevealed. 

 
Fig. 1. The cause-and-effect diagram 

For the flight, it is important safety to understand the relations between the ice accretion shapes 
and its aerodynamic performance. However, the developed icing code cannot predict the 
aerodynamic performance from the calculated ice shapes, because the panel method coupled 
with boundary layer theory is employed as an aerodynamic solver. The alternative tool is 
required for the calculation of the aerodynamic performance and the flow structures around the 
ice accumulated shapes. 
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This research focuses on the discovering the connection between the ice accretion shapes and its 
aerodynamic performance. To this end, we use the 2D ice accretion shapes which obtained from 
the icing wind tunnel (NASA) [3], and OpenFOAM is used to evaluate the aerodynamic 
performance. 
  

2. Numerical method 
In order to elucidate the relations between the 2D ice accretion shapes and its aerodynamic 
performance, the following procedures are required as shown in fig. 2. 
 

 
Fig. 2. Outline of Research Procedure 

(1) The ice accretion shapes are obtained from the results of the icing wind tunnel tests [3]. 
NACA0012 cases are selected as a reference airfoil among the various airfoil shapes, and the 
obtained ice accretion shapes are parameterized by the defined references [4]. (2) The obtained 
ice shapes are evaluated by OpenFOAM. The tested icing conditions can be assumed as 
incompressible flow, and accumulated ice shapes are harder to handle clean airfoil shapes. This 
is why we use the pisoFoam, in OpenFOAM. The coefficients of lift, drag, and the pitching 
moment are extracted. (3-4) Extracted forces and moments are qualitatively and quantitatively 
analyzed by the self-organization maps and analysis of variance (ANOVA), respectively [5]. 
 

3. Conclusion 
Following the procedures described above, it is expected to established relations between the 
2D ice accretion shapes and its aerodynamic performance. It could be solutions to the following 
problems. Which geometric parameter does increase the drag and stall margin, or decrease the 
lift? Ultimately, if this research is connected with the previous research, that discovers the 
relations between ambient conditions and ice accretion shapes, we can explain the trends of 
aerodynamic performance from the meteorological conditions. 
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The purpose of this study is to develop and verify the newly developed solver for 

analyzing rotor flow field using the open-source CFD code. Substantial amount of researcher 

has been focused on actuator disks for applications in helicopters, either for rotor performance 

analysis or fuselage aerodynamics, with various degrees of success having been achieved[1]. 

For helicopter fuselage aerodynamic evaluations an actuator disc model is sufficient unless a 

transient solution is sought that requires the modeling of the passage of the blades and 

associated tip vortices. 

Historically, these simulations employ rotor disk models coupled with three-

dimensional Navier-Stokes or Euler solvers. Here individual rotor blades are not meshed, 

yielding computational meshes with substantially lower cell counts while significantly reducing 

efforts for  mesh generation. Kim et al.[2] developed a technique that replaces the rotor system 

with momentum sources placed in an actuator disk, yielding indirectly a pressure jump across 

the disk, which varies with radius and azimuth. O'Brien[3] studied a steady actuator disk will be 

utilized in conjunction with a RANS unstructured grid methodology to investigate improved 

actuator disk models. 

In the present study, a rotor analysis solver has the formal algorithm of SIMPLE in 

simpleFoam, and the individual procedure for considering rotor influence. The flow chart of 

rotor analysis solver algorithm is shown Fig. 1. The flow field around complex rotor-fuselage 

configurations can be modeled as a simple single block grid with unstructured meshes. For the 

calculation of the rotor thrust, the virtual blade method based on the blade element theory is 

employed. The inflow velocities on the rotor disk used to specify the effective angles of attack, 

have been included in the solver. The time-averaged mean flow of the unsteady rotor in forward 

flight is calculated by modeling the rotor as an actuator disk in which source term is added in 

the momentum equation. 

The ROBIN configuration is designed for the experimental study of rotor-fuselage 

interactional aerodynamics and inflow analysis[4]. Fig. 2 is the mesh of the rotor with the 

fuselage. In Fig. 3, the time-averaged inflow velocity is normalized by the rotor tip rotational 
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speed and compared with the experimental data at four azimuthal positions for the rotor-

fuselage configuration with or without the fuselage at the test conditions. The validation case in 

forward flight is computed and good agreement with the experiment is obtained. It is 

demonstrated that the present method for estimation of rotor influence and OpenFOAM for 

numerical fluid analysis could a useful tool to predict the complicated rotor-fuselage 

interactional aerodynamic phenomena and to estimate inflow on rotor disk in an efficient time-

averaged manner. 
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Abstract 

Plasma actuator for the aerodynamic flow control describes a DBD-based actuator (DBD: 

dielectric-barrier discharge) generating an electric discharge between two parallel electrodes 

separated by an insulating dielectric material (barrier): a grounded electrode and the radio-

frequency high-voltage one - the upper surface of the latter being coincident with the wall 

surface. Consequently an electric field originating from the exposed high-voltage electrode will 

ionize weakly the surrounding air (surface plasma generation) and induce a zero-mass wall-jet 

accelerating the flow in the immediate wall vicinity. Herewith, for instance, a laminar-turbulent 

transition delay can occur or the turbulence level in a boundary layer can be suppressed. The 

determination of the magnitude and distribution of the force imparted from the plasma actuator 

to the external flow is of crucial importance for any advanced prediction of discharge-based 

flow-control scenarios by means of numerical simulations. The typical spatial and temporal 

scales of gas-discharge processes are four to eight orders of magnitude smaller than those of the 

resulting flow-control applications. To resolve this discrepancy for Computational Fluid 

Dynamics (CFD), several so-called phenomenological plasma-actuator models arose in recent 

years (see e.g. Jayaraman and Shyy, 2008), each providing a spatially and temporally constant 

volume-force distribution. Based on the necessarily strong simplification, the spatial distribution 

of these models typically results in rather artificial and non-physical shapes of the momentum-

transfer domain. A promising alternative to provide an appropriate source term in the 

momentum equation within a CFD solution procedure, therefore, is the retroactive estimation of 

the volume force from experimental results. At the Institute of Fluid Mechanics and 

Aerodynamics  the PIV measurements in close proximity to dielectric-barrier discharge plasma 

actuators are conducted to achieve a velocity data base, which is then used for the force-
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estimation purpose. For more details concerning the experimental procedure and the subsequent 

force estimation approach the reader is referred to Kriegseis (2011). 

Present work is concerned with a computational study of the flow field evoked by a plasma 

actuator mounted on a flat plate. This study is complementary to the in-house experimental 

investigation whose main objective was the determination of the vector force imparted by the 

plasma actuator to the fluid flow. The force vector was presently extracted from the Navier-

Stokes equations directly by feeding them with the velocity field measured by a PIV technique. 

Assuming a steady-in-mean, two-dimensional flow with zero-pressure gradient, the imbalance 

between the convective term and the momentum equation’s right-hand-side terms reveals the 

desired resulting force. Such a tabulated-force-field was used afterwards as the source term in 

the Reynolds equations closed by a near-wall second-moment closure model based on the 

homogeneous dissipation rate of the kinetic energy of turbulence. The procedure described is 

illustrated in Fig. 1. The computationally obtained velocity field is analyzed along with the 

experimental one. The flow field induced by the present plasma actuator was computationally 

investigated by the RANS (Reynolds-Averaged Navier-Stokes) method. The unknown 

Reynolds stress components are computed by solving their model differential equations in line 

with the homogeneous-dissipation-based ( 2
0.5 / ( )h j jk x xε ε ν= − ∂ ∂ ∂ ), near-wall second-

moment closure due Jakirlic and Hanjalic (2002). Presently the model equation for the Reynolds 

stress tensor is solved in conjunction with the equation governing the homogeneous part of the 

inverse turbulent time scale 
h

ω  ( /h kε= ). The latter equation is derived directly from the 
h

ε -

equation according to the procedure given in Maduta and Jakirlic (2011) and is completely 

equivalent to it. All computations were performed using the code OpenFOAM, an open source 

Computational Fluid Dynamics toolbox. Fig. 1 displays the velocity vector plot in the area of 

the plasma-actuator. The velocity profile shape is typical of a wall-jet flow representing a non-

equilibrium flow affected by near-wall Reynolds stress anisotropy. 

 

 
Figure 1: Experimentally obtained velocity field in the near-field of the plasma actuator (upper left); the 

body force field (lower right) evoked from the plasma actuator obtained directly from the Navier-Stokes 

equation by taking the afore-mentioned velocity field as input; computationally obtained velocity field by 

using a near-wall second-moment closure model (lower-left) 
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1 Motivation

The long-term goal of the present work is to develop a large-eddy simulation (LES) model
for high Reynolds number flows of practical interest with further adaptation for turbulent
combustion modeling. The short-term objective was to evaluate the applicability of a LES
technique for practically relevant simulations of turbulent separated flows.

Earlier, the methodical investigation for several plane turbulent bluff-body flows was carried
out with the goal of validation and verification of OpenFOAM using the conventional com-
pressible URANS approach [1]. These results were analyzed in details and agreed fairly well
with experimental data. As the next step, LES assessment and validation was carried out on
the example of the flow over a circular cylinder at Reynolds number – based on the far field
velocity and the diameter of the cylinder – Re=3900, which can be considered as probably
the more documented one in the literature and can be viewed as a generic benchmark for the
sub-critical regime [2].

2 Results

The flow was considered as compressible with the free-stream Mach number M=0.2. The
compressible solver ’rhoPisoFOAM’ was used in the present calculations. The conventional
Smagorinsky (without dynamic procedure) and dynamic one-equation sub-grid scale models
were chosen for the filtered Navier-Stokes equations closure [3]. LES were carried out using the
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classical curvilinear O-type orthogonal grid with a resolution of 300×300×64 control volumes.
The integration time interval for data sampling was extended up to 150 vortex shedding periods
with a purpose of obtaining fully converged mean flow-field.

Figure 1: Iso-surfaces of normalized λ2 = 0.004 (a) and fluctuating pressure p′ = 0.04 (b) for
the flow over a circular cylinder at Re = 3900

Fig. 1 illustrates the formation of the vortex street somewhat downstream of the circular
cylinder showing iso-surfaces of the normalized velocity gradient λ2 = S2 + Ω2 (where S and Ω
are the strain rate tensor and spin tensor, respectively) and fluctuating pressure p′, obtained
with the dynamic one-equation SGS model. The iso-surfaces identified the vortex cores that
originate from the roll-up of the shear layers from the upper and lower parts of the cylinder
surfaces. The numerical solution was characterized by long mainly two-dimensional free-shear
layers with the stream-wise length of approximately two cylinder’s diameter. The location of
a span-wise modulation corresponded to the onset of the laminar-turbulent transition. This
finding agreed fairly well with the recent high-resolution direct numerical simulation study for
the flow over a circular cylinder at Re=3300 performed by Wissink and Rodi [4].
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1 Introduction

Turbulent jets are encountered in a vast number of technological applications including sub-
sonic and supersonic regimes. Our underlaying application of interest is fuel injection into a
direct injection natural gas engine. Although a vast number of simulation studies in the sub-
sonic regime exist, there is still much work to do regarding the supersonic regime. In particular,
a successful Large-Eddy Simulation of that regime is highly challenging since supersonic jets
involve shock waves including oblique shocks and the Mach disk. The challenges in LES of such
flows are the contradicting requirements for shock and turbulence capturing the former requir-
ing a high level of artificial dissipation and the latter requiring as non-dissipative numerical
methods as possible.

To date, OpenFOAM is almost solely based on pressure based (implicit) simulation approaches
and density based (explicit) have received very little attention. This is a drawback from the
viewpoint of supersonic flows for which explicit density based approaches have become a com-
mon practice elsewhere, outside OpenFOAM. Thereby, we implemented the compressible RK4
algorithm to OF to solve the full Navier-Stokes equations. In the paper we first describe the im-
plementation of an explicit RK4 time integration algorithm for the compressible Navier-Stokes
equations. Second, we apply the RK4-solver and show detailed analysis of a turbulent super-
sonic jet at several pressure ratios. The shock-capturing is implemented using the hyperviscosity
by Cook and Cabot in addition to a locally activated low pass filter.

§Corresponding Author: Ville Vuorinen (ville.vuorinen@aalto.fi)

46



Figure 1: Supersonic jet injected at pressure ratio 5. The newly implemented RK4 solver cap-
tures shocks including the Mach disk, turbulence later downstream and sound waves as pro-
duced by the shear layer of the jet.

2 Results

The simulation setup consists of a large, high-pressure reservoir at pressure P1 which is con-
nected to a large chamber at a lower pressure P2 via a long, converging nozzle. The only
parameter that is varied in the simulations is P1/P2 and this range is chosen so that the flow is
always choked at the nozzle. The results demonstrate several interesting features of supersonic
jets including 1) clear formation of the Mach disk and excellent agreement of the disk height
to an experimental correlation formula, 2) clear formation of diamond shocks, 3) well resolved
turbulence, and 4) clear formation of sound waves. In the presentation we will address solver
implementation details, validation of the code with turbulent channel flow and results of tur-
bulent mixing in supersonic jets. The result are significant from the viewpoint of compressible
solver development into OpenFOAM and scientifically from the viewpoint of understanding
LES of fuel-air mixing in gas engines.

References

[1] V.Vuorinen, J.-P.Keskinen, C.Duwig, O.Kaario, J.Yu, M.Larmi, and B.Boersma, On the
Practical Implementation of Navier-Stokes Solvers for a Wide Range of Flow Conditions
using OpenFOAM, submitted to Computers & Fluids, (March 2012).

[2] A.Cook and W.Cabot, Hyperviscosity for Shock Turbulence Interactions, Journal of
Comp.Physics, 203, 379-385, (2005).

47



7th OpenFOAMR© Workshop
Center of Smart Interfaces,
Technische Universität Darmstadt,
Germany
25 – 28 June 2012

Implementation of the dynamic localization model (constrained)

for large-eddy simulation in OpenFOAM R©

Ozgur Ulas Kirlangic∗§1 and Mustafa Serdar Celebi1

1Istanbul Technical University, Informatics Institute

April 4, 2012

Large-eddy Simulation (LES), Subgrid-scale (SGS) Models, Inhomogeneous flows.

1 Abstract

Large Eddy Simulation (LES) approach is a powerful and promising methodology used in
modeling of turbulent flows. In LES, only the large (grid-scale, GS) motions are resolved and
the contribution of the subgrid-scale (SGS) motions are estimated by using SGS Models.

Correct (or better) estimation of the SGS contribution with an appropriate SGS model is
an open area of research. This is mainly because there is not only one best SGS model for
all problems but instead there is a rich amount literature with variety of custom and generic
models with their own strengths or weaknesses depending on the problem of interest or required
detail in the solution. A discussion about the major SGS models and their formulations which
are already implemented in OpenFOAM R© can be found in Fureby et. al. [1].

In the popular SGS model of Smagorinsky [2] the SGS stress tensor is calculated as a function of
strain rate tensor (Sij) and a dimensionless eddy viscosity model coefficient (C). In this model,
the coefficient C is treated as an adjustable parameter that requires an a priori specification.
The dynamic procedure of Germano et. al. [3], on the other hand, brings a flexibility in this
sense, since the coefficient C is calculated in the procedure at each time step as a function of
position.

As it is criticized and discussed in Ghosal [4], the dynamic procedure of Germano et. al. [3] still
lacks full generality because it is based on the assumption that there is at least one homogeneous
direction in the flow. This homogeneity assumption (i.e. assuming C as a constant, instead of a
function of position) makes it possible to take C out of the filtering operation and reducing the
actual integral equations into algebraic equations in the procedure, but for inhomogeneous flows
this is not mathematically consistent. Therefore for flows in which there is no homogeneous
direction, an iterative solution of actual unreduced integral equations is necessary.
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In the formulation of “dynamic localization model (constrained)” Ghosal et. al. [4], the coef-
ficient C is computed by a Fredholm’s integral equation of the second kind which is given as
follows:

f(x) = C(x) −
∫

K (x,y)C(y)dy (1)

where

f(x) =
1

αkl(x)αkl(x)

[
αij(x)Lij(x) − βij(x)

∫
Lij(y)G(y,x)dy

]
(2)

K (x,y) =
KA (x,y) + KA (y,x) − KS (x,y)

αkl(x)αkl(x)
(3)

KA (x,y) = αij(x)βij(y)G(x,y), (4)

KS (x,y) = βij(x)βij(y)

∫
dzG(z,x)G(z,y) (5)

In this study we aim to implement the dynamic localization model (constrained) of Ghosal et.
al. [4] under the OpenFOAM R© framework. The model is going to be used for the large-eddy
simulation of liquid sloshing problem where it is not convenient to assume any homogeneous
flow direction. The preliminary results obtained from this model show that the inhomogeneity
becomes significant especially near the free-surface zones. Detailed results and comparisons will
be given in the presentation of this abstract.
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1 Introduction

Turbulence models based on the Reynolds-Averaged Navier-Stokes equations have proven ex-
traordinarily successful in the practical application of CFD. The standard k-ε model [2] is
probably the single most extensively used turbulence model, whilst other variants, together
with other eddy viscosity models, form the backbone of industrial CFD. The equations usually
include a significant number of arbitrary constants whose values have to be determined. Our
work provides an automated method to find the best set of parameters for a given type of flow
and model using evolutionary computation methods.

2 Problem Statement

In the past, tuning the coefficients in turbulence models has been done manually, by repeated
recalculation of test cases and comparison with experimental or DNS data. This is time con-
suming and probably not very reliable, and makes it difficult to quantify the quality of the
coefficients. Our project deals with the a-priori estimation of the best coefficients in a given
turbulence model by adopting evolutionary procedures and thereby optimizing the performance
of the simulation.
In our current work we have applied the concept of Genetic Algorithm (GA) optimization [1] to
the determination of parameter values in turbulence models. Initial results have been obtained
by simulating the flow over a backward facing step [4] using the standard k-ε turbulence model
and the k-ω SST model. The objective for optimization was the velocity profile of the flow
field at different points along the flow in the computational domain. Fitness of the solution was
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estimated in relation to experimental data by calculating the root mean square deviation. The
closer the results were to the experimental data, the fitter a solution. Figure 2 compares the
results of the fittest set obtained from the optimization procedure to those obtained by using
the standard model coefficients for the k-ω-SST model, showing a significant improvement with
respect to the velocity profiles.
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Figure 1: Normalized velocity profiles at different positions downstream of the step. Dotted blue
line: results using standard values for the k-ω-SST model; Dashed green line: using optimised
coefficients from the genetic algorithm. Squares mark experimental data by Makiola [3].
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Two-equation transport models can be still considered as the backbone of turbulent flows
calculations, especially for what concerns industrial and engineering applications. A variety of
models is nowadays available, both in commercial as well as open source CFD codes, which
can be usually classified as belonging to the k-ε or k-ω families. Less popular, but potentially
attractive for their favourable near-wall behavior, are models in which the scale-determining
equation is written in terms of the turbulent time scale k/ε or, even better, in terms of

√
k/ε.

Independently from the scale-determining choice, all two-equation models in which the produc-
tion term has the classical quadratic dependency from the mean rate of strain (Pk = 2νtSijSij)
experience the so called “stagnation point anomaly”[1], consisting of an anomalous (and un-
physical) growth of the Pk/ε ratio in the vicinity of stagnation regions (e. g. the leading edge of
an airfoil). The original intention of the authors was to obtain a simple and robust time-scale
based two-equation model, by applying the normal Reynolds stresses realizability condition to
an existing[2] k −

√
k/ε (k − g) formulation.

The resulting model has been implemented in an incompressible and steady-state finite volume
solver, based on the open source OpenFOAM R© code, and its performances have been validated
against two- and three-dimensional low speed aerodynamics test cases, as well as against other
well established turbulence models.

Encouraged by the promising RANS results, the authors have tried to push forward model’s
development by reducing it to a Strelets-type[3] two-equation DES model. The assessment and
validation of the DES formulation are still ongoing, but in some preliminar tests it has shown
a good potential in resolving the unsteady turbulent structures of separated three-dimensional
flows (see Figure 1).
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Figure 1: Q-criterion coherent structures visualization obtained with the DES k−g formulation
for a backward facing step flow; Re = 5100 (based on step’s height); Q=1000 S−2, isosurfaces
colored with the kinematic relative pressure.
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Abstract 

A differential near-wall Reynolds stress model based on the homogeneous part of the inverse 

turbulent time scale ωh (=k/εh) was made instability-sensitive by a selective enhancement of its 

production rate in accordance with the SAS (Scale-adaptive Simulation) proposal (Menter and 

Egorov, 2010). Prior to that the Jakirlic and Hanjalic’s (2002) model equation governing the 

homogeneous part (εh=ε-0.5ν∂
2
k/(∂xj∂xj)) of the total viscous dissipation rate (ε) was 

transformed into the ωh-equation by applying the derivation rules to the expression ωh=k/εh: 

Dωh/Dt=(Dεh/Dt)/k-εh(Dk/Dt)/k
2
. Herewith good performances of the original εh-equation, 

modelled in term-by-term manner, pertinent especially to the asymptotically correct near-wall 

behaviour of the dissipation rate, including its profile shape and the wall value, and, 

consequently, of the Reynolds stress components could be retained. Accordingly, the two scale-

supplying equations are completely equivalent. Both equations were ’a priori’ tested in the flow 

in a plane channel in the Reynolds number range between Reτ= 395-2003 (DNS: Moser et al., 

1999 and Hoyas and Jimenez, 2006) and the flow over a backward facing step (ReH=5100, 

DNS: Le, Moin and Kim, 1997) resulting expectedly in an almost identical outcome. 

Afterwards the ωh-equation was appropriately extended through the introduction of the SAS 

term (proposed originally in conjunction with the Menter’s k-ω SST model) being modelled in 

terms of the von Karman length scale comprising the second derivative of the velocity field 

(∆U), which is capable of capturing the vortex size variability. Such a modification provided a 

dissipation rate level which suppresses the turbulence intensity towards the subgrid (i.e. 

subscale) level in the regions where large coherent structures with a broader spectrum dominate 

the flow, allowing evolution of structural features of the associated turbulence. 
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The predictive performances of the proposed model (solved in conjunction with the Jakirlic 

and Hanjalic’s Reynolds stress model equation) were tested by computing the fully-developed 

channel flow at different Reynolds numbers (the instability-sensitive model returned to its 

steady mode), backward-facing step flow, periodic flow over a smoothly contoured 2-D hill at 

two Reynolds numbers (ReH=10600 and 37000; the LES and experimental database was 

provided by Fröhlich et al., 2005), flow in a 3D-diffuser (Exp.: Cherry et al., 2009) and flow 

over a tandem cylinder (Exp.: Neuhart et al., 2009). Following figures illustrate the unsteady 

nature of these flow configurations obtained by the present eddy-resolving model (denoted by 

SAS-RSM), being beyond the reach of its RANS-RSM counterpart. The model capability to 

account for the large-scale structures and bulk unsteadiness led consequently to a correct 

prediction of time-averaged flow quantities (mean velocity and friction factor are illustrated). 
 

−  

−  
−  

−  

−  −  
−  

−  

−  
−  

−  

−  
Figure 1: Structural properties illustrated by the Q-criteria and some time-averaged flow characteristics in 

different flow configurations obtained by the present RSM-SAS model. 
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1. Introduction 

 

The model of turbulence presented in this paper is based on Durbin's fv −2
 model [1], which 

brings improvements in the quality of results (e.g. compared to the standard ε−k  model) by 

introducing only two additional transport equations. Although the fv −2
 model captures the 

most important near-wall flow effects, it proved to cause numerical stabilities, especially in the 

calculations on meshes of poor quality. Aiming at improving the robustness and computational 

stability of Durbin's original model, the f−ζ  model was derived by Hanjalić and Popovac [2], 

where the eddy viscosity was defined as: 

 

TkCt ζν µ=  (1)

 

with kv
2=ζ  being the ratio between the fluctuating velocity component normal to the 

streamlines and the turbulent kinetic energy, 22.0=µC  being the turbulent viscosity constant, 

and T  being the turbulent time scale.  

 

In the original f−ζ  model, however, the elliptic-relaxation function has a non-zero 

wall boundary condition. This aspect is particularly important when considering the 

implementation of this model into a general purpose RANS-based CFD fluid flow 

solver. Therefore the accent in the present paper is the modification of the original 
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f−ζ  model, in the manner explained by Lien and Kalitzin [3], so that the zero wall 

boundary condition for the relaxation function 0=wf  is obtained (hence the name  

0f−ζ  proposed for this new model). In addition to the model modification, the present 

paper gives details of the implementation of this model in OpenFOAM, and shows the 

results obtained with this model. 

 

2. Results 

In order to test the turbulence model presented in this paper, a set of generic test cases 

have been calculated with the simpleFoam incompressible turbulent flow OpenFOAM 

solver: the plane channel flow, impinging and massively separating flow. For the 

brevity, however, Fig. 1 shows only the results for the impinging jet simulations, 

obtained with the ε−k  and 0f−ζ  models. One can clearly see the over-prediction of k  

(typical for the ε−k  model) being reduced with the 0f−ζ  model, consequently causing also 

the change in the jet spreading (velocity magnitude). The only price for this improvement in the 

quality of the obtained results is approximately 15 ÷ 20 % increase in the computation time. 
 

  

  
Fig. 1: the comparison between the ε−k  (left) and 0f−ζ  (right) results for impinging jet 

flow (above: velocity magnitude, below: the turbulent kinetic energy). 
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Abstract 
 
Accumulated results of using OpenFOAM® as a tool to simulate various phenomena 
accompanying casting processes are presented in this paper. The designed solidification model 
incorporates mass and heat transfer along with the description of the multiphase solid / liquid 
region being formed as a porous media [1]. Turbulent flow interaction with the so called 
“mushy zone” is taken into account and its influence on the solid shell formation is examined 
extending results of reference [2,3]. Motion of the different non-metallic inclusions is modeled 
within the Lagrangian frame of reference [4] and verified with the experimental data. A new 
approach of modeling elastic deformations of the solid shell during the withdraw process in the 
funnel-shaped mold types is proposed as a supplement to improve the algorithm with local 
numerical mesh refinement presented in [5].  
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Solidification of mixtures in the presence of convection is encountered in industrial casting 
processes (the main motivation of our work), the Earth’s core, solidifying magmas and sea ice. 
Unlike pure materials, metal alloys (mixtures) do not solidify at a given temperature, but pass 
from liquid to solid gradually over a large temperature range. The solid phase develops in form 
of a complex dendritic (treelike) microstructure (length scales ~1–100 µm). The ensemble of the 
dendrites forms the liquid-solid transition zone – the mushy zone (length scale ~10 cm). Since it 
is presently impossible to directly model the microstructure at the scale of the process (length 
scale ~1 m), or even at the scale of the mushy zone, multiscale volume-averaged models are 
used. In the volume-averaging approach we formulate a model in terms of averaged transport 
PDEs for heat, chemical species, mass and momentum at the process (macroscopic) scale and in 
terms of local models of solid-liquid phase change at the microstructural (microscopic) scale. 
The phenomena on both scales are strongly coupled in a highly nonlinear manner. The mushy 
zone is characterized as a porous medium whose properties (liquid fraction, hydrodynamic 
permeability, temperature, local solute concentrations) evolve as solidification proceeds.  
 
During solidification of a mixture the solubility of the chemical species in the solid phase is 
lower than in the liquid phase. Therefore solute is rejected (segregated) into the liquid and 
diffused around the growing microstructures (microsegregation) at the microscopic scale. Fluid 
flow at the macroscopic scale then causes macroscopic transport of the segregated solute. The 
consequence is a macroscopic (process-scale) inhomogeneity of the chemical composition in the 
solidified material. The strong nonlinear coupling of the phase change and the macroscopic heat 
and mass transport can lead to instabilities of the growth of the mushy zone. During solidifica-
tion these instabilities develop as channels in the mushy zone and they finally result in banded 
mesoscopic (on the scale of several dendrites ~1 mm) segregation structures. Mesosegregations 
are a severe form of segregation where the solute concentration changes abruptly with respect to 
the surrounding regions, which can induce structural defects in the material. 
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In this paper we move on from [1–4], where channel mesosegregations and their numerical 
predictability were studied on a two-dimensional configuration. With CastFOAM, a new 
OpenFOAM-based solver, we developed a 3D implementation of our model. CastFOAM solves 
the laminar natural convection flow driven by thermal and solutal buoyancy (thermosolutal con-
vection) in the mushy zone – which is modeled as an evolving heterogeneous porous medium – 
and in the fully liquid zone. The flow is coupled with convective-diffusive heat transfer and 
with purely convective transport of chemical species. The heat and species equations are cou-
pled by a local model of phase change that describes the release of latent heat and the rejection 
of solute from the solid to the liquid during solidification. The flow is solved using the PISO 
algorithm, the heat and species equations are integrated implicitly, and the transport equations 
and the local phase-change model are coupled by an iterative algorithm in an update loop within 
each timestep. We used CastFOAM to study three-dimensional effects in the formation of chan-
nel mesosegregations in a mushy zone [5]. We studied the solidification of an Sn-10wt%Pb 
binary alloy in a slender three-dimensional cavity (10×6×1 cm), roughly corresponding to an 
existing experimental setup. We showed that channels can form either as lamellar or as tubular 
structures: secondary instabilities across the cavity thickness promote a transition from lamellar 
to tubular channels. 
 

                       gl=0.90 gl=0.95 gl=0.98 

   
(a) (b) (c) 

Figure 1. (a) Flow reorganization through a tubular channel during solidification (iso-
surfaces of the liquid fraction gl and streamlines are shown). (b) Transition from lamellar to 
tubular channels (iso-surface of the concentration at the end of solidification). (c) Final con-
centration field (C–C0 in wt%Sn) in the vertical mid-plane (z=0.5 cm). 
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Dendritic (treelike) structures represent the most common growth mechanism in solidification 
of metal alloys. This phenomenon presents a complex interplay between solute and heat diffu-
sion and convection as well as capillary and surface effects. Analytical solutions are usually 
only limited to the description of a single isolated dendrite tip, which grows by diffusion mech-
anisms in a uniform undercooled melt. In the last decade, numerical simulation techniques, such 
as phase-field methods, have become the most common approach to dendrite growth investiga-
tions. These methods directly resolve the dendritic structure in detail but they require substantial 
computational costs. Due to these limitations it is only possible to apply them on the scale of a 
few dendrites and for purely diffusive situations (i.e. without fluid flow).  

 
Figure 1. Schematic illustration of a dendritic grain and of the grain envelope (after [2]). 

 
We are working on a new mesoscopic approach, originally developed in [1,2], which overcomes 
the limitations of the microscopic approaches: it can be applied at larger scales and can include 
flow of the liquid phase. In the mesoscopic approach we do not resolve the details of the den-
dritic structure, but we rather track the growth of the dendrite envelope – a surface that relies the 
tips of the dendrite branches. The velocity of the envelope growth is deduced from the velocities 
of the dendrite tips, which are calculated by a local model of the dendrite tip growth kinetics. 
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Inside the envelope both solid dendritic branches and interdendritic liquid are present. The 
liquid-solid phase change is modeled by a volume-averaged model, which describes the phases 
in terms of phase fractions and average phase concentrations, enthalpies, etc., and by corre-
sponding volume-averaged equations for heat and mass transfer. Outside the envelope the 
material is fully liquid and the transport is described by usual convection-diffusion equations for 
heat and chemical species. 
 
We implemented the model as a new OpenFOAM solver – CrystalFOAM. A volume-averaged 
species conservation equation is solved to obtain the solute concentration in the domain and the 
solid fraction field in the dendrite [2]. In order to propagate the dendrite envelope interface, the 
method of interface tracking by a phase-field equation [3] is implemented. An analytical 
stagnant-film model [4] is used to predict the growth velocity of the dendrite envelopes as a 
function of the solute diffusion fields around the envelope. Results are presented and discussed 
for a 2D (Figure 1) and 3D isolated crystal growing in an undercooled binary alloy melt at con-
stant temperature. 

  
Figure 1. Liquid fraction field in a two-dimensional Al-20wt%Cu dendrite grain after 5 s of 
growth. The computational domain is a 1.5×1.5 mm² square box and the small central blue dot 
represents the initial seed.  
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Welding is the most common process to join two metals permanently. Extensive welding trials 

are necessary by steel manufacturers to ensure the weldability of their new products, by welding 

suppliers to improve their products and by process engineers when setting up welds in 

production lines. Since welding is extremely difficult to observe experimentally, a simulation 

code is desirable to improve welding processes. 

 

The quality of a weld is largely 

determined by the heat transfer into the 

welded section, which in turn is strongly 

dependent on the flow of liquid metal in 

the weld pool. Due to extreme temperature 

gradients in the welded section the liquid 

metal accelerates by thermocapillary 

forces up to velocities of 1 m/s. A 

schematic of the problem is shown in the 

figure to the right. 

 

We have developed a CFD simulation 

code based on OpenFOAM to investigate 

welding processes based on the multiphase 

solver interFoam for immiscible fluids. 

The code is extended with a thermal 

model incorporating laser absorption, melting and solidification which couples back into the 

momentum equations through thermocapillary forces. The solver is currently being extended to 

simulate arc welding processes by the inclusion of electromagnetic forces. It has been 

extensively validated using test cases from literature as well as experimental welding trials. 
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Challenges of the simulation include managing parasitic currents due to very strong surface 

tension (more than 100x stronger than water) and large density gradients, as well as the 

computational cost associated with the capillary time step criterion in conjunction with the fine 

meshes required for a suitable resolution for DNS of the weld pool. 

 

 
Weld pool and flow field at 1.2 seconds after melting onset 

 

 

 
Experimental validation of the simulation results. 
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1 Introduction

Significant toughening of structural adhesives is attainable with the addition of nano particles.
Experimental Tapered Double Cantilever Beam (TDCB) tests conducted at University Col-
lege Dublin (UCD) have observed a significant dependence of the fracture toughness of these
adhesives on the bond gap thickness[1, 2]. Microscopic investigation reveals a corresponding
variation in void evolution on the fracture surfaces. This research aims to gain insight into the
mechanisms of particle de-bonding, void growth and energy dissipation in the fracture process
zone of these nano-toughened adhesives.

2 Methods & Results

Circumferentially Deep Notched Tensile (CDNT) tests were conducted at UCD to obtain co-
hesive zone parameters for use in the simulation of TDCB tests. A kink was observed in the
traction-separation traces for different bond gap thicknesses, as seen in Figure 1(a). To attribute
this phenomenon to either diffuse plasticity or particle de-bonding, an introductory test case
was conducted. A spherical void in the centre of a unit cell with a void volume fraction equiv-
alent to the experimental value was constructed. Due to 3 planes of symmetry, only one eighth
of the geometry was modelled. A stress analysis solver incorporating plasticity implemented
in OpenFOAM was employed using an homogenous isotropic nonlinear elastic-plastic material
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(a) CDNT traction-seperation
curves

(b) Stres-strain curves for particle de-
bonding over given number of tiemsteps

(c) Unit cell, f0 = 36%

Figure 1: Particle de-bonding analysis

model whose properties were obtained from dog bone tests carried out on the untoughened ma-
trix. A displacement rate was prescribed on the top patch of the unit cell (Figure 1(c)) with the
remaining two external boundary patches specified as symmetryPlanes. A zero displacement
boundary condition was specified on the void surface to approximate the presence of a rigid
particle. Once a macroscopic hydrostatic stress, corresponding to the occurrence of the kinks in
Figure 1(a), was reached, the boundary condition on the void surface was changed to a traction
boundary and the normal tractions on this patch were reduced to zero over a specified number
of time steps whilst continuing to displace the top surface of the unit cell. Results can be seen
in Figure 1(b) where loading occurs in the x direction; σxx is the average normal traction on
the top patch with εxx, the average normal displacement divided by the unit cell length. These
results show that despite the rate at which the normal tractions on the void patch are reduced,
all curves approach a common stress-strain curve with reduced effective stiffness. The distinct
change in effective stiffness pre and post ”de-bonding” of the unit cell is evident in Figure 1(b).
Little plasticity developed in the unit cell until significant further deformation occurred after
the de-bonding process, suggesting that the kink observed experimentally in Figure 1(a) is due
to particle de-bonding in the adhesive and not to the development of diffuse plasticity.

3 Conclusions

Initial simulations of particle de-bonding suggest that kinks evident in CDNT curves are a
result of particle de-bonding in the toughened matrix. This is supported by the numerically
observed change in effective stiffness of the unit cell combined with the absence of significant
matrix yielding.
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1 Introduction

Significant understanding of the fracture behaviour of polycrystalline diamond (PCD) and
polycrystalline cubic boron nitride (PCBN) tools can be gained by investigating the underlying
microstructure of the PCD or PCBN tool. In order to avoid expensive experimentation it is
desirable to develop a tool which allows for investigation of the effect of the main micro-
structural features on the bulk performance of the tool.

This paper presents an arbitrary crack propagation model developed in OpenFOAM capable of
predicting the damage of loaded structures with multiple different materials in the structure.

2 Methods and Results

A procedure for generating random micro-structural geometries in two dimensions based on
Voronoi tessellation has been developed using Matlab. This procedure is capable of generat-
ing both equi-axed and columnar microstructures with a pre-specified areal density function.
Volume meshing was then performed using Gambit. A multi-material crack propagation solver
implemented in OpenFOAM was then used. The procedure allows for the specification of mul-
tiple cohesive zone formulations for each material in the geometry as well as distinct CZMs
for the interface between each material pair. The crack propagation model allows the crack to
travel along internal control volume faces [1, 2]. If the failure criterion at an internal CV face
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is met then the face is transformed into a pair of cohesive boundary faces. Traction between
these cohesive zone faces is governed by a cohesive zone formulation. Special care is taken to
calculate the traction at each interface following the procedure outlined in [3].

Figure 1 presents the results for two different types of microstructures. Figure 1 (a) is a rep-
resentation of a typical PCD microstructure where each diamond grain touches the nearest
neighbours. In the example given the interface CZM properties, σmax and GIc, between dia-
mond grains was assumed to be 90% of the bulk grain properties. Figure 1 (b) is a representation
of a typical PCBN microstructure where the CBN grains (red) are separated by an interpen-
etrating binder (blue), which is much less stiff and strong than the grain. In this illustrative
example, both the binder CZM properties and binder/grain interface properties were assumed
to be 50% of the corresponding bulk grain properties. A linear traction separation law was
specified in all cases.

(a) 100 µm square SENT of PCD
type microstructure fractured at
low rate.

(b) 100 µm square SENT of
PCBN type microstructure frac-
tured at low rate (white) and high
rate (yellow).

Figure 1: SENT fracture of PCD and PCBN microstructures.

3 Conclusions

A procedure has been developed in OpenFOAM 1.6-ext which allows for arbitrary crack propa-
gation of of structures containing two or more materials. Initial results show that the procedure
is able to qualitatively predict an increase in the level of damage at higher rates of loading.
The authors wish to acknowledge the financial support of Enterprise Ireland and the technical
support of OpenFOAM NUMAP Summer School 2011.
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[2] N. Murphy and M. Ali and A. Ivanković, Dynamic crack bifurcation in PMMA, Eng. Frac.
Mech., 73, 2569–2587 (2006).
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Introduction 

Functionally graded materials (FGMs) are continuously finding a wide variety of industrial 

applications. These include their potential usage in high temperature applications as protective 

coatings and interlayers, cutting tools, biomedical applications and piezoelectric devices, among 

others [1]. Due to their non-uniform mesostructrures, they usually exhibit mechanical and 

thermal properties which are far superior in comparison to monolithic materials. Most 

applications where FGMs are employed involve some aspect of cyclic loading, whether thermal 

or mechanical. How this type of loading affects the performance and fracture of these materials 

is hardly understood. Although several studies have been performed on the fracture of FGMs 

under non-cyclic conditions [1], there are hardly any models that deal with the prediction of 

fatigue crack growth in these materials. In the current work, a fully validated multi-material 

cohesive zone model (CZM) for predicting fatigue crack initiation and growth in such materials 

is presented. The model is based on degradation of cohesive parameters due to fatigue or cyclic 

loading. This is achieved through the introduction of a damage variable, D, into the CZM [2, 3]. 

Damage accumulates at each face in the computational domain until sufficiently high to initial a 

crack or extend an already existing one. Cracks are grown through the natural process of de-

bonding of the cohesive zone under cyclic loading. Decaying cohesive properties means that 
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energy dissipation under fatigue fracture is less than the material toughness under monotonic 

loading.  

 

Model Validation and Predictions 

As part of the validation, the model was used to predict fatigue crack growth (FCG) in three 

different cases, including an adhesive joined double cantilever beam (DCB) [4]. Generally, 

there was good agreement between the numerical prediction of FCG in a DCB and experimental 

data as shown in Figure 1 (left), as an example. This was the case for both ductile and brittle 

type fatigue fractures. Following the validation, the model was then employed to predict FCG in 

functionally graded materials, and showed significant micro-cracking and crack bifurcations in 

the tougher regions of the FGM (Figure 1, bottom right). Therefore, the developed model can be 

used to predict FCG and fracture of FGMs, including both brittle and ductile type fractures.   

             
 

Figure 1: Comparison between the model prediction of FCG in a DCB and experimental data (left), and 

crack growth in monolithic (top rigtht) and functionally graded (bottom right) materials, after 29 and 42 

loading cycles, respectively. Blue – brittle phase and red – tougher phase. 
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1 Introduction

Finite element analysis has dominated the world of computational structural mechanics for the
past half century, however, since seminal work by Demirdžić et al. [1] finite volume stress (FV)
analysis has become a viable alternative. The apparently simple problem of a body undergoing
large rotation is far from trivial when considered numerically. This research develops a large
strain FV structural solver that accurately calculates the large rotation of solid bodies with
particular attention paid to non-orthogonal meshes and mesh movement.

2 Method & Validation Cases

Isothermal large strain linear-elastic bodies are governed by standard field equations employ-
ing an updated Lagrangian approach as outlined by Maneeratana [2]. Orthogonal meshes are
the exception as apposed to the rule, therefore the implicitly discretised terms in the linear
momentum equation require explicit non-orthogonal corrections [3]. However, due to stability
issues associated with the FV discretised convection term, non-orthogonal correction is of-
ten disregarded on boundary faces [3]. This may result in insignificant accuracy loss for fluid
simulations, however, for solid simulations the imprecise calculation of the diffusion term on
the boundary can cause significant erroneous stresses (see Fig. 1(b)). Consequently boundary
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face non-orthogonal correction [4] is imperative in solid mechanics simulations, and has been
achieved in the current research through implementation of corrected boundary conditions.

Ro
tat
ion

(a) Initial Mesh (b) Zero Boundary Correction With In-
verse Distance Interpolation

(c) Boundary Correction With
Least Squares Interpolation

Figure 1: 90◦ Rotation problem with Von Mises Stress Distribution (in Pa)

At the end of each timestep the mesh is moved and the stress fields are updated to the new con-
figuration. To move the mesh the calculated displacements, residing at the cell centres, must be
interpolated to the vertices. Considering a sphere containing moderately non-orthogonal cells
rotated by 90◦, Fig. 1(a), it is clear to see the build up of interpolation errors when using the
standard inverse distance method (Fig. 1(b)). In contrast, the newly developed least squares
interpolation procedure preserves the initial mesh form during the rotation and reduces accu-
mulation of erroneous stresses (Fig. 1(c)). The least squares procedure operates by calculating
a best-fit plane to the cell centre displacements surrounding a vertex, with the resulting linear
system solved using Gaussian elimination. However, boundary vertices require the inclusion
of boundary face displacements to ensure well defined linear systems for the least squares
procedure. Coupled boundaries use neighbour cell centre displacements.

3 Conclusions

A cell centred FV structural solver has been developed for large rotation of non-orthogonal
meshes. It has been shown that boundary non-orthogonal correction is imperative for rotation
of non-orthogonal meshes. To ensure accurate mesh movement, a least squares interpolation
procedure has been developed to determine mesh vertex displacements from cell centre dis-
placements, and has been compared favourably to standard inverse distance interpolation.
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[2] K. Maneeratana, Development of the Finite Volume Method for Non-Linear Structural
Applications, PhD Thesis, Imperial College London, 2000.

[3] H. Jasak, Error Analysis and Estimation for the Finite Volume Method with Applications
to Fluid Flows, PhD Thesis, Imperial College Dublin, 1996.

[4] E. De Villiers, The Potential of Large Eddy Simulation for the Modeling of Wall Bounded
Flows, PhD Thesis, Imperial College London, 2006.

74



7th OpenFOAMR© Workshop
Center of Smart Interfaces,
Technische Universität Darmstadt,
Germany
25 – 28 June 2012

A STRONGLY COUPLED FLUID-STRUCTURE

INTERACTION MODEL FOR WIND-SAIL SIMULATION

Matteo Lombardi∗§1, Nicola Parolini2, Alfio Quarteroni1,2, and Massimiliano
Cremonesi, Massimiliano Cremonesi3

1CMCS, Ecole Polytechnique Fédérale de Lausanne
2MOX, Dipartimento di Matematica, Politecnico di Milano

3Dipartimento di Ingegneria Strutturale, Politecnico di Milano, Italy

March 19, 2012

We present a numerical model for the simulation of the fluid-structure interaction (FSI) between
the wind and the sails of a sailing boat.

This problem is characterized by an extremely light structure (in particular when downwind
sails, spinnaker or gennaker, are considered) experiencing large displacements under the action
of a complex (turbulent and separated) flow field.

In order to exploit existing algorithms (and software) for the accurate and efficient solution of
each (fluid and structure) sub-problem, a segregated FSI approach is preferred. However, since
it is well known that FSI problems involving very light structure are extremely demanding in
terms of stability, a strongly coupled segregated approach is required. The algorithm presented
here is based on a Dirichlet-Neumann coupling between a finite volume Reynolds Averaged
Navier-Stokes flow solver (OpenFOAM) and a finite element shell structural solver. The choice
of shell elements for the solution of the sail deformation analysis is dictated by the need of
representing correctly the wrinkling phenomenon which typically occurs on downwind sails. The
fluid and structure grids are often non-conforming or even non-matching at the interface, since
they are usually constructed in order to fulfil the resolution requirements of each sub-problem.
The exchange of information through the interface is achieved using a suitably defined radial
basis functions (RBF) interpolation. To account for the domain motion in the flow problem, an
Arbitrary Lagrangian Eulerian (ALE) approach is adopted. Different mesh motion techniques
have been tested, based either on the mapping generated using the radial basis functions or
on the inverse distance weighting (IDW) interpolation. We present the numerical results of
several FSI simulations performed on different one- and two-sails configurations with different
trimmings. We also discuss some implementation issues related to different aspects of the
numerical scheme (RBF interpolation, mesh motion and parallelism).

Computational fluid dynamics, fluid-structure interaction, wind-sail interaction, mesh motion.
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(a) Undeformed geometry. (b) Deformed geometry.

Figure 1: Deformation of a ”cylindrical” sail under a constant pressure field.

(a) Front View,
time= 0.65s.

(b) Front View,
time= 2.1s.

(c) Front View,
time= 15s.

(d) Side View,
time= 0.65s.

(e) Side View,
time= 2.1s.

(f) Side View,
time= 15s.

Figure 2: Transient FSI simulation on a gennaker sail.
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Strongly coupled FSI

The OpenFOAM R© Extend-Project provides a weakly coupled Solver for Fluid-Structure
Interaction-Problems. As it is widely known that loose coupling has certain deficiencies, es-
pecially for highly flexible structures, this solver is improved to provide a strong coupling.

The structure of the solver is inspired by the one given by R. Campbell[1], but uses different
solvers for the physical fields. These solvers are easy to exchange so the FSI solver can be
customized case dependent for different flow- or other structure-types. Even Non-OpenFOAM R©

tools could be included. The meshes of the solid and fluid regions can be nonconform at the
interface thereby for each region the best discretization can be used.

For acceleration of the solver the Aitken-Method is used.

The solver is validated and benchmarked with typical FSI-cases, e.g. the Benchmark by S.
Turek[2], to compare the quality of the solver to other FSI solutions.
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In the last years open-cell foams have been applied in an increasing variety of engineering fields,
ranging from the manufacture of structural components to biomedical applications. With re-
gards to the energy field the structure of open-cell foams, which is characterized by a high
specific surface area, is advantageous in a wide range of applications, e.g. in the design of
compact heat exchangers or as catalytic substrates in after-treatment devices. The characteri-
zation of the foam properties in terms of pressure drop and heat exchange is therefore an issue
of extreme concern when the design and the optimization of such devices is addressed.

The present work is divided into two steps. In the first computer tomography is applied for
the reconstruction of the actual geometry of a metallic foam sample. A CFD investigation of
the flow in the foam microstructure is addressed, in order to point out how the microscopic
geometry influence the pressure drop under different flow conditions. Moreover a conjugate
heat transfer model is applied for investigating the convection between the fluid and the solid
structure and conduction in the solid (Figure 1). Different turbulence models are compared in
order to assess considerations about the flow regime inside the foam. The goals of this first step
are 1) the enhancement of the understanding of the phenomena occurring at the micro-scale
and 2) the definition and extraction at the micro-scale of coefficients describing the fluid-solid
interaction in term of permeability and convection properties.

In the second step the coefficients extracted at the micro-scale are adopted for the definition of a
macro-scale model of the generic porous media. Two overlapping meshes are used for simulating
separately the fluid-dynamics in the fluid and the heat conduction in the solid structure of the
foam (Figure 2). The mutual interaction between the fluid and solid regions is taken into account
by means of the implementation of a coupled fluid-solid zone that define all the properties of
the generic porous medium in terms of geometry, permeability, convection. The model has been

§Corresponding Author: Augusto Della Torre (augusto.dellatorre@mail.polimi.it)
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applied on different configurations, e.g. the thermal balance of unstructured catalyst substrate
and the simulation of the flow throught the porous walls of Diesel Particulate Filter channels.

Figure 1: Conjugate heat transfer simulation at micro-scale.

Figure 2: Simulation at the macro-scale: double mesh fluid a) and solid b).
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CFD analysis of porous media has been more widely expanded with increasing the issue of 

environmental protection and reducing energy. And porous models are generally used to 

simulate porous media. This model basically assumes that the porous media consists of the solid 

material and pore which is the volume occupied by fluid. In this study, metal foam is considered 

as porous media, and the porous model constant will be studied by using microstructural 

approach rather than experiment. Through the simulation of flow and heat transfer in micro 

scale, it will be discussed that the relationship between micro scale analysis and macro scale 

model. Simulating the conjugate heat transfer in the real scale geometry gives the idea to apply 

the porous model constant instead of using experimental relationship. Moreover we will discuss 

basic chemical reaction feature in the porous structure. On the other hand, experimental studies 

on heat and mass transfer in the porous media was already conducted by some research groups 

[1], and microstructure analysis using simple structure was also carried out [2]. These kinds of 

studies will be helpful to establish relationships. 

 

With porous model, pressure drop through the material can be basically calculated. In addition, 

it is quite important to analyze the flow patterns in the structure especially heat transfer 

calculations because flow affects the characteristics of heat and mass transfer. Considering this 

kind of effects, porous model analysis can achieve more reasonable results. The revision of the 

model will also influence simulation of chemical reaction, and it will be also discussed. From 

these approaches, we can finally make a process to simulate complex form of conjugate heat 

transfer in metal foam. 

 

Simulations start from conjugate heat transfer solver and porous solver in OpenFOAM. In 

microstructural approach, heat and surface reaction are considered by modifying source code 

based on chtMultiRegionSimpleFoam. The solid of porous media also contains meshes for its 

heat conduction. And surface reactions are treated to be taken place in the near cell by wall. 

Secondly, to improve porous model, the physical velocity formulation is coded into the 

porousSimpleFoam, which has additional energy equation for porous media. And permeability 

and Forchheimer coefficient are derived from result of micro scale analysis 
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Many processes in nature and engineering that involve two-phase flows occur in porous media.
We can cite for instance the flow of oil and water in petroleum reservoirs, or the counter-
current gas-liquid flow in distillation columns made of structured packings. In many cases, the
anisotropy of the porous solid structure may be of importance in the flow description.

The common mathematical approach to model such situations is to consider generalized Darcy’s
laws with multiphase permeability tensors accounting for anisotropy. It might be also interesting
to include additional coupling terms that appear in some modern mathematical formulation
([1]).

For decades, engineers and researchers have imagined different algorithms to solve this problem.
One of the most popular is the so-called IMPES method (IMplicit Pressure Explicit Saturation,
[2]). In this approach, the problem is reformulated in term of liquid saturation and a pressure
(often the gas pressure in case of gas-liquid flow for instance). When capillary pressure can be
neglected the resulting equations are non-linear hyperbolic and the use of a flux-limiter scheme
is required.

We developed a two-phase flow solver for anisotropic porous media based on the IMPES al-
gorithm. The numerical model is validated in the classical Buckley-Leverett test case. Some
simple simulations are performed to illustrate the possibility of this solver.
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On continental surfaces, a part of rain waters infiltrate in soils. These direct infiltrations 
are among the main recharges of the groundwaters, which are the most commonly used 
drinkable water reservoirs (e.g. [1]). Consequently the study of water transfer through soils is an 
important stake for water engineering.  Moreover, many other applications involve the transfer 
of water into soils (geotechnics, agronomics, environmental engineering, …). From the 
standpoint of basic research in geosciences, these phenomena are also of great interest. For 
example the infiltration of water into soils and parent rocks is the cause of the weathering 
processes, which are key processes of the carbon cycle  (e.g. [2]).  

Above the top of the groundwater, the water migrates through the unsaturated layers of 
the soils. This leads to two-phase flows (air and liquid water) in porous media. Under usual 
conditions of pressure and temperature and when the gas phase remains connected to the 
atmosphere, the formulation of the associate two-phase flow problem may be reduce to a one-
phase problem, by assuming an infinite velocity of air displacement compared to water 
displacement. This leads to the well-known Richards equation [3], which is given below. 

( ) ( ) ( )( ).
h

C h h h z
t

∂ = ∇. Κ ∇ +
∂  

In this equation, h is the pressure head expressed as length of water column [L], z is the vertical 
coordinate [L] (oriented upward), K(h) is the hydraulic conductivity of the unsaturated porous 
medium [L.T-1] and C(h) is the capillary capacity of the unsaturated porous medium [L-1]. The 
main difficulty to solve this equation lies in the non-linearities due to the dependency of the 
hydraulic conductivity and of the capillary capacity to pressure head in the soil. In this work, we 
have implemented the classically used Picard method (e.g. [4], [5]) into an OpenFOAM solver 
in order to solve numerically the Richards equation in a framework which allows massive 
parallel computing. The use of massive parallel computation for the assessment of water transfer 
into soils is necessary for the application of mechanics at the scale of the watershed, which is 
the scale of interest for many environmental engineering applications (e.g. nitrates transfer in 
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agricultural areas) as well as for the study of biogeochemical processes on continental surfaces 
(e.g. weathering processes). 

Some validation cases of the Richards solver developed in the framework of 
OpenFOAM will be presented (e.g. comparisons with Hydrus-1D [6]). Then a scaling curve 
showing the behaviour of the developed solver in parallel computation will be shown. At last, 
the perspectives of application in the fields of environmental engineering and of research in 
geosciences will be discussed. 
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Biomass gasification is a complex process including several hydrodynamic and chemical phe-
nomena that are still not very well understood. Thus many devices for syngas production and
waste utilization are developed based rather on empirical experience than the proper under-
standing of the process [2]. In the process of modeling of biomass gasification and predicting of
syngas composition multiple phenomena must be taken into account such as: the processes of
heat and mass transfer, pyrolysis, homogeneous reactions in gas and heterogeneous reactions
between gas and gasification bed [1, 3].

The aim of our research is to develop OpenFOAM solver for fixed-bed biomass gasification,
which will not only consider gas flow but also thermodynamics and chemistry of porous biomass
bed (see also [3]). The main challenge in fixed-bed biomass gasification is coping with the
continuous exchange of heat and mass between gas and solid.

We introduced three major developments that can effectively handle this issue: The first devel-
opment, the new pyrolysis libraries, coherently introduces the thermodynamical and chemical
properties of biomass bed. The second development improves the PISO algorithm in the way
that it would handle the pyrolysis and the heterogeneous reactions consistently with the other
processes. The third and the most important development replaces the strict concept of regions
with flexible zone philosophy. According to the zone philosophy all equations for solid state are
being solved in the main mesh (while each region requires its individual mesh). Moreover, the
the properties of solid state can be instantly modified under the influence of the gas at every
moment of the simulation.

Currently the solver simulates transient processes including:

• turbulent gas flow
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• flow through porous media

• heat transfer within the biomass bed with proper thermodynamic properties of the bed

• biomass pyrolysis and limited heterogeneous reaction of gasification

• homogeneous syngas reactions

The basic results from the simulations include pressure growth in the biomass bed, depletion
of volatiles, profile of temperature in gas and in solid (see Fig. 1).

Figure 1: Hot gas flow around porous cylinder undergoing pyrolysis. Hot gas is injected on
the left and flows to the right through and around the cylinder. Pressure profile (A), volatiles
depletion (B), gas temperature (C) and bed temperature (D).

At this step the OpenFOAM results are compared with the results produced with independent
code, found in the literature and to a lesser degree obtained experimentally. Current research
concerns implementation of the comprehensive gasification libraries that effectively handle
heterogeneous reactions and bed dynamics.
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In this study, we built a coupling simulation model between OpenFOAM solvers and a 
compression type heat pump program we had previously developed. This simulation model 
enabled us to calculate the realistic behavior of the air conditioning system and the thermal 
environment of a room. 
 
Compression type heat pumps are widely used in building air conditioning systems. Most of 
them are controlled to maintain a constant indoor inlet temperature. This inlet temperature is 
influenced by room conditions, such as room size, position of air conditioner and heat capacity. 
In order to simulate the thermal environment of a room accurately, the CFD model has to 
consider behavior of air conditioning system. We developed the coupling simulation model to 
simulate the interaction of the air conditioning system and the room environment. 
 
We used TCP (Transmission Control Protocol) as a communicating method between programs. 

The two programs exchange data with each other using TCP sockets. Figure1 shows the flow 
of the calculation method.  
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Figure  1. Calculation flow 
 

  

Figure  2. Air conditioning system Figure  3. CFD model  
 

  
 
 
 
 
 
 
 
 

Figure  4. Indoor-Unit type used in the simulation  
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Thermal management in data centers is very critical in order to maintain appropriate 
temperatures around the computing equipment. Increasing heat load density due to hardware 
compaction is creating lot of issues in thermal management of data centers. Moreover, energy 
costs of data centers are continuously rising and cooling equipment contribute to 40-50 % of 
this cost. Hence, many attempts including Computational Fluid Dynamics (CFD) modeling are 
being made to optimize the thermal management of data centers.  
 
In typical data centers, the cooling units push cold air inside an under-floor plenum which 
supplies the cold air to computing equipment through perforated tiles. Complex airflow 
dynamics inside this plenum determines the distribution of this cold air in the data center. 
Hence, accurate modeling of the airflow dynamics inside the plenum is critical during taking 
important decisions regarding various design parameters like placement of cooling units, 
computing equipment, perforated tiles and plenum depth etc and operating parameters like 
supply temperature of cooling units.  
 
The present work attempts to capture the complex airflow dynamics inside the plenum using 
OpenFOAM. The incompressible flow solver porousSimpleFoam was used to model the 3-D 
turbulent flow inside the plenum along with flow through perforated tiles. The model was used 
to simulate the airflow inside the plenum of an actual data center of 1100 sq.ft. area. The 
simulation results were compared with measurements carried out by Schmidt et al. [1] in the 
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same data center. The predicted and measured flow rates through tiles showed good agreement 
for different operation scenarios of the cooling units. Similar model was also built on the 
commercial CFD platform Ansys CFXTM. Both the models were used to simulate airflow inside 
the plenum of an another data center of 1500 sq.ft. area. The results of these models also show 
very close agreement with each other.  
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Abstract 

           Fluid flow and heat transfer through ducts in turbulent regime has wide range of 

applications in numerous engineering fields like heat exchangers, cooling channels in 

combustion chambers, nuclear reactors and many more. Prediction of thermal exchanges 

between high Reynolds turbulent flow and heated walls in ducts is still a challenging task for 
many researchers. Due to measurement difficulties in complex thermal conditions the major 

findings in ducts are mainly through numerical simulations.  

            The turbulent flow and heat transfer in 90 degree curved bend of Aspect Ratio(AR) 1:4 
is numerically investigated using Shear Stress k-ω1 (SST k-ω) model. The Reynolds number 

based on hydraulic diameter is 10
4
. Simulations are carried out by using the solver called 

OpenFOAM (Open Field Operation And Manipulation). The objective is to anlayse the mutual 
influence of curvature and secondary flows in enhancing the heat transfer. The secondary flows 

takes the shape of intense counter rotating vortices
2
 at the curvature section which are formed as 

a result of radial pressure gradient between the concave and convex wall of the duct due to 

centrifugal instability2. The temperature is taken as passive and buoyancy effects are neglected. 

A linearly varying temperature is provided at one of the duct surfaces mimicking the practical 

situations and other walls are imposed at isothermal conditions. The applications of this duct are 
related to cooling channels in heat exchangers. The instantaneous secondary flow velocity 

vectors and streamlines, velocity and temperature contours ,Nusslet number distribution and 

pressure coefficient are shown in figure 1. The pressure coefficient shows existence of  radial 
pressure gradient at the curvature section. The Nusselt number explains the increase in 

temperature at the nearby regions of heated walls due to the intense counter rotating vortices. 

The temperature increases in the streamwise direction due to distribution of hot fluid at the cold 
regions by counter rotating vortices thereby there is a decrease in Nusselt number. 
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Figure.1 Secondary velocity vectors and corresponding streamlines at (a) 30 degree    

(b)  45 degree  (c) 60 degree  (d) Velocity contours at 30 degree  

 

            (e)                                         (f)               (g)                 (h) 

          
 
 

 

  

Figure. 1 (e) Nusselt number distribution in streamwise direction at concave wall.  

Temperature contours at (f) 30 degree  (g) 45 degree  (h)  60 degree 

 

                                                               (i) 

                                        
      Figure.1 (i) Variation of pressure coefficient in streamwise direction 
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Automotive heat exchangers are exposed to extensive temperature loads with respect to 

increasingly challenging vehicle boundary conditions. Behr developed a closed chain of 

simulation tools in order to optimize components with respect to thermal stress in terms of 

cycling temperature loads [1]. These methods help to get a better understanding on the basic 

failure mechanisms of heat exchangers and therefore represent essential tools in the product 

development process. Conjugate heat transfer analysis are carried in order to investigate 

transient temperature loads for radiator temperature cycling conditions. Special attention is 

taken with respect to temperature dependent material properties, i.e. density, specific heat, 

molecular viscosity and conductivity. Especially the strongly changing molecular viscosity of  

water-glysantine with temperature is responsible for a strongly maldistributed flow- & 

temperature distrubtion at radiator temperature cycles. Detailed investigations are carried out 

with respect to sensitivities on temperature dependent thermophysical properties (Fig.1 -> 

constant vs. polynomial thermophysics) and buoyancy effects, looking on different directions of 

gravity (Fig.2 –> buoyancy effects with gravity in –z vs. –y direction).  Simulation results of the 

OpenFOAM solver chtMultiRegionFoam are in very good agreement with results of a validated 

commercial solver and also showed a better performance on the transient simulation runs. 
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Fig. 1: Outlet temperature for heat up phase -> constant vs. polynomial thermophysics.  

 

 

 

 
 
Fig. 2: Outlet temperature for heat up phase -> gravity in –z vs. gravity in –y direction. 
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The geometrical Volume of Fluid (VoF) method is a well known method developed for the
simulation of two phase flow phenomena. Widespread use of the method comes from the fact
that the method algorithm ensures mass conservation, as well as from the ability of the method
to intrinsically and efficiently deal with the topological changes of the interface. We have
extended the functionality of the VoF method to unstructured meshes within the OpenFOAM
library, in order to utilise those advantages of the method for two phase flow simulations
involving complex geometries supported by the unstructured mesh. Available field operations
in OpenFOAM present a basis for further investigations of two phase flow simulations involving
complex flow physics. The method is not restricted to a specific cell shape. However, our research
focus is placed upon unstructured mesh with hexahedral cells because of the greater accuracy
they provide. Planar geometry of the interface is assumed and it is located only within a single
layer of interface cells.

Robust geometrical calculations have been implemented to deal with the intersection oper-
ations required by the geometrical steps of the method. Degenerate configurations resulting
from intersection operations are dealt with by the intersection algorithm intrinsically. Opera-
tions involving non-planar or non-convex polyhedra are not addressed; they are a consequence
of an under-resolved flow and are dealt with by increased mesh refinement. A full discrete flow
map has been used to advect the volume fraction field. As all other algorithms developed so
far, so does our algorithm rely on a local redistribution of the volume fraction to eliminate
volume fraction overshoots and undershoots (values of the volume fraction greater than one,
and lower than zero). The advection is localized to a narrow cell region around the interface. As
a consequence, the mass conservation property is increased. Also, since the geometrical errors
involving non-planar faces and/or non-convex polyhedra are restricted to a narrow advected
region, appearance of wisps (small values of the volume fraction near zero or near one, situated

§Corresponding Author: Tomislav Marić(maric@csi.tu-darmstadt.de)
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in the vicinity of the actual interface) is decreased. Compared to advecting the whole volume
fraction field, narrow band advection increases the algorithm efficiency. The method imple-
mentation is parallelized, based on the existing parallel implementation of the OpenFOAM
library.

Contrary to the recent reports in the literature the preliminary tests show good results for
the standard volume fraction advection tests even for strongly varying velocity fields. Intense
distortions of the interface result in an increased generation of wisps. Wisps are conservatively
re-distributed, and are thus eliminated. The actual polygonal interface geometry is visualized
(Figure1). The common iso-contour (iso-surface) visualization of the results, in the case when
the interface is confined to a single cell layer, shows inaccurate stability of the interface, as well
as artificial connectivity of its elements.

Figure 1: Actual polygonal interface geometry of a deformation test case.
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Microbubbles and microdroplets are attractive vehicles to transport pico to nanoliter fluid samples
through the lanes of laboratories on chips. The size of these bubbles and droplets is hereby impor-
tant as it defines the sample volume, and strongly influences the hydrodynamics of bubble and droplet
traffic in microfluidic networks.

In this paper, we present a computational fluid dynamics (CFD) study on the formation of bubbles in
a three-dimensional rectangular T-junction. A finite volume based open-source CFD package, Open-
FOAM [1], was used to perform the numerical simulations. The fluid interface was modeled using the
Volume of Fluid (VOF) method with interface sharpening techniques. A smoother is added to increase
the accuracy of curvature computation and decrease the effect of parasitic currents. A challenge in 3-D
numerical simulations of confined bubbles is resolving the flow through the thin lubricating film sur-
rounding the bubbles. We addressed this challenge by showing how the numerical grid size affects the
resolution of the flow through the gutters and lubricating film. This teaches the reader how to faithfully
simulate capillary-dominated flows in microfluidics.

Being able to accurately resolve gutter flows in our simulations, we successfully predicted the size of
bubbles formed at different operating conditions (gas to liquid flow ratios) and T-junction geometries.
We found good agreement between our previously published experimental and theoretical data [2] and
our current numerical simulations as shown in Fig. 1.
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Figure 1: Dimensionless bubble volume V/(hw2) for different channel geometries and operating condi-
tions. Our numerical data (symbols) are in good agreement with theoretical model predictions from [2]
(solid lines). Geometries: (win/w, h/w) = (3, 0.33); (win/w, h/w) = (1.33, 0.17); (win/w, h/w) =
(1, 0.33)and(win/w, h/w) = (0.67, 0.11).
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1 Introduction & Motivation

Two-phase flows in chemical apparatus often involve both a continuous cascade of temporal
and spatial scales usually varying over orders of magnitude (multiscale) and multiple coupled
phenomena (multiphysics). Thus, the main challenge in Computational Multi-Fluid Dynamics
(CMFD) is that phenomena occur over a wide range of scales, ranging from micro- over meso-
to macroscale (multiscale CMFD).

2 Novel Multi-Scale Two-Fluid Methodology

A generalized multiscale model framework is presented [1], that is based on the Eulerian-
Eulerian two-fluid methodology. The multiscale model concept forms a reasonable basis for
the simulative description of two-phase flow of mixed flow type (dispersed and segregated)
and, thus, enables chemical and process engineers to comprehensive hydrodynamic design and
optimization studies of gas-liquid-reactors.

By conditional volume-averaging (spatial filtering) of fundamental conservation equations and
closure modeling, the two-phase flow features are first divided into an unresolved portion (on
sub-grid scale) and a resolved portion, and subsequently interpreted on a sound physical basis
leading to closure relations.

The resulting two-fluid methodology enables to capture the mean interfacial evolution and
allows for under-resolving interfacial details (microscale curvature / interfacial boundary layer)
in a way that renders it compatible to the LES framework for turbulence modeling. Moreover,
this multiscale interface-capturing approach inherently bridges the gap in scales to the well-
established two-fluid model for dispersed flows, which can be derived consistently in the same
framework; it solely requires a different closure.

§Corresponding Author: Holger Marschall (marschall@csi.tu-darmstadt.de)
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3 Numerical Results & Validation

Various two-phase validation test cases will be presented, against which the present model has
been successfully tested [1]. Additionally, results of industrial-scale simulations will be shown
illustrating the potential of the presented solver to capture multiscale two-phase flows of mixed
flow type in large-scale domains.
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1 Introduction

The spreading and receding behavior of simulated water droplets impacting onto automobile
wind shields or aircraft wings is not only determined by their initial conditions, but also influ-
enced by the evolution of the contact angle throughout the impact scenario. Hence, a physically
correct representation of the dynamic contact angle is desired to obtain useful results when per-
forming multiphase simulations of impacting drops. Several models predict the evolution of the
fluid’s contact angle. One approach for predicting the evolution of the fluid’s contact angle is
to assign a constant value to the equilibrium contact angle, thus neglecting the contact angle
hysteresis. This is also referred to as a static contact angle model. Using a constant contact
angle, under the following assumption, We0 � 1, yields quite accurate results for the spreading
phase of the drop impact where the lamella flow is inertia dominated, but however not for the
receding phase [1]. An alternative way to model the contact angle is to apply a varying contact
angle, which depends on instantaneous flow parameters. These models are called dynamic con-
tact angle models. OpenFOAM R© already comes with an implemented dynamic contact angle
model that is applied by selecting dynamicAlphaContactAngle as boundary condition for the
volume of fluid function at walls. Apart from the pre-implemented dynamic model, the user
can also specify constant contact angles by either choosing a zeroGradient boundary condition
to represent an angle of θ0 = θA = θR = 90◦ or by selecting the constantAlphaContactAngle
boundary condition for arbitrary constant angles.
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2 Implemented dynamic contact angle model

One of the most recent and accurate contact angle models is the Kistler model [2], which
calculates the dynamic contact angle, Θdyn, using the Hoffman function, fHoff, as follows:

Θdyn = fHoff

[
Ca+ f−1

Hoff(Θe)
]
, (1)

where Θe is the equilibrium contact angle. The capillary number, Ca, is built according to
Ca = Ucl µ/σ, where Ucl, µ and σ are the spreading velocity of the contact line, the dynamic
viscosity of the liquid and the surface tension of liquid and gas phase, respectively.

3 Results

In order to estimate whether the pre-implemented dynamicAlphaContactAngle model is useful
for drop impacts with Weber numbers of We0 ∼ O(10) and Reynolds numbers of Re0 ∼ O(103),
simulations with the pre-implemented OpenFOAM R© model, the Kistler model and a static
contact angle are carried out. Here, experimental data of a normal drop impact in with cross-
flow of U∞ = 10m/s is taken as reference with ΘR = 45, Θ0 = 90 and ΘA = 120. The results
of the static and dynamic contact angle models are plotted as the evolution of the spreading
diameter D̄z in Figure 1. The OpenFOAM R© pre-implemented model is denoted OF whereas
two different contact angle velocity scales have been used. It is observed that the Kistler model
yields the best overall agreement in comparison with the experimental data, whereas the other
approaches yield unsatisfactory results.
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Figure 1: Exp. and num. results for the spreading diameter of an impacting water droplet with
an air-cross flow of U∞ = 10m/s.
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In the chemical industries, dispersed fluid-fluid systems of immiscible phases are the basis for
the synthesis of various products. The systems are usually prepared by a mixing apparatus
but the process can often be substantially improved by adding surfactants, which will change
the surface properties and allow higher dispersion rates. The present study focusses on the
numerical simulation of the surfactant transport to and on the fluidic interface.

Crucial features of such simulations are a sharp interface representation and the physically
correct solution of the surfactant transport equations along the interface. In the literature two
general model categories exist for problems comprising fludic interfaces. Eulerian, interface-
capturing methods are based on stationary computational grids and additional marker func-
tions, representing the fluidic interface itself or the distribution of the bulk phases. Commonly
used representatives are Volume-of-Fluid (VOF) [3] and Level-Set methods [8], which have both
been enhanced for systems involving surfactants. Xu, Li, Lowengrub, and Zhao [10] published
a 2D model capturing the influence of an insoluble surfactant on the droplet behaviour, ac-
counting for surface diffusion basing on a Level-Set method. Regarding the Volume-of-Fluid
methods, James and Lowengrub [4] introduced a 2D method for insoluble surfactant, separately
accounting for the evolution of interfacial area and of the extensive quantity of surfactant mass.
Alke and Bothe [1] adopted the Volume-of-Fluid method for soluble surfactants including high
sorption rates. While these methods are applied for strongly deforming fluidic particles, in the
present study the focus of interest lies on the transport of the surfactants to and along the
fluidic interface. Therefore a interface tracking procedure [7, 9] is chosen. To model the area-
based surfactant transport on the fluid interface, the finite-area method of Tukovic and Jasak
[9] is applied. The interface is represented by a two dimensional polygonal computational grid,
which deforms according to the surrounding fluid flow. Larger deformations and topological
changes are achieved by applying the swapping-edge library of Menon [6].

According to their solubility, surfactants can be present both in the bulk phases and on the
fluidic interface. While being treated as dilute in the bulk, the surfactant concentrations are
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non-dilute on the interface. Therefore, the transport of the surfactants on the fluidic interface is
described by a set of coupled species transport equations. Multicomponent diffusion is modeled
applying the Maxwell-Stefan equations. To calculate the coupled diffusion fluxes the system
of Maxwell-Stefan equations needs to be inverted. An iterative inversion method according to
Giovangigli [2] is adapted and implemented in the OpenFOAM library, to lower the computa-
tional effort for systems with multiple surfactants. The resulting diffusive fluxes are inserted
into the species transport equations and the model is completed by the total mass balance and
the momentum equation. Since the transport processes of the surfactants are strongly coupled,
a segregated solution procedure does not lead to physically correct results. Hence, the system of
surfactant transport equations is solved applying a block-coupled linear solver adopted for the
Finite-Area method [5]. To model the surface tension dependency for a varyity of surfactants,
a comprehensive sorption model library is implemented.

We show the application of the developed solver on pending drops and the influence of the
surfactant on the surface tension.

The authors would like to thank the German Research Foundation for financial support within
the context of priority programm SPP1506 ”Fluidic Interfaces”.
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1. Presentations and Posters 

 

The Rayleigh-Taylor instability is one of the few principal hydrodynamical instabilities 

having numerous applications [1]. The given problem is a good test example, as it 

allows to spend approbation of mathematical model. The governing equations are 

described by the mixture continuity and momentum equations. The volume fraction is 

an indicator function, which is propagated as a Lagrangian invariant, its evolution is 

governed by a hyperbolic transport equation. The final volume method is used for 

discretisation of the transport equations. The received equations for velocity and 

pressure are solved by means of iterative PISO algorithm. The numerical scheme has 

the second order of accuracy on space and time. The VanLeer scheme is used for 

convective term. The CFD code is based on OpenFOAM (interFoam, 

compressibleInterFoam) which is the programming tool for problems of continuum 

mechanics. In [2] an implementation of interface capturing methodology is introduced, 

which in particular can be applied to modeling of the Rayleigh-Taylor instability with 

account of surface tension and viscosity of the fluids, in compressible an incompressible 

media. We have tested scalability of the method on some chosen model problems 

including fully developed Rayleigh-Taylor instabilities with secondary instabilities. 

Comparison with theoretical results was made in oscillatory modes – linear as well as 

nonlinear (for subcritical scale along the interface) and for bubble and spike dynamics 

on the late phase. The overall domain bounding box is (-0.5 -4 -0.5 ) (1.5 2 1.5). The 

boundary values are set by means of mirror symmetry. The scalability studies showed 

that for examples on a 128x384x128 grid for a single mode perturbation (on the figure), 

a linear behavior of performance on number of cores is observed till 384 cores  after 

which saturation happens without further performance growth. The initial perturbation 

is y=  -0.03*(1+cos(2*3.14*x))*(1+cos(2*3.14*z)). The Atwood number is 0.76 for air 
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and helium. The animation picture of simulation  has strongly pronounced character of a 

non-steady flow.  

 
 

Figure 1. The Volume fraction distribution for At=0.76 
 

 
Number of nodes 

 Number of elements 6291456 
Atwood number 0.76 
Time-Step 0.001 
Number of time steps 1000 
Cores (nodes*processor/nodes*cores/processor) 384 (32*2*6) 
Overall CPU time 2610 

  
  Table 1. Some parameters used in the flow simulation. 

 

Another simulation was done for compressible case with domain 0.1 x 0.2 x 0.1. The results 

are compared with data from [3, 4]. The application to a technical problem of a vapor 

cavity in a Venturi tube and initial perturbations on the exterior shell of an inertial 

confinement fusion (ICF) target are discussed. 
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The understanding and modeling of diffusion-induced foam growth has become increasingly 

important for a wide range of industrial branches, such as polymer and food engineering. Due to 

the complexity and variability of the subject matter, there exists a multitude of analytical and 

numerical models that predominantly focus on individual aspects of the foam-forming process. 

On the microscale, the mechanisms of diffusion-induced bubble growth have been successfully 

described with cell models based on the influence volume approach [1] [2] [3]. However, there 

is still a distinct lack of simulation models that utilize information from microscale calculations 

in order to evaluate macroscopic foam growth.    

 

The aim of this work is to model three-dimensional foam expansion in response to a given 

pressure profile. We present a simulation method which combines a one-dimensional single-cell 

bubble growth model with a three-dimensional FVM solver to accurately characterize the 

dynamics of macroscopic foam growth. The liquid and gaseous foam components are treated as 

one single homogeneous phase, effectively reducing the simulation task to two phases. The 

time-dependent change of foam density is calculated with an advanced bubble-growth model 

developed by Nonnenmacher [4], which allows differentiation between two distinct growing 

stages. The resulting time-density relationship is considered characteristic for a given pressure 

profile and material composition.  

The three-dimensional numerical simulation of the expanding foam phase within a surrounding 

air phase is realized with OpenFOAM®. A volume of fluid method is used to calculate the 

motion of the phase interface. The variable foam density is modeled as a function of the local 

residence time Φt, which is defined as the time difference between the initiation of the pressure 

drop and the current simulation time. An additional scalar transport equation is evaluated each 

time step to calculate temporal change and convection of Φt.   
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For validation purposes, an experimental test system based on highly viscous silicone oil 

foamed with helium and nitrogen has been established. Simulation results from 1D and 3D 

models are in good agreement with measured data from pressure-controlled foaming 

experiments (cf. example in Fig. 1). While the rheological properties of polymer foaming 

processes remain challenging, test simulations already show the viability of the method 

regarding material systems with very high foaming ratios (cf. Fig. 2).    

 

 

 

Fig. 1.  Simulation of foam expansion (left-hand side) 
versus experimental observation (right-hand side) at 

different points in time after initial pressure drop. 

 

 
 
Fig. 2.  Numerical simulation of polystyrene foam 

extrusion through a slit die.   
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Polyurethane foam is widely used for manufacturing different kinds of products, such as 

refrigerators or steering wheels. In the production process, the reacting polyurethane mixture is 

introduced into a mold which is gradually filled by the expanding foam. Important properties of 

the polyurethane foam (e.g. thermal conductivity or impact strength) may vary significantly 

depending on the location within the product. Integral foam properties like density do not 

entirely determine the thermal conductivity, but the local foam structure has an essential 

influence.  

It is neither possible nor would it be efficient to model a refrigerator with a spatial resolution 

appropriate for resolving the foam structure on bubble scale. For this reason, the development of 

the foam structure can only be studied in a representative volume comprising a limited number 

of bubbles [1]. 

 

Following a phenomenological approach, we developed a model describing the foaming process 

of polyurethane foam on bubble scale. The foam is considered to be a two-phase system 

consisting of bubbles and a reacting polymer phase. CO2 is generated as a reaction product in 

the polymer phase and causes the bubble growth. Our modeling approach for this two-phase 

flow is based on the volume of fluid method provided by OpenFOAM®. A phenomenological 

phase change model accounting for the bubble growth due to the generation of CO2 is included. 

The growing bubbles approach each other and eventually start to influence each other. Bubble-

bubble interaction leading to a stabilization of the foam structure is taken into account through 

the implementation of an additional disjoining pressure force. All repulsive effects between 

different bubbles in close neighborhood are expressed through this force [2]. Analogous to the 

continuous surface force model for the surface tension by Brackbill [3], the disjoining pressure 

force is modeled as a volume force acting in the region of the phase interface. Moreover, the 
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disjoining pressure force helps to prevent the artificial coalescence of bubbles which occurs 

when the mutual distance between two bubbles reduces to the length of one computational cell.  

 

The presented work forms the basis for further research on the development of the foam 

structure. Important factors are the reaction progress and external factors like the flow 

conditions during a mold filling process. As a simplification, our preliminary results do not 

consider the temporal development of the viscosity in the polymer phase, but the viscosity is 

kept constant during the foaming process. The extension to time-dependent material properties 

and varying flow conditions is work in progress. 

 

 

 
  

Figure 1: Growing bubbles in a polyurethane foam 
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1. Short description 

 
Pneumatic injection of particles is used to initiate mixing processes in several industrial 

branches. Typically, while the solid particles should be mixed homogeneously within the liquid 

phase, it is preferable to separate as much as possible the gas phase (bubbles) from the liquid. 
This project investigates current methods allowing multi-phase simulations with open-source 

CFD solvers. The numerical procedure will be validated by comparison with experimental 

results obtained in a water model. 

 
Based on similarity theory a water model can be used to represent faithfully the flow behavior 

of several important fluids used in process engineering. It will be used in the present project to 

reproduce the real flow in the process, involving a continuous liquid phase, a solid particle 
phase and a gas phase. All relevant non-dimensional numbers are kept identical. 

Concerning experimental investigations, optical measurements by PIV (Particle Imaging 

Velocimetry) and LIF (Laser-Induced Fluorescence) will be performed to characterize the main 
properties of the different phases. The experimental results will be used for the validation of the 

applied numerical models. 
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The principle of fluid phase resonance mixing (FPR-mixing) is to apply harmonic oscillating 
pressure via a gas cushion in a central pipe on a liquid phase in a vessel and thus to cause the  
liquid phase to start oscillating (fig. 1). This oscillation induces a flow inside the vessel, which 
can be used for mixing tasks without having any stirrers.
The flow within the standard geometry A (fig. 2) is simulated as an instationary, compressible,  
two-dimensional  flow  of  two  separate  phases  using  OpenFOAMs  solver 
compressibleInterFoam.  Additionally,  the  flow  is  measured  by  means  of  Laser  Doppler 
Anemometry (LDA) to validate the results of the simulation. From this initial point, geometries  
are created for two different mixing tasks, using the gained knowledge about the behavior of the 
flow inside the vessel.
Geometry  B  (fig.  2)  shall  improve  the  flow in  a  way that  the  expected  mixing  properties 
improve while a comparatively low shear rate is being kept, so that this process could be used 
for mixing shear sensitive materials. Geometry C shall improve the flow in order to obtain a  
more intense mixing process, e.g. for mixing sedimenting materials. Both geometries B and C 
are simulated in a similar way as geometry A. Geometry C (fig. 2) is simulated as a 3D-model  
and also measured by means of LDA to validate the method for three-dimensional models.
A comparison between the simulations and measurements for geometries A and C shows a good 
agreement between the results.  Furthermore,  a comparison between the different  geometries 
shows three things: On the one hand it is shown that FPR-mixing is able to provide good mixing 
results and that it  is a flexible new technology for mixing processes. On the other hand the  
suitability of OpenFOAM as a tool for the design and improvement of FPR-mixing has been 
proven.  Last  but  not  least  it  shows  that  much  better  mixing  results  can  be  expected  with  
geometries B and C than with geometry A (fig. 3).
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Fig. 1: Principle of FPR-mixing

Fig. 2: Used geometries

Fig. 3: Comparison of time-averaged velocity magnitudes of geometries A and C

114



Wednesday – 2012-06-27

Track I

• Meshing & Preprocessing

• Optimization & HPC

• Ship Hydrodynamics & Cavitation

115



7th OpenFOAMR© Workshop
Center of Smart Interfaces,
Technische Universität Darmstadt,
Germany
25 – 28 June 2012

Mixing Polyhedral and Normal Element Types

Oliver Gloth‡1

1enGits GmbH

March 30, 2012

meshing, hybrid, polyhedral, anisotropic

Careful meshing of highly anisotropic layers often is very important in order to obtain accurate
CFD solutions. The most prominent example of such layers are boundary layers. There are,
however, a number of other physical effects which can require anisotropic mesh resolution;
examples include: free shear layers, temperature layers, flames, phase boundaries, etc. For
short turn-around times an automatic and unstructured approach is often preferred over the
traditional block structured approach.

Currently there are two different automatic approaches which are suitable for OpenFOAM
and available as open-source. The first is the traditional mixed element method with mainly
triangular prisms and the other is the hex-dominant approach which is used by snappyHexMesh.
Figure 1 illustrates these two approaches for a mesh around the leading edge of a NACA-0012
airfoil.

Figure 1: mixed element mesh (left) and hex dominant mesh (right)

Both approaches have disadvantages: Tetrahedrons can lead to significant discretization errors.
On the other hand the hex dominant approach might lead to distorted elements or very abrupt
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changes in mesh density, especially if the first layer has to be very thin (y+ ≈ 1 for low-Re
turbulence modelling).

A possible way around these disadvantages is the use of the so-called dual mesh. Some solvers,
commercial and open-source, read unstructured grids but compute on the dual mesh (node-
centred). This approach is particularly popular for high speed (transsonic or supersonic) coupled
compressible solvers. Figure 2 illustrates how such a dual control volume can be constructed.
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Figure 2: control volume for a node-centered solver

Using OpenFOAM one possible solution is to use the polyDualMesh utility in order to convert
a standard unstructured grid into a polyhedral mesh. The downside of this approach is that
feature edges are not always treated well. Furthermore it is very often beneficial to keep the
anisotropic boundary layer as it is and only convert the far-field with the dual mesh approach.
This is particularly true if the boundary layer mesh consists of regular hex cells. We have
implemented such an approach into the open-source mesher enGrid. Figure 3 illustrates the
difference between the two conversion methods.

Figure 3: comparison between polyhedral cells of polyDualMesh (blue) and enGrid (black)

The implementation which is used inside enGrid was only intended to serve as a demonstration
tool. In the last two years it has, however, been used for some real applications where the
standard unstructured grid did not lead to acceptable results. As a consequence we where
able to get funding for a more robust and more efficient re-write of enGrid’s polyhedral grid
implementation. At the workshop we intend to present the results of this re-write, which is
almost complete. A common problem of this conversion approach is the generation of concave
cells which often occur on boundaries or at the transition between primary and dual cells. By
applying a dedicated optimisation for the additional nodes in this region (red nodes in figure
3) we hope to be able to eliminate this problem.
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Blender 3D provides a powerful environment to create, modify, and import 3D surface models. 

As the software is open source and is equipped with a python interface which allows for a 

substantial level of scripting, it can be extended to provide functionality in wide areas. Here it is 

described how two separate addons can turn Blender into a graphical user interface for 

OpenFOAM two native mesh generators; blockMesh and snappyHexMesh.  

 

While blockMesh is a rather sophisticated mesher, it remains largely inaccessible unless users 

script the creation of the input file, blockMeshDict. Such scripts tend to be very problem 

specific, and general tools have not shown up publicly to date. The addon described here tries to 

remedy this by letting the user create the desired hexahedral block structure as a mesh object 

within Blender. Then, using a graph theory based method [1], the discrete blocks in the users 

mesh object is identified, and the vertices and block entries for blockMeshDict is generated. The 

addon also allows the user to set block edges by specifying a separate Blender object in-which a 

shortest path algorithm [2] is used to find the connection between two vertices for the edge. 

Lastly, the addon uses Blender materials environment to allow the user to specify patch types 

and names. Spatial resolution of the generated mesh is set to match a user given resolution. 

 

snappyHexMesh has developed into a very capable mesher, and does not suffer from limitations 

described above. However, each setup of snappyHexMesh requires some manual work on 

writing the dictionary and preparing the files. Many people already today employ Blender for 

generation of the input geometry files for snappyHexMesh. The step is hence not very large to 

write an addon for Blender which automatically generates the dictionary and relevant files. The 

addon described here does that, as well as lets the user have full control over how and which 

feature lines are provided to snappyHexMesh. Further, also this addon utilises Blender materials 

to let the user specify patches’ names, resolution settings, and mesh layers.  
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1 Motivation

The energy output of wind turbines is directly related to their local flow conditions. For real-
istic simulations the detailed representation of the surrounding orography is essential, since it
provides a major source for the generation of turbulence in the domain. For the same reason,
the modelling of forests is also an important issue in the context of on-shore wind farm simula-
tions. Another challange in complex terrain problems are periodic boundary conditions. They
are often needed for the calculation of self-consistent inflow fields, or for studies of approxi-
mately infinitely large wind farms. However, for unstructured meshes it is generically difficult
to morph the grid near the boundary patches in a way such that periodicity is obtained. These
three typical problems shall be addressed in the following.

Also for the simulation of the flow around wind turbine blades the automated generation of
structured meshes is desired. They have better numerical behaviour than unstructured meshes
and support the widely used solvers for large-eddy simulations (LES). Results for the automated
generation of a structured mesh around a blade are reported, for the example of the MEXICO
turbine.

2 Automated mesh generation for complex terrain problems

I present three tools for OpenFOAM that provide meshes for complex terrain wind farm sim-
ulations. Based on parameters given in a dictionary and an arbitrary STL-file defining the
orography, blockMesh with a large number of blocks is used to create a structured mesh. In
a second step, cells are identified as forest for the usage with porous solvers. This is done by
analyzing the pixels of an arbitrary image file showing the local forest distribution. Finally, if
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desired, the structured mesh can be smoothly adjusted inside a given regime to match periodic
boundary conditions. Note that both the identification of forest cells and the establishment
of periodicity are difficult to realize for unstructured meshes, like those generated by snappy-
HexMesh, but straightforward for block meshes.

3 Automated mesh generation for wind turbine blades

A tool for the automated generation of a structured mesh around a blade is presented, based
on OpenFOAM’s blockMesh. The algorithm relys on the automated calculation of a discrete
set of blade sections, given the arbitrary blade surface in STL format. The inner block vertices
are then adjusted to these profiles. The splines of the numerous blocks are chosen to match the
blade surface in the inner boundary, and a suitable outer boundary shape. Thanks to the fact
that the mesh is constructed by blocks all cell geometries are under control and the resulting
mesh is fully structured.
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1. Need for OpenFOAM Windows environment 

OpenFOAM offers excellent capabilities regarding the solving technology and adaptability to 

the workflow in a Linux environment. Terminal based Linux functionality such as sed offer fast 

modification options of input files for experienced Linux users. But beside the CFD expertise in 

all its complexity from meshing to physical model selection, the user needs certain knowledge 

of the dictionaries and keyword structures and also Linux expertise. This high level of expertise 

in additional fields often prevents prospects in industries from an OpenFOAM usage. In many 

cases even experienced CFD engineers don’t get the chance to learn the OpenFOAM usage fast 

enough to become productive while fulfilling the requirements in their daily CFD projects. 

OpenFOAM beginners may need a bridge from their accustomed CFD usage to the OpenFOAM 

approach. An often met requirement is to become productive very fast for standard CFD task 

while learning the advanced OpenFOAM usage on the job. A GUI based case setup in the 

accustomed Window environment can present such a bridge to become an experienced 

OpenFOAM user.  

Beside this, a complete Windows based OpenFOAM usage is often preferred by smaller 

companies with small CFD groups or single CFD user. Here a valid argument against an 

OpenFOAM usage is unfortunately the high administrative effort to support a single or few 

Linux machines in a Windows environment including all the difficulties of keeping 

OpenFOAM up to date. 

2. Windows Workflow 

The workflow presented here is conducted by CastNet in combination with blueCFD a 

Windows port of OpenFOAM. 
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The CFD workflow typically starts with the geometry setup. Here commercial CAD systems, 

working in a Windows environment, can be used. These models are loaded into CastNet based 

on CAD kernel data. If an assembly is imported, a non-manifold is generated while the parts are 

transferred into regions, e.g. for fluid and solid regions in the cht-analysis. Based on this a CFD 

mesh (e.g. with boundary layer meshing) can be defined. CastNet is based on commercial 

hybrid meshing technology and supports snappyHexMesh if hex-dominant grids are required. 

The OpenFOAM case is defined in a graphical user interface: boundary conditions or regions 

(e.g. porous or MRF) are defined with association to the CAD geometry. CastNet supports 30 

standard OpenFOAM solvers and generates a compatible output for standard OpenFOAM 

versions. The job can be started directly without editing text files. But the user can also extend 

the output manually or switch completely to the text based case setup.  

The solution of the OpenFOAM case can be controlled and manipulated by a graphical user 

interface. CastNet supports the Linux versions of OpenFOAM and the blueCFD Windows port 

provided by blueCAPE. The blueCAPE version is a highly advanced port of OpenFOAM for 

Windows: All functionality and solvers of the release 2.1 are available, originally cross-

compiled on Linux. However, and besides this essential base functionality, customized solvers 

and libraries can also be compiled directly with OpenFOAM 2.0 and 2.1 on Windows out of the 

box with just the packaged components. The user can thus customize and extend the available 

range of solvers and utilities just as in Linux. Several MPI toolboxes for a multi-core and multi-

machine environment are supported for an efficient solving, like MS-MPI or Open-MPI for 

example.  

The post processing is conducted using the Windows version of ParaView, which is also 

provided within the blueCFD third party package. 

3. Summary 

The combination of the two systems (CastNet and blueCFD) allows a complete GUI based 

workflow of OpenFOAM in a Windows environment. This workflow includes a CAD model 

based case setup, CFD meshing, solving, graphical job control and post processing. The 

workflow coincides with commercial CFD systems, while the user has all the strong 

OpenFOAM solution and extension capabilities behind it. 
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Meeting the stringent efficiency demands of next generation direct injection engines 

requires not only optimisation of the injection system and combustion chamber, but also 

an optimal in-cylinder swirling charge flow. This charge motion is largely determined 

by the shape of the intake port arm geometry and the valve position.  

In this paper, we outline an extensible methodology implemented in OPENFOAM for 

multi-objective geometry optimisation based on the continuous adjoint. The adjoint 

method has a large advantage over traditional optimisation approaches in that its cost is 

not dependent upon the number of parameters being optimised. This characteristic can 

be used to treat every cell in the computational domain as a tuneable parameter – 

effectively switching cells “on” or “off” depending on whether this action will help 

improve the objectives. Unlike CAD based parameter optimization, the adjoint 

approach starts from a supplied design space and then systematically removes all 

elements counter-productive to the design objectives. The final “design” is then the 

fluid volume left over after all the counter-productive elements have been blocked. 

The adjoint system is implemented as an adjunct to a compressible steady state flow 

solver with the ability to maximise the swirl in a target volume while minimising the 

pressure loss of the system. The tool is used to optimise the shape of the intake port 

arms of a combustion chamber in a static flow test configuration. A range of results 

were produced at different weightings of the pressure loss and swirl objectives and the 

ability to generate a trade-off curve between the objectives is demonstrated. At the high 

end, an increase in swirl of up to 250% was observed for modest increases in pressure 

loss, unequivocally proving the effectiveness of the new methodology. 
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1. Abstract 

 
An important application of optimization for ship design is the minimization of calm-water 

resistance for a given displacement.  Inherently coupled with the design process is design 

optimization, which consists of the selection of the best design out of a set of feasible solutions 

based on a range of design objectives and constraints. Traditional optimization methods applied 

to early-stage design process usually deal with a parametric geometrical model linked to an 

inviscid flow solver to predict flow resistance, as computational expenses required by more 

accurate RANSE solvers are prohibitive for a full optimization study. The drawback of using a 

low-fidelity model to predict merit is that a lack of accuracy may lead to the selection of an un-

optimal design. In addition, the large number of design variables required to define the 

geometrical variation of the shape of the hull is taken into account in ship early stage design 

process which make the optimization problem very complex for the designer and not always 

feasible. The addition of design constraints imposed to characterize the design exploration phase 

as well as multiple objectives make the optimization process even more challenging. 

Consequently, in such a scenario it may occur that the optimization process does not find the 

optimal solution. 

 

In this work, an innovative flow solver based on OPENFOAM technology that combines 

free-surface effects with a viscous solution is employed for accurate drag prediction with fast 

turnaround times ideally suited for an optimization study. The key elements of the solver 
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included a polyhedral finite-volume discretization of the water phase.  The steady formulation 

of the governing equations and boundary conditions are used to pose a problem that is 

efficiently solved with conventional CFD techniques. A consistent linearized free-surface 

boundary condition for a viscous flow is applied to the approximate free surface. This novel 

approach is shown to retain accuracy while reducing the computational expense that is 

introduced when solving for unnecessary nonlinear features of the flow. 

 

In addition, different techniques will be examined in this paper to reduce the curse of 

dimensionality by applying efficient methods like design space exploration [1][2] and 

multivariate analysis (MVA) [3] to predict ship performance over a range of different speeds for 

a given displacement. Further, MVA methods allow the designer to get a better understanding  

of the design space response and relationships between variables prior to formulate the 

optimization problem, thus making the process more efficient. 

 

For the approach detailed here, an initial Design of Experiments (DOE) analysis available in the 

open source DAKOTA [4] software is performed to sample the design space efficiently. 

Afterwards Clustering methods [5] available in the KNIME [6] open source data mining tool are 

employed to detect local sensitivities between design parameters and output responses and 

reduce the design space complexity by grouping together multiple design samples with similar 

characteristics into different clusters. Finally an optimization run on the most favorable clusters 

of the design space is carried out until the layout of the optimal solution is found. 

 

Using the proposed approach, the optimal solution can be retrieved with far fewer evaluations 

with respect to the traditional methods, thus saving considerable amount of computational time 

such that it is possible to use high-fidelity CFD simulations. Finally, the application of MVA 

methods allows the designer to have a better insight into the design space, which becomes 

crucial in the decision-making phase of the design process. 
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The objective of our work is to provide an open-source extension to OpenFOAM that will allow
it to take advantage of heterogeneous nodes with CUDA GPUs. At the moment there already
exist several OpenFOAM plugins that add GPU linear solvers. [3, 6, 7] We present an analysis
of issues that affect speed of the conjugate gradient solver on GPU, and we expect that it will
allow us to produce more efficient GPU solvers.

Graphics processing units are highly parallel devices with multiple cores, each core operating in
a SIMD-like fashion over multiple batches of threads. They usually require specialized algorithm
implementations to achieve high performance. In particular, sparse matrix-vector multiplication
– the most demanding operation in non-preconditioned conjugate gradient solvers – requires
storing sparse matrices in specially designed formats on GPU. Commonly used formats such
as CSR or OpenFOAM’s LDU are not suited well for GPUs.

To implement SpMV, we use an extension of our previously developed format, Sliced ELL, [5]
which can outperform HYB from cusp library [1] in most cases. The extensions allow to further
improve performance by adding compact encoding for diagonal fragments and 1 × 2 and 1 × 4
dense blocks. The proposed format is best used together with run-time auto-tuning, which can
be performed during the early iterations of the solver.

We note that it’s desirable to avoid overhead of repeated matrix conversion and tuning for
each invocation of the solver. Therefore, our implementation adds a “knowledge caching” to
the GPU solver, and the matrix conversion API provides a way to update only the non-zero
values of a previously seen sparse matrix.

Of particular importance is the issue of preconditioning in the GPU solver. OpenFOAM employs
an efficient ILU-type preconditioner, which is not suitable for GPUs. We believe it is important
to implement a high quality preconditioner (compared to simple diagonal preconditioning) and
therefore we employ AINV preconditioning, [2] which is implemented in cusp as well. However,

§Corresponding Author: Alexander Monakov (amonakov@ispras.ru)
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AINV construction is quite slow, even though we implemented optimized AINV construction
routines. Thus, we implemented preconditioner reuse in the solver: it can reuse preconditioners
from previous invocations thanks to the matrices being quite similar on adjacent time steps.
We also employ drop tolerance tuning to find a good trade-off between number of iterations
and cost of applying the preconditoner.

AINV, being a factored preconditioner, is sensitive to the ordering of the matrix rows and
columns (which depends on the ordering of the mesh cells). At the moment, OpenFOAM only
provides a bandwidth-reducing reordering, which is beneficial for ILU, but not for AINV. Our
implementation provides a replacement reordering that performs nested dissection reordering
via METIS library. [4] We also show how to provide GPU solvers as an OpenFOAM plugin on
Linux, without need to patch and recompile OpenFOAM from source.

We have not begun offloading multigrid solver to the GPU at the moment of writing, and our
implementation does not have parallel capabilities yet. This, as well as testing mixed-precision
solvers and providing performance comparisons to other available GPU solvers, is planned as
future work.

This work is supported by Nvidia and Ministry of Education and Science of Russia.
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1. Objective

Simulation of incompressible transient and steady-state solver for 3D unstructured meshes with 
PISO and SIMPLE methodology can be accelerated efficiently only when these schemes are 
implemented fully on GPU. We present such attempt where we implement SIMPLE and PISO 
loops on state-of-the-art NVIDIA cards and optimize data structures. We show the comparison 
of both the performance and quality of our solution with OpenFOAM for three cases: cavity3D, 
blood  flow in  coronary  arteries.  The  method is  faster  and  agrees  well  with  OpenFOAM® 
simulations (simpleFoam and pisoFoam solvers). 

2. Methodology

ARAEL software implements SIMPLE and PISO solvers on GPU using CUDA. It uses finite 
volume method and supports unstructured 3D meshes. We have implemented time derivative 
using Euler numeric scheme, linear interpolation of values on faces from values in cells, and 
laplacian, divergence and gradient using Gauss numeric schemes with correction for non-or-
thogonal  meshes  for  laplacian.  As  solvers  of  systems  of  linear  equations  iterative  solvers 
BiCGStab and CG are used.

§̂ Corresponding Author: Lukasz Mirosław (lukasz.miroslaw@vratis.com)
This publication is prepared as part of the project of the City of Wrocław, entitled “Green Trans-

fer"  academia-to-business  knowledge  transfer  project  co-financed  by  the  European  Union  under  the 
European Social Fund, under the Operational Programme Human Capital (OP HC): sub-measure 8.2.1.

129



ARAEL requires information of the mesh, velocity and pressure at mesh nodes, and some con-
figuration information (required solvers tolerance, number of solver iterations etc.) on input. 
The mesh data format is a bit unusual but we provide open-source converters from OpenFOAM 
cases. Also, computed values of velocity, pressure and mass flow may be saved in OpenFOAM 
data format, which is useful for post-processing using ParaView.

To achieve high performance on GPUs we have designed regular data format used in GPU me-
mory for storing matrices and all operations requiring access to face values from cells. The for-
mat exploits the observation that the majority of 3D meshes are built from cells with similar 
number of faces. The data format in its basics is similar to hybrid sparse matrix format, but ad-
ditionally allows for easy access to elements in the same row or in the column. Such operations 
are frequently used in PISO and SIMPLE solvers, e.g. row-order access is needed for sparse 
matrix dense vector multiply (SMVP), and column-order access is used for computations of ma-
trix diagonal in laplacian and divergence operators. The proposed data format allows for very 
high memory bandwidth utilization on GPUs due to coalesced access. Coalesced access is pos-
sible only for row-order access, but our results of solver code profiling show, that most of the 
solver time is spent in pressure equation solver CG where SMVP takes about 50% of the CG 
solver time (depending on mesh size and structure). 

Fig. 1. Velocity profiles along one of the inlets of coronary artery for SIMPLE (left) and 
velocity profiles for cavity 3D. OpenFOAM profiles are depicted in circles, ARAEL in lines.

Results
The tests were performed for cavity3D with varying number of cells and for simulation of the 
blood flow in coronary arteries. CPU was equipped with Intel Q840 and GPU machine was a 
Tesla C2070 GPU card with 6GB RAM. For tests conducted on CPU BiCG/CG linear solvers 
have been used together with DILU/DIC preconditioners, while for ARAEL BiCGStab/CG line-
ar solvers have been exploited along with a Jakobi preconditioner. The agreement beetween 
OpenFOAM and ARAEL is depicted on Fig. 1 for both considered cases. 

The higher resolution of grid, the better performance of ARAEL over OpenFoam have been ob-
served. For the resolution consisting of 8 MLN cells of cavity, the computations conducted by 
SIMPLE algorithm on GPU have been accelerated by up to 11x over CPU, and for PISO algo-
rithm by up to 12x. For coronary artery with the mesh size of 36,488  cells we achieved speedup 
around 4 times. 
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1. Objective

OpenFOAM® simulations take a significant amount of time leading to higher costs of simula-
tions. GPGPU technology has a potential to overcome this problem. However, due to a limited 
memory of a single GPU card, realistic simulations may be not possible. As a solution to this 
problem we propose to use a SpeedIT Multi-GPU technology where we accelerate calculation 
of pressure equation, which usually takes most of the time in simulations of incompressible 
flows. We compare the performance of SpeedIT Multi-GPU to standard OpenFOAM runs on 
CPU in various test scenarios for up to 32 millions cells on clusters with up to 16 GPU cards.

2. Metodology

SpeedIT is a library that implements iterative solvers on GPU using MPI to exchange data be-
tween domains. SpeedIT Plugin to OpenFOAM® was used to call GPU-accelerated iterative 
solvers in OpenFOAM. The tests were performed on PLGRID cluster (Zeus system) with Intel 
Xeon X5650, 2,67GHz and Tesla M2050 with 3GB memory and 448 CUDA cores. Following 
tests were performed in both multi-CPU and multi-GPU environment for a fixed number of time 
steps.

*Corresponding Author:  Łukasz Miroslaw(lukasz.miroslaw@vratis.com)
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1. Cavity3D with varying number of cells, icoFoam, PCG on both CPU and GPU.
2. AhmedBody, 2.2M cells, simpleFoam.
3. Cabin, 3.5M cells, simpleFoam.

Results

The above graphs present the performance of mentioned cases in multi-CPU and multi-GPU 
systems. Figs.1 and 2 present an acceleration as a nGPU vs. nCPU ratio where n varied from 1  
to 16. Precision in pressure and velocity calculations, defined as difference between cell values  
 obtained from CPU and GPU, was satisfactory. These results show that performing simulations 
on a cluster equipped with GPU cards reduces the time of computations, however more realistic  
tests should be performed to confirm this hypothesis.
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Figure 2: Performance as a ratio nGPU vs. nCPU for an AhmedBody&Cabin 
test cases and simpleFoam.

Figure 1: Performance as a ratio nGPU vs. nCPU for a cavity3D and icoFoam
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Thermochemical conversion of hydrocarbons (e.g. gasification and combustion of coal, biomass
or natural gas) is of great importance both for electricity and heat generation as well as syn-
gas production for the chemical industry. Modeling industrial scale reactors however is still a
challenging task as it poses a multiphysics problem with different governing equations for each
domain.

A large number of methods for simulating chemically reacting flows exist, e.g. direct use of
detailed chemical kinetics [1] [2] or use of flamelet models [3]. Both approaches couple the
research fields computational fluid dynamics and chemistry tightly together using either an
online or offline approach for the chemistry domain. The offline approach usually involves a
method of generating databases or so called lookup tables (LUT). As these LUTs are extended
to not only contain material properties but interactions between chemistry and turbulent flow,
the number of parameters and thus dimensions increases. Given a reasonable discretization, file
sizes of the LUTs increase drastically. This poses a problem considering the available memory
per core in a parallel simulation.

In order to handle huge database files efficiently, the memory abstraction layer (MAL) has been
created. It handles requested LUT entries efficiently by splitting the database file into several
smaller blocks, while keeping the total memory usage to a minimum using thin allocations
methods and compression to minimize filesystem operations. Compression methods known for
fast compression and decompression have been evaluated. The snappy algorithm developed by
google [4] provided the best performance on the author’s setup. An additional statistics module
in the MAL analyzes the access count on parts of the LUT and reorganizes the internal search
structure to make calls to the MAL highly efficient.

§Corresponding Author: Steffen Weise (steffen.weise@iec.tu-freiberg.de)
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The MAL has been evaluated using two different test cases. The first one being a sequenced
reading operation on a LUT to evaluate the runtime behaviour as well as the overall memory
consumption of the MAL. The second test case is a simulation of a non-premixed turbulent
flame, the so called HM1 flame [5], which is a well know test case in the turbulent combustions
community. Using the previously developed solver “flameletFoam” [3] in combination with the
MAL, memory consumption and the performance penalty introduced were studied. The total
memory used in each domain to store the LUT in RAM while running the simulation could be
reduced significantly as shown in Figure 1.

The presented paper will display the layout of the MAL as well as the results obtained employing
the MAL in the generic test case and the flame simulation. It will also give an outlook for
future work expanding the internal decision algorithms and possible additional actions inside
the MAL.
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Figure 1: HM1 flame simulation based on flameletFaom using the MAL; the total memory usage
in percent compared to the original filesize of a flamelet LUT is displayed for each domain
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In the design process of marine propellers, precise predictions of thrust and power consumption 
are essential to successfully fit the propeller to the employed engine. Traditionally, propeller 
design  relies  on  inviscid  simulations.  They work  well  for  conventional  type  propellers  but 
become less successful if  for  example ducted propellers need to be computed or off-design  
conditions are relevant. In these cases, RANS simulations are needed.

Voith Advanced Propeller Technologies is a designer and manufacturer of marine propulsors. 
The main product is a rim driven thruster (Voith Inline Thruster, see  Figure 1), which can be 
used as a ducted propulsor or as a transverse thruster. One objective of this work is to utlize  
OpenFOAM for RANS simulations of this type of thruster as well as of our conventional type  
propellers (Contur Propeller, Figure 2).

Therefore,  different  strategies  for  the  creation  of  meshes  with  the  OpenFOAM  utility 
snappyHexMesh have been developed. They were incorporated into a framework of python  
modules for automated case creation which can used in optimizations, e.g. within the DAKOTA 
system. The procedures were applied to some standard propeller test cases and the accuracy and 
numerical properties of the approaches are compared.

Figure 1: Voith Inline Thruster Figure 2: Contur Propeller
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The blades of all of our propulsors are made of carbon fiber reinforced plastic. While having a 
high strength and excellent vibration damping properties in water, this type of material has a  
comparatively low stiffness. This causes a significant deformation of the blades in operation and 
needs to be taken into account in the design process as well.

To consider the deformation within the OpenFOAM simulations, a fluid-structure coupling to 
our preferred finite-element code has been implemented. It can be used for steady as well as for  
unsteady simulations. Results of simulations using this FSI solver will be presented.

Figure 3: Computed deformation of a CFRP 
propeller blade (unscaled displacements)

Figure 4: Computed characteristics of a CFRP 
propeller at different RPM
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The main source of the hydrodynamic vibrations is the unsteady loading on the propeller, which
results from the rotation of the propeller through nonstationary and nonuniform wake. The
nonstationarity of the wake is still poorly studied. The wake of full-bottomed ships contains
complicated vortex structures which amplify the unsteady effects. The existing engineering
methods do not take the nonstationarity of the wake into account due to the difficulties con-
nected with its determination. From the computational point of view it is also difficult to
resolve vortex structures responsible for the velocity field fluctuations. The URANS (Unsteady
Reynolds Averaged Navies Stokes) method, which is widely used in shipbuilding community,
is not capable of modelling unsteady vortices arising in the ship stern area flow. In contrast
the modern numerical methods like LES (Large Eddy Simulations) require large computational
resources for accurate prediction of flows with large Reynolds numbers which are typical for
shipbuilding applications. The grid resolution necessary for a pure LES is so huge that it makes
the direct application of LES impossible. A practical solution of this problem is the use of hy-
brid URANS-LES approach, in which the near body flow region is treated using URANS and
far flow regions are treated with LES.

The paper presents recent achievements in the development and application of the hybrid
LES -URANS technique [1] for the prediction of the flow in the stern area and unsteady
loadings on propellers of full bottomed ships. The hybrid URANS- LES model implemented into
OpenFoam is applied to the arrangement containing both the ship and the rotating propeller
with consideration of all interaction effects. For the comparison sake the unsteady loadings on
the propeller of the KVLCC2 tanker have been calculated with numerical (modified lifting line
theory, URANS and hybrid) and a few engineering methods.

On the base of comparison it is concluded, that the accuracy of predictions of standard devia-
tions of forces and moments fluctuations on propellers provided by simple engineering methods

§Corresponding Author: Nikolai Kornev(nikolai.kornev@uni-rostock.de)
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and the modified lifting line theory can be considered as quite acceptable for practical pur-
poses. However, all these methods are not capable of predicting the peak loadings which occur
frequently. For instance, the thrust peak fluctuation can attain the value of up to 16 % of
the mean thrust. While the averaged propeller loadings and the standard deviations are reli-
ably predicted by engineering and conventional CFD methods, the peak loadings on marine
propellers of full bottomed ships can be detected using only hybrid techniques based on the
combination of LES and URANS approaches.

Detailed analysis of the wake flow performed using λ2 criterion and POD method revealed the
existence of strong transversal vortex structures in the wake of a bare ship hull which have not
been documented in the literature. They disappear for the whole arrangement consisting both
the propeller and the hull due to suction effect caused by the propeller.

Figure 1: λ2 structures (left) and velocity field (right) in the wake of the ship.
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1 Introduction

Assuring a ship’s manoeuvrability is one of the most fundamental requirements for a safe and
economic vessel operation. Considering the growth in overall shipping and demand for larger
ships, the necessity of predicting the vessel’s manoeuvrability more precisely arises. In order
to account for the effect of the propulsion devices on the manoeuvrability, these devices need
to be modelled. This modelling maybe subdivided into three major groups, each with different
requirements regarding the computational- and modelling-effort.

The most commonly used model is a rather simplistic analytical one that solely depends on
some parameters, such as the thrust and torque coefficients KT and KQ. The actual body
forces are computed from a polynomial that defines the relation between the body forces and
the input parameters. The geometry is hence not accounted for directly and as a matter of fact
the computational effort is fairly low.

Panel based methods form the next group and account for the propulsor’s geometry in a direct
manner, as the surface of the propulsor is discretised into panels. Though the flow is assumed
to satisfy the restrictions of potential flow theory, the results are generally closer to reality as
those obtained from the analytical models. In comparison the computational time required to
solve the described flow problem is higher than for the analytical models.

All RANSE based methods are consolidated in the last group and can be used to calculate
the flow around a propulsor accurately. To account for the geometry, the volume around the
propulsor must be discretised. Viscous and turbulent effects can be included as well. It is
possible to include the propulsor mesh into the ship simulation directly using a GGI like
interface, but the already high simulation time is increased significantly due to the different
requirements to the time scales between rotating mesh of the propulsor and the actual ship.
The major drawback of such a combination is that such simulations take a significant amount
of time.
§Corresponding Author: Jens Höpken (jens.hoepken@uni-due.de)
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2 Method

The central equation of the potential flow is Laplace’s equation:

∇2Φ = 0 (1)

with Φ being the velocity potential. Unlike the finite volume implementation of equation (1)
in potentialFoam, the Laplace equation is not solved on a volume mesh in space. Instead
it is solved only on the body itself (cp. figure 2) and the area adjoining the trailing edge of
the surface. The latter is an essential part if the body is expected to create lift and thus the
Kutta-Joukowski condition (see equation (2)) must be statisfied on the trailing edge [1].

µwake = µsuctionSide − µpressureSide (2)

µ

wake

σ, µ

lift

Figure 1: Panel notation for an airfoil, discretised by 6 lifting panels and one wake panel.

The surface of the body is discretised using planar quadrilaterals and this surface mesh is then
imported into OpenFOAM as a polyMesh that solely consists of the faces and points on the
surface and no volume cells at all, though it is a polyMesh. To take advantage of existing data
structures in OpenFOAM, the computational model is based on the finiteArea library. As
the finiteArea library requires a fully functional polyMesh to be present, the imported mesh
needs to be extruded into the respective face normal direction.

As common practice in potential flow based panel methods, sources and doublets are distributed
on the surfaces that may create lift. The wake faces do not create lift and thus only doublets
must be defined on them. In the implementation each face stores one source strength σ and
one doublet strength µ. The source strengths are calculated directly [2].

The doublet strengths are obtained by solving a linear system of equations, where closure is
achieved by satisfying the Kutta-Joukowski condition on the trailing edge [1, 2].

After the source and doublet strengths are known, the velocity potential can be calculated for
any arbritrary point. The velocity itself can be derived from the velocity potential by computing
its spatial gradient.
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Presentations and Posters

Changing the trajectory of the vessel (including after impact interaction with an ice barrier) in 
the cargo tanks leads to the oscillatory motion of fluid, called sloshing, in the cargo tanks. This 
type of fluid motion gives rise to additional hydrodynamic loads on the walls of the tank. This 
paper is devoted to  numerical simulation of the sloshing in the membrane-type tank of LNG 
carrier.

There are two important problems have to be solved: ship motion after impact with ice barrier  
and simulation of the liquid gas flow in prismatic tank. In the present work special attention 
pays to the second one. The mathematical model is based on the Reynolds avaraged Navier-
Stokes equations wich coupled by k-w sst model and Volume-of-Fluid method. Calculations 
were made using open source code OpenFOAM (interDyMFoam). There are several variants of  
impact interaction of LNG with an ice barrier are investigated: the initial speeds of 4, 6 and 8  
knots, and at three different fillings of the tank 10%, 70% and 98%. The results of the pressure 
loads on the wall of the tank and flow patterns are presented and analyzed.  in the form of  
pictures, graphs and tables. The estimation of the risk regimes are presented.

‡Corresponding Author: Nikita Tryaskin (nevercloser@gmail.com)
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Today, an increasing speed to design and develop products is needed in industry, and efficient 

evaluation and prediction of products’ performance by using numerical simulation plays an 
important role. In our corporation, we widely use computational fluid dynamics (CFD) to design 

and evaluate various products such as aircraft engines, ships, and nuclear plants. 

 
In this circumstance, we expect OpenFOAM to realize more precise analysis by using massively 

parallel computing, and to reduce evaluation time by using parallel analysis of many cases [1]. 

Before that we need to make sure that OpenFOAM has sufficient accuracy to be applied to our 
products. Here we introduce some examples of our validation benchmarks of OpenFOAM about 

ship’s performance.   

 

First is about propeller performance. Figure 1 shows results of OpenFOAM in various 
conditions of operation compared with results of commercial code Fluent and our experiments.  

In this result, thrust and torque coefficients are almost the same among OpenFOAM, Fluent, and 

experiment. About propeller efficiency, OpenFOAM shows smaller results than others in all 
conditions. This difference seems to arise from whether turbulent transition in low Reynolds 

number is modeled or not [2]. However all results show same trend and the difference is 

acceptable.  

 
Second example is evaluation of wave resistance. We compare the shape and the height of the 

wave around the ship resulted by OpenFOAM and an experiment. OpenFOAM also showed 

acceptable result in this case. 
 

As the result, we confirm that OpenFOAM shows sufficient accuracy compared with 

commercial code. From now, we will apply OpenFOAM widely to our design process, and 
make it more accurate and efficient. 
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In the last years, several locks in Germany have been built with a filling-emptying system
which is based on a pressure chamber beneath the lock chamber for the fluid distribution. The
design process is challenging due to the different hydraulically relevant scales ranging from a
few decimeters (filling nozzles in the chamber floor) to several hundred meters (lock chamber
with approach areas) which all have an impact on the response of the moved load, eg. barge.
The numerical work employs a chain of models ranging from one-dimensional network models,
local three-dimensional models up to a three-dimensional numerical model for the entire locking
process.

In this presentation, experimental and modelling work is presented. The numerical work em-
ploys a chain of models ranging from one-dimensional network models, local three-dimensional
models up to a three-dimensional numerical model for the entire locking process. A combination
of mesh modifiers and generalised grid interfaces (GGI) were used to accommodate the vertical
motion of the barge when the lock is filled as well as the motion of valve opening and closing
the culvert to control the filling. The valve is represented in the simulation by connecting and
disconnecting adjacent cells. The barge motion is represented using three degrees of freedom
(fluid-structure interaction).

†Corresponding Author: Henrik Rusche (henrik.rusche@wikki-gmbh.de)
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1. Introduction 

The present study focused on the cavitating flow around a hemispherical head-form body. The 
objectives were therefore (1) to develop pressure-based solvers for incompressible and 
isothermal compressible flows, termed SNUFOAM-Cavitation; (2) to understand 
compressibility effects in cavitating flow around the hemispherical head-form body; and (3) to 
understand temporal discretization effects on cavitating flow. 

2. Results and Discussion 

In the present study, an unsteady Reynolds-averaged Navier-Stokes (RANS) equations solver 
that couples the velocity, phase composition, and pressure was developed based on a cell-
centered finite volume method. The developed solver, termed SNUFOAM-Cavitation, is based 
on the OpenFOAM platform, an object-oriented open source CFD tool-kit [1]. SNUFOAM-
Cavitation can handle both the incompressible and isothermal compressible flow solvers with 
cavitation models based on the barotropic relation and two-phase mixture flow models [2]. 
To validate the developed isothermal compressible flow solver, non-cavitating and cavitating 
flows around the hemispherical head-form body were simulated and validated against existing 
experimental data in a three-way comparison. In the non-cavitating flow, the isothermal 
compressible flow solver well predicted the incompressible flow. In the cavitating flow, the 
incompressible flow solver showed the earlier cavity closure, while the pressure overshot at the 
cavity closure predicted by the isothermal compressible flow solver was more prominent. 
Overall, the computed pressure distribution with the incompressible and isothermal 
compressible flow solvers showed good agreement with the existing experimental data.  
The detailed features of the cavitating flow around the hemispherical head-form body are 
presented in Figures 1 and 2. Figure 1 shows the volume fraction contours when the cavity is 
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fully developed. Overall cavity behavior was almost same for both solvers. However, 
noteworthy in Figure 1 (b) is the undulation of the cavity interface. Unsteady undulation of the 
cavity interface was not observed in the incompressible flow solver. Variations of the vapor 
volume fraction due to re-entrant jet caused the change of the vapor volume, and then the cavity 
interface showed unsteady undulation.  
After the cavity had been fully developed as shown in Figure 1, re-entrant jet was generated at 
cavity closure and convected to upstream. Figure 2 shows the volume fraction contours when 
re-entrant jet was developed longest. In the incompressible flow solver, the cavity shedding was 
seen near the cavity closure due to short re-entrant jet. On the other hand, the cavity shedding 
was observed in the middle of the cavity due to relatively longer re-entrant jet in the isothermal 
compressible flow solver. Unsteady undulation of the cavity interface was observed 
continuously.  

3. Conclusion 

To simulate the compressibility in cavitating flow, the incompressible and isothermal 
compressible flow solvers were developed, respectively, and applied for an axi-symmetric 
hemispherical head-form body.  
The non-cavitating and cavitating flows around the hemispherical head-form body were 
simulated by the incompressible and isothermal compressible flow solvers and validated against 
existing experimental data, showing good agreement in the three-way comparison. In the 
isothermal compressible solver, re-entrant jet was appeared to be relatively longer and the cavity 
interface showed unsteady undulation due to re-entrant jet. From the results, the isothermal 
compressible flow computation, which including compressibility effects, was recommended for 
cavitating flows. 
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(a) Incompressible flow solver  (b) Isothermal compressible solver 

Figure 1 Volume fraction contours once cavity fully developed 

 
(a) Incompressible flow solver  (b) Isothermal compressible solver 

Figure 2 Volume fraction contours with re-entrant jet 
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1 Presentation

In this work, the authors introduce an OpenFOAM solver for the simulation of solid-oxide
regenerative fuel cells, based on a previous one aimed at the simulation of solid-oxide fuel cells
[1, 2].

Solid-oxide regenerative fuel cells (SORFC) are electrochemical devices that can operate re-
versibly either as solid oxide fuel cells (SOFC) or as as solid oxide electrolysers (SOEC). SOFCs
produce electricity, heat and water by consuming hydrogen and oxygen, while SOECs are able
to generate hydrogen and oxygen, when water, heat and electricity are supplied.

SORFCs are multiphysics in nature since their operating principle involves intertwined mass,
heat, momentum and charge transport phenomena, driven by an electrochemical reaction.
Moreover each of these phenomena takes place at different scales, covering all the range from
macroscopic fluid flow to the microscopic ion dynamics.

The OpenFOAM solver presented in this work addresses the following phenomena, from the
macroscale: (a)Mass transport through channels and porous solids; (b) Momentum transport
through channels and porous solids; (c) Species transfer through channels and porous me-
dia (convection, ordinary diffusion, Knudsen diffusion); (d) Heat transfer in gases and solids
by conduction, convection and surface-to-surface radiation; (e) Charge transport through an
impervious solid; and (f) Electrochemistry.

The model solution is approached using five different meshes and the corresponding coupling
algorithms. Each mesh stands for a SORFC component, namely: (1) Fuel channel: channel; (2)
Anode: porous solid; (3) Electrolyte: impervious solid; (4) Cathode: porous solid; and (5) Air
channel: channel.

Numerical results are in good agreement with experimental data [3], and the solver can be used
as a predictive tool for SORFCs design.

‡Corresponding Author: Maŕıa Garćıa-Camprub́ı (mariagc@unizar.es)
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Lithium-ion batteries are widely used in many industrial products, because of its high-energy
density and long cycle-life. One of important problem of lithium-ion cell is thermal run-away,
which potentially causes serious accidents under abuse conditions. Besides experimental ap-
proaches, development of computational models of lithium-ion batteries is good way to inves-
tigate heat production coupled with electorochemical processes. Since thermal and electoro-
chemical behavior of lithium-ion cell is coupled, it is non-trivial problem to solve this system.
Various computational models have been developed focusing on treatment of this coupled be-
havior [1, ?, 3].

OpenFOAM is an attractive platform for modeling of lithium-ion batteries because of its good
extensibility. It is easy not only to implement new equations, but also to examine various
coupling schemes. OpenFOAM is also suitable to large-scale simulation of battery systems,
since automatic parallelization is already implemented.

In this work, we implemented mesoscopic electrochemical model of lithium-ion cell according
to preceding researches [2, 3, 4]. In this model, a layer of lithium-ion cell, which consists of
anode / cathode electrode solid materials and separator filled with liquid electrolyte, and an-
ode / cathode metallic collectors, is modeled as continuum. Thermally coupled behavior of
electrochemical potential and concentration of lithium is solved for both solid materials and
electrolyte. Due to lack of complete implementation of our coupling scheme, capability of our
solver is limited to low-current discharge, which is less computationally challenging than high-
current behavior. Nevertheless, our solver can be applied to large-scale battery simulations.
Model implementations and preliminary results are shown, and a prospect of further develop-
ment is discussed.

§Corresponding Author: Tsutomu Takayama (tsutomu.takayama@mizuho-ir.co.jp)
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The Molten Salt Fast Reactor (MSFR)[1] has recently been chosen as the reference circulating-
fuel Molten Salt Reactor (MSR) design in the framework of the Generation IV International
Forum. Unlike the other nuclear systems (with solid fuel), the MSFR is characterized by an
unconventional design, where a molten salt mixture flows in the primary circuit acting both as
fuel and coolant. This feature leads to a complex and highly coupled dynamic behavior, which
requires a careful investigation.

Usually, the coupling between neutronics and thermal–hydraulics is studied by means of cou-
pled code techniques, which employ a thermal–hydraulic code and a reactor neutron trans-
port/diffusion code. This loosely–coupled approach is well assessed for solid-fuelled nuclear
reactors, but may result non-completely satisfactory in the case of MSRs, due to a strong cou-
pling between the fuel motion and neutronics. In particular, the delayed neutron precursors
produced during fission events inside the molten salt mixture may decay in a different position
of the core or drift out of the core, affecting the overall neutron balance. Besides, the velocity
field is strongly affected by the fission heat source term due to buoyancy effects (of primary
importance during accidental events). In this context, the multi-physics modelling looks very
promising for the design development of MSRs [2].

In an effort to produce an open-source multi-physics tool of analysis for the MSFR reactor, a
new solver (msrFoam) is under development at Politecnico di Milano using the OpenFOAM
toolkit, and is presented in this work. msrFoam is an extension of the buoyantBoussinesqPim-
pleFoam solver and includes the set of equations related to the main physical phenomena gov-
erning the nuclear reactor behaviour. The neutronic model is based on the neutron diffusion
theory [3], and includes the balance equations for eight groups of delayed neutron precursors:

1

v

∂φ

∂t
= ∇ ·D∇φ− Σaφ+ (1− β) (νΣf )φ+

8∑

i=1

λici
∂ci
∂t

= −∇ · (uci)− λici + βi (νΣf )φ
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All the neutronic input are calculated by means of the Monte Carlo code PSG2/SERPENT.
This code is also adopted as a benchmark for the neutronic model of the msrFoam solver. For
the macroscopic neutron cross-sections, a simple dependence on the local fuel temperature and
density is adopted to properly catch the thermal–hydraulic feedbacks on neutronics.

As to the heat source, the energy promptly released by the fission events is considered by
means of a “power cross-section” and calculated directly from the neutron flux field. Due to
the fact that a significant delayed fraction of the energy is released after fission, other transport
equations are implemented in the solver to model the decay heat (inside and outside the core) of
radionuclides with decay constants from tenths to tens of seconds, in order to properly simulate
reactor shut-down transients.

In order to catch the dynamic behaviour of the MSFR reactor, a simplified description of the
whole primary loop is introduced. In the out-of-core part of the primary loop, two regions
are added in which the pumps and the heat exchangers are modelled by means of momentum
and heat sources (depending upon the local temperature and velocity fields). This preliminary
modelling allows to evaluate important aspects (e.g., the onset of natural circulation in case of
accident).

Results related to the main quantities (e.g., velocity, temperature and neutron flux fields)
in steady state and transient analyses are presented. These results are compared with those
obtained by means of a 2D axial-symmetric (r, z) multi-physics model of the MSFR developed at
Politecnico di Milano [4] using the commercial finite elements software COMSOL Multiphysics.

Although these preliminary results look very promising, further steps are needed to improve
the model (e.g., provide a more detailed description of the out-of-core components, optimize
the time-integration technique and adopt the multi-group diffusion theory [5]).

Symbols
ci concentration of the ith precursor group [m−3]
D neutron diffusion coefficient [m]
t time [s]
u molten salt velocity vector [m s−1]
v neutron speed [m s−1]
β total delayed neutron fraction [-]

βi delayed neutron fraction of the ith precursor group [-]
λi decay constant of the ith precursor group [s−1]
ν average number of neutron emitted per fission [-]
Σa macroscopic absorption cross-section [m−1]
Σf macroscopic fission cross-section [m−1]
φ neutron flux [m−2 s−1]
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Abstract

Two different experiments from literature were chosen as validation cases to investigate the
behavour of the OpenFOAM solvers using Lagrange particle tracking. Furthermore the thin
film model first introduced by [1] was used in a second case and validated against experimental
data.

The first validation case [2] (see fig. 1) is the experiment LJCF (liquid jet in cross flow). Its
application stems from combustion engine and gas turbine conditions. The Euler-Lagrange
method is used as simulation approach, which treats the two phases as continuous and
dispersed phase. For the dispersed phase, different break up mechanisms were compared
against the experimental data.

Simulation results for validation case [2].

§Corresponding Author: Markus Rehm (Markus.Rehm@areva.com)
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The second validation case [3] (see fig. 2) is also a LJCF but with spray-wall interaction,
wall-film formation, film transport and film breakup. The film thickness, film velocity and film
temperature were compared.

Simulation results for validation case from [3].

It was shown that complex multi phase simulations can be carried out with this approach and
valuable information was gained for further application.
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The local time stepping (LTS) approach is an accelerating method that can be used for solvers
with lagrangian particle tracking. Instead of using a global time step, a global maximum
Courant number is introduced. Each cell in the computational domain uses the largest possible
local time step. For the application of the method it is necessary for the system to reach steady
state.

In the presentation the simulation of a quenching device for cooling of flue gas from a waste
incineration plant is discussed. Droplets of water are injected into the hot gas and the evap-
orative cooling effect is used. The droplets are modeled as lagrangian particles. In addition
to the momentum coupling there is a heat and mass transfer between the dispersed and the
continuous phase.

Although the reduction of computational time can be outstanding, there are several disadvan-
tages induced by the LTS method, especially the limited visualization options of the parcel
cloud. A combined strategy of initialization with a LTS based solver followed by a conventional
transient solver shows excellent results within acceptable computational time.

More aspects to be addressed:

(A) requirements concerning element types and meshing strategies

(B) verification of the LTS solver based results

(C) flexible concepts regarding the additional LTS simulation parameters

(D) necessity of advanced decomposition methods for efficient parallel computations

§Corresponding Author: Martin Becker (martin becker@dhcae-tools.de)
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Figure 1: The quenching device with the parcel cloud and the temperature distribution.
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Mixing is one of the most important requirements in industrial processing of fluids. While 
mixing of low-viscosity fluids is very effective due to turbulent motion, the design of mixers for 
high-viscosity fluids, especially in polymer processing, is still a big challenge. Simulations help 
understanding mixing processes and optimizing mixer geometries. 
 
Lagrangian particle tracking approaches have become state of the art for the prediction of 
mixing processes. Usually, the distribution of the particles is analyzed with statistical methods. 
One big problem of statistical methods like variance or Shannon entropy is that they reveal 
numerical limits depending on the number of particles and number of observed bins [1]. Since 
the most important objective in mixing is the enhancement of the interface between two phases, 
it is obvious to use the ratio of the interface area to the initial interface area as an indicator for 
the mixing quality. 
 
At first the velocity field in the mixer geometry has to be determined. A heat transport equation 
has been added to the simpleFOAM solver to calculate heat transport and dissipative heating. 
The non-Newtonian flow behavior of the polymer melt is described by the Carreau-equation [2] 
and by the CARPOW equation [3], respectively. A Kenix mixer geometry was used for the 
calculations.  
 
With the given velocity field the particle tracks of two Lagrangian particle clouds are calculated 
and the particle positions at different slices through the mixer geometry are determined. The 
resulting Poincaré maps can be used to give a first optical impression for the quality of the 
mixture (fig. 1).  
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Fig. 1: Poincaré maps 

 
In a second step the particle positions are used to reconstruct the interface of the mixture. The 
algorithm for geometric interface reconstruction out of the particle positions of two particle 
clouds is similar to the calculation of Voronoi diagrams presented in [4]. First a Delaunay 
triangulation is created for all particle positions of each slice. The triangles consisting of three 
particles from the same cloud are dropped from the triangulation. The circumcenters of the 
remaining triangles are calculated and connected, if the connecting line lies between two 
particles of different particle clouds. The length of the reconstructed interface is summed up and 
put into relation to the initial length of the interface: 
 

0dA

dA
=η  

 
The enhancement η of the interface area is calculated and compared with the index of variance 
Ivar as defined in [1]. The calculations show a good relationship between the index of variance 
and the enhancement of the reconstructed interface (fig. 2). 
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Fig. 2: Comparison between Ivar and η Fig. 3: Reconstructed interface 
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Abstract 

 

In this paper the authors present a resolved method for the simulation of the interaction of 

immersed bodies and the surrounding fluid. While the motion of the fluid is modelled with a 

computational fluid dynamics (CFD) solver based on OpenFOAM®, the trajectories of the 

bodies are computed with the discrete element method (DEM) code LIGGGHTS (cf., [3]). The 

link between these two Open Source software packages is established by CFDEM (cf., [2]), a 

general CFD-DEM coupling toolbox that provides a framework for all kinds of applications. 

Previous publications by the authors show correctness, feasibility and applicability of the 

involved components (e.g., [1]). 

The employed method is a so-called immersed boundary or fictitious domain method. Here – in 

a first step - the fluid field is treated separately, disregarding the existence of solid bodies. 

Secondly the velocity information of the bodies is incorporated. Finally, a correction step 

accounting for the conservation equation is applied. Both the fluid and solid phase are 

represented by a single velocity and pressure field on the CFD side. Each solid body covers 

several fluid cells. Investigations showed that accurate results require a minimum of 8 cells per 

body diameter. This results in a big number of cells and thus high computational costs, even for 

small scale problems.  

Different approaches lead to a remedy: On the one hand, the number of cells can be decreased 

by using dynamic local mesh refinement. The CFD calculation takes place on a rather coarse 

grid and only cells in close proximity to the bodies are refined (cf. Fig. 1.). Depending on the 

problem cost reductions up to a factor of 200 could be achieved. On the other hand an 

improvement of the algorithm for locating the bodies within the CFD-mesh now allows fully 

parallel computations. Table 1 gives the speed-up for a problem with about 550000 cells, 

evaluated on 1 core (file exchange), 2 and 4 cores (MPI coupling).  
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serial parallel – 2 cores parallel – 4 cores 

1 0.82 0.7 

 

Tab. 1  Computational time of a problem with 550000 cells on a i7 desktop computer, scaled by 

the time necessary for the serial run with file coupling 

 

 

 

 

 

 

 

 

 

 

Fig 1.  Dynamic local mesh refinement in the area of the immersed bodies. 

 

The motion of a body generally consists of a translational and a rotational component. As for 

most applications the translation dominates the rotation, therefore in previous studies the 

implementation only accounted for the first term. The recently included rotation model now 

allows the explicit treatment of rotating bodies. Fig. 2. shows first results, qualitative 

comparisons to [4] yield a good accordance. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.  Streamlines around a rotating sphere, axis of rotation normal to the fluid flow. 
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The deposition of undesirable particles or growing of crystal layer is called fouling. Fouling is
a serious problem in the design process of heat exchangers, because it increases the thermal
conductivity and results in a big pressure loss. The consequence is an oversizing of the heat ex-
changers to achieve the necessary heat flux. Furthermore, several operating hours are required
to clean a heavily soiled heat exchanger. According to Steinhagen[1] fouling can be subdivided
into four mechanism. These mechanisms include particle fouling, crystallization, biological foul-
ing and chemical reactions. In this work the focus is on the particle fouling mechanism, which
can be separated into fouling caused by the gravity or by the impact of the particle at the
wall. One way to clean up the heat exchanger or to prevent fouling is to use various turbulence
generators. This leads to the idea to use dimpled surfaces to reduce the fouling, because it is
proved that surfaces with dimples create vortices in the flow at minimal pressure loss[2]. These
vortices have an unsteady and asymmetric behavior (see Figure 2) which is preferable in terms
of fouling.

This paper is structured as follows. The first part is devoted to the validation of the used numer-
ical procedures of flow calculations. To identify the real impact of the vortices the simulations
were done with two different approaches, called Unsteady-Reynolds-Navier-Stokes-Equations
(URANSE) and Large-Eddy-Simulation (LES). To analyse the interaction between the parti-
cles and the flow the particle movement was calculated by the Lagrange Particle Tracking[3].
To validate these procedures the flow around a cylinder was chosen, where the results from
simulations and experiments have been compared [4]. The results showed a good agreement.

In the second part, the behaviour of different kinds of particles on dimpled surfaces has been
analysed (see Figure 4). The aim of the study is the influence of the density and the position
of the particles at the initial state on the fouling rate (see Figure 1). The particles are placed
at different heights to study the particle movement caused by vortices. Injection of particles at
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different time steps has been performed to investigate the behaviour at different states of the
vortex life cycle and consequently to assess the fouling prevention potential of these vortices (see
Figure 3). Although the previously mentioned problems are unsteady, the particle movement
was also calculated with a steady state solution. This method is referred to as the Local Time
Step. Thus, it is possible to separate and investigate the particle behaviour at different time
steps of the vortex life cycle.

Figure 1: Initial State Figure 2: Streamlines - Asymmetric Vortex

Figure 3: Dimple including particles - different time steps (top)

Figure 4: Particles with different densities (red 1500 kg
m3 blue 2000 kg

m3 green 2500 kg
m3 ) and the

Deposition Rate
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An explicit self-consistent algebraic nonlinear turbulence model for the two-phase flow laden
with small heavy particles has been validated in two typical turbulent flows, namely, turbulent
gas-particle flow in a vertical round pipe and the one after a backward-facing step. The model
is based on the fully explicit ARSM, developed by [1, 2] for single-phase turbulent flow. The
presented nonlinear turbulence model was coupled together with the diffusion-inertia model for
particles transport and dispersion in turbulent flow, presented in [3].

The developed model is valid for the particle-laden gas flows where particle response time
does not exceed the turbulent time macroscale. From the results of this paper and [4] the
presented model is capable to predict turbulence attenuating by small (low-inertia) particles
and enhancing by microparticles. However, it cannot describe turbulence enhancing by large
(high-inertia) particles, caused by turbulent wake formation behind the particle.

By means of comparison with experimental data in a circular tube [5] and past the backward-
facing step [6] the model was shown to describe adequately the anisotropy of Reynolds stress
tensor and the influence of particles on the turbulence intensity as well. The small particles
effect on turbulence, observed in a vertical tube flow as turbulence attenuating, increases as the
particles concentration is increased. At the same time it is reduced as the particles response
time τp is increased due to decrease of additional dissipation εp. In turbulent flow past the
backward-facing step regions with attenuating and enhancing turbulence are observed.
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Development and validation of an OpenFOAM® based two-phase solver is described. The 
twoPhaseEulerFoam solver of OpenFOAM® version 1.7 was used as a starting point, where 
enthalpy equations for two phases were added using phase-intensive formulation of the 
transport equations along with OpenFOAM® thermo physical models. The same phase-
intensive approach was adopted for the turbulence model equations.  Closure laws commonly 
used in literature for modelling dispersed bubbly air flow in water were added in the solver. For 
modelling dispersed bubbly flow in a liquid a wide selection of user-selectable interfacial force 
models were implemented, including the wall lubrication force the models of Antal and Frank 
and the turbulent dispersion models by Lopez de Bertodano and Burns et al.  
 
Thermal phase change terms and an implementation of the RPI model [1] for subcooled 
nucleate boiling were added. The RPI model was implemented in the OpenFOAM® multiphase 
solver by using models found in open literature [3–6]. The wall surface area is divided into area 
fractions affected and unaffected by boiling, which are calculated from wall nucleation site 
density and bubble departure diameter. The area fractions are used for modelling the convective 
heat transfer and the quenching heat transfer. Interfacial heat transfer is modelled with a two-
resistance model, including condensation and evaporation of the vapour bubbles. The boiling 
model was validated against publicly available data from the DEBORA experiment [2] and 
compared to results obtained with a commercial code.  
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ABSTRACT 

The used of Computational Fluid Dynamics (CFD) modeling techniques for the design or 

upgrade of sludge digesters has a large potential for cost savings for the owner. However 

validation of modelling techniques is essential for widespread acceptance of this methodology. 

Queensland Urban Utilities (QUU) is planning to upgrade its four primary mesophilic anaerobic 

digester tanks at Oxley Creek Water Recycling Plant (WRP) in Brisbane, Australia. A CFD 

model was used to study the existing arrangements of the sludge digesters to determine the 

predicted effective volumes for the sludge digesters in their present configuration and energy 

inputs. Modifications to the digester tank were proposed to improve the effective mixing 

volume.  

A validation of the CFD modeling software for non Newtonian sludge digesters was carried out 

using physically measured data obtained from a study based on a similar sized sludge digester 

located in California  [1].  

METHODOLOGY/ PROCESS 

General Arrangement: The four digesters at Oxley Creek WRP each have a diameter of 

18.3metres. Top operating level to the base of the wall is 9.84 metres. Digesters numbers 1 and 

2 have a central unconfined sparge and 3 x 12” heater/mixer draft tubes and is shown in Figure 

1. Digesters 3 and 4 have 3 x 500mm vertical draft tubes, equal-spaced 5.45m from the centre of 

the tank. Each end of the draft tubes has conical fluting. Mixing gas is released through a sparge 

ring. The sludge heater draws sludge from the centre of the tank, just above the sump and 

discharges at mid level in the tank. 

 

Rheology: The viscosity of the sludge is based on site specific rheological evaluation [2]. The 

rheological evaluation has been carried out using samples from Digester 1. The CFD model 

utilises a power law function to account for the non-Newtonian (shear rate thinning) viscosity of 

the digester sludge. 
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CFD Model 

The OpenFoam solver used for this study is twoPhaseEulerFoam which is two-phase solver 

using Euler-Euler two-fluid methodology, which is suitable to compute dispersed gas-liquid and 

liquid-liquid flows 

RESULTS 

The existing arrangement of Digester 1 & 2 was found to have a mixing efficiently, based on 

the proportion of tank velocity greater than 0.025m/s, to be 75%. The existing arrangement of 

Digester 3 & 4 was found to have a mixing efficiently of 92% which meets the project criteria 

of 90%. Digester 1 & 2 was modified by rotating the mixer nozzles at 45 degrees to the 

horizontal. The revised arrangement was found to improve the mixing efficiently to 89%, which 

is acceptable. A graphical representation of the effective mixing volume for digester 1 & 2 is 

shown in Figure 1.  

CONCLUSION 

A CFD model was used to study the existing arrangements of the sludge digesters at Oxley 

Creek WRP. The CFD model was able to determine the effective mixing volume of the sludge 

digesters. Modifications were made to the CFD models, which were adopted by QUU, to 

improve mixing volumes as required. This study demonstrates the practically and robustness of 

using CFD models for sludge digesters and also demonstrates the potential benefits to sludge 

digester operators. 

 

 

 

 

 

 

 

 

Figure 1 Existing model geometry Digester 1-2 (left ) and Digester 1 & 2: Active volume (right 
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1. Abstract

In this work the authors outline the development of a fully coupled pressure based solver,  
that  couples the momentum equations and the continuity equation by means of  Rhie-Chow 
interpolation. Thereby a pressure equation is derived in a procedure similar to the segregated 
SIMPLE approach. Following the work of M. Darwish and F. Moukalled[1] a coupled solver 
has been fully integrated in the OpenFOAM framework using the recently developed block 
functionality of OpenFOAM. In order to accelerate the convergence of the solver an algebraic  
multigrid solver  (AMG) for  block equation systems  has  been developed and has  also been 
integrated into the OpenFOAM framework.

The performance of the developed coupled approach is compared to a segregated approach,  
and the computational cost in terms of time and iterations is outlined. Benchmarks are based on 
laminar and turbulent flow problems using both methodologies. Results are reported in order to 
show the capabilities of the new solver.
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On the 6th OpenFOAM Workshop® the density-based Navier-Stokes Solver DensityBasedTurbo 
was presented by Oliver Borm. Based on this framework, a time-derivative preconditioning [1] 
of the Navier-Stokes equations has been implemented, suitable for both variable and constant 
density fluids. 
 
Historically, incompressible low-Reynolds-number flows were first addressed by pressure-
based flow solvers. Some pressure-based algorithms then have been extended to solve flows at 
high Reynolds numbers and compressible flows as well. In contrast, density-based schemes 
have been developed for transonic, external aerodynamic applications. Density-based methods, 
in turn, were extended for low-Reynolds-number and incompressible applications. 
 
In general it can be said, that density-based time-marching-schemes are not first choice if 
solving incompressible low Mach-number flows. One of the problems is that incompressible 
systems are not fully hyperbolic, and pressure cannot be updated from the equation of state. 
Also, the use of density-based time-marching schemes is problematic at low speeds. System 
stiffness is caused by disparate acoustic velocities (i.e. large condition number) and residuals are 
hindered to converge. Large condition numbers reduce the efficiency of wave propagation. 
Furthermore, compressible flows have an amount of artificial dissipation which does not scale 
correctly for Mach numbers approaching zero. Thus, the accuracy of density-based algorithms 
suffers at low Mach numbers. 
 

                                                 
‡ Corresponding Author: Sebastian Saegeler (sebastian.saegeler@unibw.de) 
     Universität der Bundeswehr München, 
     Fakultät für Luft- und Raumfahrttechnik 
     Insitut für Thermodynamik, LRT 10 
     Werner-Heisenberg-Weg 39 
     85577 Neubiberg, Germany 

7th OpenFOAM Workshop 
Center of Smart Interfaces,  
Technische Universität Darmstadt, 
Germany 
25-28 June, 2012 
 

170



 

 

The problem with incompressibility can be overcome by employing an artificial compressibility 
approach. With an artificial pressure term, the system becomes hyperbolic and the pressure can 
be updated. 
Also, convergence can be made Mach-number independent. This can be achieved by changing 
the acoustic speeds of the systems. The eigenvalues are changed such to become all the same 
order and the condition number is made to approach unity. Condition numbers close to unity 
improve convergence to steady-state. 
 
The implemented preconditioner by Weiss and Smith [1] combines the idea of low-Mach-
number preconditioning as well as artificial compressibility. This approach enhances 
convergence rates of density-based, time-marching schemes and also improves accuracy in low-
Mach number parts of the flow field.  
 
In our case, preconditioning is applied to the flux-difference-splitting scheme by Roe [2]. 
 
This new explicit time-marching solver coded for OpenFOAM-1.6-ext is applied to a 
compressible transonic nozzle flow. It is used to simulate a flow through a nozzle of a mid-
bypass jet engine with forced internal mixing of hot and cold air, and enters into a low-Mach-
number far-field (see Figure 1). It is acknowledged that Rolls-Royce supported the work in the 
frame of the Luftfahrtforschungsprogram OPTITHECK funded by the German government. 
Former simulations without applying the preconditioning mentioned above caused high 
instabilities in the strong shear layer that occurs between the high velocity jet and the low-Mach 
number co-flow. The new solver with the preconditioner by Weiss and Smith now provides 
more stability to keep the flow stable and obtain convergence to steady-state. 
 
In the oral presentation, the architecture of the solver will be presented, as well as some results 
of the simulations will be shown. 
 

  
 

Figure 1: Mach-number (left) and temperature (right) contour plots of 
the nozzle flow entering into a low Mach-number far-field 
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1. Introduction 

To analyze flow around a floating body such as ships or floating structures, free-surface flows 

and mesh deformation techniques should be considered. The objectives were therefore (1) to 

implement high resolution differencing schemes such as CICSAM, HRIC, M-CICSAM and 

modified HRIC to preserve both the sharpness of interface and boundedness of volume fraction 

for free-surface flow; (2) to develop a library to handle 6-DOF motion of the floating body 

using mesh deformation techniques and general grid interface (GGI) method. 

2. Results and Discussion 

In the present study, free-surface solution methods and mesh deformation techniques were 

implemented in SNUFOAM, which is based on the open source CFD library OpenFOAM. In 

SNUFOAM, volume-of-fluid (VOF) method, which uses high resolution differencing schemes 

to preserve both the sharpness of interface and boundedness of volume fraction was adopted for 

free-surface flows. In the code, several high resolution differencing schemes such as CICSAM, 

HRIC, M-CICSAM and modified HRIC were implemented and tested. The schemes were 

verified by Rudman translation test [1] and Zalesak slotted disk test [2] which are the canonical 

benchmarking test for VOF schemes as shown as figure 1 (left). Also, the schemes were 

validated by dam breaking problems and shows good results compared to experiments [3] as 

shown as figure 1 (right).  

To handle 6-DOF motion of the floating body, Laplacian mesh deformation techniques for 

translational motion and GGI method for rotational motion were adopted and unified in a new 

library named 6DOFFSIFvMesh. The library solves equation of motion of the floating body and 

separate translational motion components and rotational motion components. The libraries were 

validated by free-roll decay tests [4] as shown as figure 2. 
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3. Conclusion 

To simulate the 6-DOF motion of the floating body such as ships or floating structures, high 

resolution interface capturing schemes, mesh deformation techniques and GGI method were 

implemented to SNUFOAM.  Each schemes and libraries were verified and validated using well 

known benchmarking tests and shows good results. From the results, the implemented schemes 

and libraries are acceptable to simulate motion of the ships or floating structures. 
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Fig. 1 The results of Rudman and Zalesak test (left) and dam breaking test compared to 

experiments [3] (right) 

 

  
Fig. 2 Motion of the floating body (left) and compared to experiments [4] (right) 
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Rupert Fisch∗§1, Roland Wüchner1, and Kai-Uwe Bletzinger1

1Lehrstuhl für Statik, Technische Universität München

March 8, 2012

Verification, MMS, Laplace Equation, Scalar Transport, Laminar Flow

Code verification of complex computer codes solving discretized differential equations is still
a challenging discipline [1, 2]. While validation, simply spoken, deals with the assessment if
code results are representing the real physics, verification deals with the assessment if the
implemented discretised form of the problem is correctly representing the basic differential
equations. Code verification means “the process of determining that the numerical algorithms
are correctly implemented in the computer code and of identifying errors in the software”[3].
The goal is to demonstrate that the used software with the chosen discretizations of the differ-
ential equations and their boundary conditions are able to match the expected grid and time
step convergence rate during refinement. Therefore highly accurate or analytical solutions are
preferable. The Method of Manufactured Solutions (MMS) [4] presents an adequate or actually
the most preferable method for that purpose [5, 6, 7].

Different OpenFOAM R© solvers are analyzed with the MMS. To perform these studies, target
solutions have to be chosen (e.g. Figure 1) and additional explicit source terms for the used
equations of state are derived using Maple R©. This is necessary as the solutions are in general not
physical and will therefore not satisfy the implemented equations (e.g. conservation of mass).
Systematic mesh and/or time step refinement are performed and the errors of the simulation
results are evaluated by comparison with the chosen target solution. The error development by
refinement and therefore the observed order of the used discretization schemes are determined
using Matlab R© (cf. Figure 2).

Steady and unsteady investigations are performed for the temperature solver laplacianFoam,
the convection-diffusion solver scalarTransportFoam and the Navier-Stokes solvers simpleFoam
and pisoFoam. The performed simulations show generally at least first order of accuracy in
space and time. The choice of the boundary conditions and the mesh quality are decisive for
the accuracy of the used schemes and are mostly able to produce second order accurate results in
space and time. The final goal is to assess the observed order of accuracy of OpenFoam R© solvers
combined with a set of desired numerical discretization schemes for reliable flow simulations in
engineering.

§Corresponding Author: Rupert Fisch (rupert.fisch@tum.de)
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Figure 1: Target solution of pressure for icoFoam assessment
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Figure 2: Accuracy estimation using time step refinement for icoFoam assessment
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1. Introduction 
 
In this work several verification and validation studies are performed to investigate the 
performance of the OpenFOAM solvers. A series of representative test cases are selected and 
calculated by appropriate OpenFOAM solvers involving incompressible flow, heat transfer and 
multiphase flow. Investigations are carried out from various aspects by varying grid levels, 
discretization methods, boundary conditions, turbulent models and equation solvers for the 
simulation. The results are compared with those obtained by the commercial software CFX as 
well as other numerical and experimental results from the literature. Generally, compared to 
CFX, the tested OpenFOAM solvers require much less computational time. 
 

2. Test cases and results   
The selected test cases and main conclusions are summarized in the following part. More 
detailed results will be presented on the workshop. 
 
(A) icoFoam and simpleFoam 
The first test case, simulated by icoFoam, considers the laminar flow in a 2D channel with a 
sudden increase of the cross-section. This test case compares the required computational time 
with different grid levels and equation solvers. The results verify that using the multigrid 
equation solver geometric-algebraic multi-grid (GAMG), the CPU-time is linearly dependent on 
the number of control volumes. For finer grids a significant reduction in computational time is 
achieved compared to the preconditioned conjugate gradient (PCG) method.  
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To evaluate the properties of incompressible RANS models, a well-known test case, the 2D 
backward face step channel, is solved by simpleFoam using a variety of high and low-Reynolds 
RANS models. In this case the realizableKE model provides the best and the LienCubicKE 
provides the worst agreement to the experiment data [1]. It is also observed that some low-
Reynolds models such as LamBremorstKE, LienCubicKELowRe and LienLeschzinerLowRe 
require much higher grid resolution at the near wall region. Furthermore, LamBremorstKE and 
LienCubicKELowRe models fail to provide a convergent or a reasonable solution. 

 
(B) buoyantBoussinesqSimpleFoam  and buoyantBoussinesqPisoFoam  
The incompressible heat transfer solvers buoyantBoussinesqSimpleFoam and 
buoyantBoussinesqPisoFoam are successfully verified and validated by two test cases, which 
are free convection in a 2D cavity with different Rayleigh numbers ranging from laminar to 
turbulent flow and forced convection around a heated cylinder with different Reynolds numbers, 
respectively. The results agree very well to the results obtained by CFX and the experimental 
data in the free convection case [2,3]. For the forced convection, results start to differ when the 
Reynolds number is higher than 500. Using a second-order time discretization scheme the 
vortex street is observed after a transition state. Correspondingly the average heat transfer 
around the cylinder varies periodically.  

 
(C) interFoam and cavitatingFoam  
Two multiphase test cases, wave breaking in the gravitational field and the cavitation in an 
injection nozzle, are used to test the multiphase flow solvers interFoam and cavitatingFoam. 
interFoam traces the water-air interface by a volume of fluid method. The time history of water 
height and pressure at the selected points, as well as the wave profile are compared with the 
numerical results in [5] and experimental data. Generally, the main features of the flow are 
properly captured using interFoam. However, compared to the numerical results in [5], they are 
relatively less accurate. The simulation of cavitation phenomena is also validated by an 
experiment in [6]. Three different pressure drops between inlet and outlet are applied. Results 
show an underestimation of the cavitation region as well as the pressure inside the nozzle in all 
of these three cases. 
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Very little research can be found in the last two decades on vertical axis wind turbines (VAWT).
Their technical development lags significantly behind that of horizontal axis wind turbines
(HAWT), although it has never been shown that HAWTs are fundamentally more aerody-
namically efficient than VAWTs. Although there are a number of substantial advantages over
HAWTs [1, 2], major disadvantages of VAWTs with straight blades (Giromill) are poor starting
torque and strong torque oscillation during each revolution. One way to solve the torque issue
is to use helical blades. In this work we perform comparison study of VAWTs with straight and
helical blades using numerical flow simulation. We consider small scale VAWT (rotor diameter
and height amount 2 m) with three blades exposed to moderate wind speed (6 m/s). In or-
der to predict performance of the turbines we numerically solve unsteady Reynolds averaged
Navier-Stokes equations with SST k-ω turbulence model. Moving and fixed part of the unstruc-
tured finite-volume mesh are connected using GGI interface available in OpenFOAM-1.6-ext.
Performance of the turbines is compared in respect to the power coefficient as a function of
tip-speed ratio and the torque coefficient as a function of time.

[1] M. M. A. Bhutta, N. Hayat, A. U. Farooq, Z. Ali, Sh. R. Jamil and Z. Hussain, Vertical
axis wind turbine - A review of various configurations and design techniques, Renewabel
and sustainable energy reviews, 16:1926–1939, 2012.

[2] R. Howell, N. Qin, J. Edwards and N. Durrani, Wind tunnel and numerical study of a
small vertical axis wind turbine, Renewable energy, 35:412–422, 2010.
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Wind energy plays and important role in the field of renewable energies. Technology and
engineering is leading to larger wind turbines (up to 10MW and 160m rotor diameter) while
the installation arrangement is going toward offshore wind farms. In this case the installation
shows some difficulties, but the oncoming wind is more effective for the wind turbine efficiency.
The wind farm layout has the advantage of maximizing the energy extraction in the proper
sites, but for some operating conditions the wake interaction between the rotors may affect the
energy harvesting. The concerns about the interaction of the turbulent structures in the wind
and in the wakes are not only driven by the potential loss of power generation, but also by
the stress suffered by the blades, the tower and the whole mechanic and electric equipment of
the wind turbine that may lead to fatigue damages.This work aims to numerically reproduce
in OpenFoam the interaction of the wind turbine with the flow turbulent structures using an
actuator line approach. This approach allows to model the overall wind turbine effects on the
fluid as forces acting on the fluid, instead of modeling the geometrical detail of the single
blade [1]. Therefore it is possible to dedicate the computing resources to the calculation of the
incoming flow and the wake computation instead of using them on the reproduction of the detail
of the flow around the rotor. The assumption that lies in this model is that the aerodynamic
characteristic (lift and drag of the sectional airfoils) of the blades are known, and for this
reason it is possible to calculate explicitly the forces. The key issue using this approach is the
definition of the velocity used to calculate the aerodynamic loads. Typical actuator line models
[1] use the Blade Element Momentum (BEM) theory to calculate the aerodynamic forces on
the rotor. This approach is suitable for aero-servo-elastic calculations on wind turbines, while
the fluid-dynamic modeling needs a more refined calculation of the wind loads. A new method
for the calculation of the reference velocity [2] is proposed and presented herein in order to
reproduce the unsteady loads on the rotor. The forces introduced in the computational domain
reproduce the typical wind turbine flow field that is reported in Figure 1: it is possible to

§Paolo Schito (paolo.schito@mail.polimi.it)
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Figure 1: Flow around the wind turbine modeled with the actuator line approach

identify the wind turbine geometry, the characteristic tip and hub vortices. In addition the
hub and the tower of the wind turbine have been modeled and contribute to the modification
of the flow. Preliminary experimental data are available [3] and the numerical results show a
satisfying agreement with the experimental data especially for high Tip Speed Ratio and low
blade angles of attack. From the computational point of view the model has been implemented
in OpenFoam using up to 16 million of cells running on up to 128 cores on a dedicated High
Performance Computing facility. The post-processing has been automatized using ParaFoam
batch scripting on a dedicated hardware enabling the use of up to 512 GB of shared RAM
for the analysis. In conclusion thanks to this work a possible implementation of an effective
environment for the study of wind turbine farm using OpenSource CFD codes has investigated.
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The Penn State Cyber Wind Facility (CWF) is a suite of computational mechanics tools cur-
rently under development through support from the U.S. Department of Energy and the Na-
tional Science Foundation (http://www.wind.psu.edu/cyberwind). Our aim is to develop a
computational “facility” to provide wind–energy researchers the capability to generate data in
true atmospheric environments that are unavailable or with insufficient resolution in laboratory
or field experiments. Using petascale high–performance computing resources, the CWF will be
capable of generating highly–resolved four–dimensional cyber data over the entire wind turbine
domain in a controlled atmospheric environment.

As illustrated in Figure 1, the CWF is currently comprised of five primary modules: 1) tur-
bulent atmospheric boundary layer (ABL) from a low-dissipation pseudo-spectral large-eddy
simulation (LES) code driven by meso–scale weather events; 2) rotor aerodynamics and space–
time blade loadings using hybrid URANS/LES and dynamic meshes, and driven by ABL LES;
3) platform–wave hydrodynamics using hybrid URANS/LES coupled through 6DOF platform-
tower-rotor motions; 4) blade and tower deformations with 3D mixed linear/nonlinear element–
based computational solid dynamics (CSD) with an efficient conservative FSI interface–coupling
scheme; and 5) blade–wake–atmosphere interactions applying generalized actuator line method
based on a new ”actuator vortex embedding” (AVE) formulation. Modules 2, 3, and 5 are
developed using the OpenFOAM CFD Toolbox, and will exchange data with modules 1 and 4.

At the workshop, an overview of the CWF will be presented, including technical discussion
of current work. This will include the following topics: communication between spectral LES
and finite-volume (OpenFOAM) LES; hybrid URANS/LES of the NREL Phase VI and 5-MW
rotors; transition modeling using the Langtry and Menter 4-equation model [1, 2]; free-surface
hydrodynamics for spar–buoy and semi–submersible platforms; sensitivity analysis of actuator–
line modeling; and basic assessment of large– vs. small–deformation structural–response for-
mulations.

∗Corresponding Author: Eric Paterson (egp11@psu.edu)
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Figure 1: Schematic of the modules in the Penn State Cyber Wind Facility, http://www.wind.
psu.edu/cyberwind.
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1. Presentations and Posters
OpenFOAM solutions consisting of modified OpenFOAM code in the wind industry have 
shown very good results in academic and research institute´s Site Assessment applications as 
well as some isolated in-house solutions. 

But site assessment engineers are normally no CFD experts. They find it difficult to use or even 
modify OpenFOAM to perform a site assessment simulation.

In order to overcome these obstacles CFD+engineering developed a graphical user interface 
(GUI) to perform such simulations in an easy way. This software is named O.F.Wind. It consists 
of an enhanced OpenFOAM code with a broader physical modelling and is operated  through a 
GUI. 
In a test group with 10 European companies (turbine manufacturers, wind consultants and a 
research institute) the performance of O.F.Wind has been tested against measured data as well 
as other software results.

The presentation shows first which enhanced OpenFOAM solvers are being used including e.g. 
forest modelling, wake modelling or transient phenomena with typical wind industry boundary 
conditions. Second, some of the results achieved using O.F.Wind are presented and partly 
compared to results of codes traditionally used in the wind industry.

A conclusion is drawn how far OpenFOAM based solutions can be helpful in everyday site 
assessment work and what are the necessary next steps for further improving the prediction 
accuracy.
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The Centre for Water Systems (CWS) at the University of Exeter is one of the foremost research
groups in urban water modelling. One area of particular interest is sustainable urban drainage
(SUDS). Design of urban drainage systems presents a number of issues relating to the regulation
of flow through the system to prevent flooding. Additionally, legislative and other sustainabil-
ity considerations require the addressing of other issues such as filtration and polutant control.
CFD represents a valuable tool for exploring the behaviour of water flowing through individual
components making up an urban drainage system and through larger sections of the system
as a whole (eg. runoff from road surfaces). Application of CFD to SUDS problems has been
a significant area for my CFD group in the College of Engineering, Maths and Physical Sci-
ences (CEMPS), in conjunction with the CWS and the company Hydro International. In this
presentation I hope to present results from a number of research and undergraduate projects
using OpenFOAM to model various elements and devices in a SUDS network.

To successfully apply CFD to SUDS problems requires confronting a number of significant
issues. Road runoff is a free surface problem, and suffers from the additional issue of a broad
spread of dimensions. Road surface flow is shallow, leading either to modelling in 2d or requiring
extreme mesh resolution. However when the flow enters the drainage system the problem be-
comes fully 3d; joining the two flow regimes is a significant issue. I will present work done on this
problem under the auspices of the Flood Risk Management Research Consortium (FRMRC-II)
project, a major UK initiative to examine all aspects of flood prevention and amelioration.

Collaboration with the company Hydro International has raised a number of issues connected
to simulation of individual devices. Hydro’s product range includes a number of devices which
exploit the properties of various types of fluid flow, for example vortex diode behaviour in
their Vortex Flow Control (VFC) units. These units are used to regulate flow through the
drainage system; as passive units they require no power and little maintenance; however they
present a number of modelling challenges, in particular problems relating to the computational
simulation of swirling flow at high flow rates and free surface weir and orifice flow at low flow

§Corresponding Author: Dr Gavin Tabor (g.r.tabor@ex.ac.uk)
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rates. Results will be presented from two linked projects examining all aspects of the fluid
dynamics of these devices.

Finally, filtration to remove polutants, both chemical and particulate, is also a significant
aspect of SUDS systems. This will be represented by a recent project examining the modelling
of the Hydro International Hydro Filterra Bioretention system. This is an advanced biofiltration
system that packages vegetation with engineered soils for high levels of stormwater treatment.
The project has looked at multiscale simulation from roadway runoff and macroscale flow
through the filtration medium down to micro scale flow in the soil and root system used
for chemical filtration. This micro scale modelling has used Image Based Meshing techniques
pioneered at Exeter, together with our recently-acquired micro-CT scanner, to determine soil
structure and flow patterns simulated using OpenFOAM.

References

[1] G. Queguineur, D. Jarman, E. Paterson, G. Tabor, Computational Investigation of Vortex
Flow Controls ar Low Flow Rates. Submitted to J. Hydraulic Engng. (2012)

[2] D. Jarman, M.G. Faram, D. Butler, G. Tabor, V. Stovin, D. Burt, E Throp, Computational
Fluid Dynamics as a tool for urban drainage system analysis: A review of application and
best practice, 11th International Conference on Urban Drainage, Edinburgh (2008).

186



 

 

 

A study of the Butterfly-Effect for Massively Separated Flows 
using OpenFOAM® 

Dr. Ries Bouwman
*‡1

 and Dr. Alexander Michalski
2 

1 ESI GmbH, Werner-Eckert-Str. 6, 81829 München  
2 SL-Rasch GmbH, Kesslerweg 22, 70771 Leinfelden-Echterdingen 

March 30, 2012 

Separated flow, OpenFOAM, CFD-VisCART, Decomposition 
 

Abstract 

In a previous technical study conducted by R. Löhner et al [1], a series of numerical 

experiments was conducted for massively separated flows using the proprietary CFD code 

PAM-FLOW [2]. The same geometry - a cube in front of an umbrella (see Figure 1) - was used 

to obtain the flow fields using different grids, different numbers of domains/processors and 

slightly different inflow conditions.  

 
This study has now been repeated using the open source CFD code OpenFOAM, the open 

source mesher snappyHexMesh and the proprietary automatic Cartesian mesher CFD-VisCART 

[3]. 

 

In all of these cases the differences remained very small at the beginning of a typical run. They 

then grew progressively to a state of total dissimilitude. While the mean and maximum loads 

remained similar, the actual (deterministic) instantiation were completely different (see Figure 

2).  

 

The same effect was seen in the previous study using proprietary software. It is therefore 
suspected, that for flows of this kind a ‘butterfly effect’ is present, whereby even very small 

(round off) errors can have a pronounced effect on the actual deterministic instantiation of a 

flow field.  

 

 

OpenFOAM® and OpenCFD® are registered trademarks of Silicon Graphics International 
Corp. 
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Figure 1 Cube with umbrella: problem definition 

 

 

 
Figure 2 Body forceas and moments for cube: same mesh, same inflow, different numbers of 

domains/cores (8/16/32) 
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1 Abstract

Simulation of flow and dispersion in urban environment is getting more and more popular
with the increasing computer power and the demand to predict urban air quality inside the
urban canopy where traditional Gaussian based models cannot perform well. To strengthen the
acceptance of this modelling thorough validation is necessary, and this is even more important
for an open source general purpose code like OpenFOAM.

The capabilities of the code have already been revealed for atmospheric boundary layer and
urban flow modelling in the 5th OpenFOAM workshop [1] [2] [3] and since then more work was
invested in using it for this purpose.

Three validation test cases will be presented from the Environmental Wind Tunnel Laboratory
of the University of Hamburg. Their CEDVAL and CEDVAL-LES databases provide validation
datasets from wind tunnel measurements for the flow and dispersion modelling in the neutral
atmospheric boundary layer. The geometries presented are a simple cube symbolizing a single
building, an array of buildings and an idealized Central-European city centre (See Figure 1).
Three component LDV data are available for the approach flow modelling and two component
measurements for the flow data inside the investigated domain.

OpenFOAM simulations were carried out for these cases with the simpleFoam solver, testing
more two equation turbulence models and discretization schemes. The computational results
were compared to the mean velocity values and the Reynolds stress components available from
the datasets. It was found that the mean velocity components are well predicted while the
turbulent quantities are more problematic but this is a known discrepancy of the two equation
turbulence closures for flow around bluff bodies. When available, results were also compared to
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Ansys Fluent simulation results and the performance of the two solver was found very similar
when using the closer possible computational settings.

OpenFOAM is found to be a good tool for urban flow modelling, and the available source code
proved to make it a very useful code for model improvement and testing.

Figure 1: Idealized Central-European city centre
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[3] A. Rákai, G. Kristóf, CFD simulation of flow over a mock urban setting 5th OpenFOAM
Workshop, Goethenburg

190



7th OpenFOAM® Workshop
Center of Smart Interfaces,
Technische Universität Darmstadt,
Germany
25 – 28 June 2012

Boundary conditions and subgrid scale models for LES

simulation of Internal Combustion Engines

F. Piscaglia‡1, A. Montorfano2, and A. Onorati3

1,2,3Dipartimento di Energia, Politecnico di Milano, via Lambruschini 4, 20156 Milano
(Italy)

Turbulence, Large Eddy Simulation, wall bounded flow

The implementation and the combination of advanced boundary conditions and subgrid scale
models for Large Eddy Simulations are presented. The goal is to perform reliable cold flow LES
simulations in complex geometries, such as cylinder engines. In the paper, an inlet boundary
condition for synthetic turbulence generation is combined with a fully non reflecting Navier
Stokes Characteristic Boundary Condition (NSCBC) for the outlet and with the local Dynamic
Smagorinsky subgrid scale model and a Wall-Adapting Local Eddy-viscosity (WALE) subgrid
scale model, that are not included in the official distribution of OpenFOAM®. The WALE
model is based on the square of the velocity gradient tensor and it accounts for the effects
of both the strain and the rotation rate of the smallest resolved turbulent fluctuations and
it recovers the proper y3 near-wall scaling for the eddy viscosity without requiring dynamic
pressure; hence, it is supposed to be a very reliable model for ICE simulation. Validation
of the models has been performed separately on two steady state flow benches: a backward
facing step geometry [1] and a simple IC engine geometry with one axed central valve [2].
The code developed has been included into LibICE®, a set of applications and libraries for
multi-dimensional engine modeling based on the OpenFOAM® technology.
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A simulation of the gas exchange and combustion of a single cylinder engine is presented.  The 
engine is operated by IVG and has been equipped with a system to measure the in-cylinder 
pressure. The upper part of the cylinder has been replaced by a quartz ring that provides access 
for laser optical measurements of the flow field, mixture formation, ignition, and combustion. 
 
A fully automated mesh motion strategy for a single cylinder gasoline engine with canted valves 
has been developed and implemented into the engineTopoChangerMesh library of OpenFOAM-
1.6-ext [1]. This new approach to organize the mesh motion allows diminishing the pre-
processing time significantly, since only one computational grid is necessary, which can cope 
with the piston valve interaction throughout a full cycle. The only constraint of the internal 
mesh motion is the maximum valve lift, values up to 3.5 mm have been considered here. High 
grid quality in terms of cell skewness and orthogonality is ensured by the use of the automatic 
mesh motion solver [2]. The mesh motion procedure for the full geometry has been 
implemented with a layering technique for the piston motion, attach/detach boundaries for the 
valve closure, and an automatic mesh motion algorithm, based on a second-order-FEM 
approach [3], for the valve motion. Figure 1 gives an impression of the investigated geometry 
and the used mesh topology.  
 
The developed strategy for the motion of the mesh domains has been applied for a full cycle 
simulation, and results were found in good agreement with the measurements, as shown in 
Figure 2 for the example of in-cylinder pressure. 
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Figure 1:The entire computational domain (left) and a section (right) showing the mesh topology. 

  
 
Figure 2: Simulated pressure (blue lines) as function of the crankshaft angle in comparison to 
measurements (red lines) for the ompression cycle (left) and the exhaust cycle (right). 
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The atomic-scale understanding of a catalytic process is crucial for the rational understanding 

and development of catalytic technologies. This understanding passes through the identification 

of the dominant reaction mechanism, that is an intrinsic multi-scale property of the system, 

since it is the result of the interplay among a much larger number of chemical events that can 

potentially occur at the catalyst surface at specific conditions of temperature, pressure and 

composition. These operating conditions are dictated at the reactor scale by the transport 

phenomena of mass, energy, and momentum. Therefore, the dominant reaction mechanism turns 

out to be the result of different phenomena occurring at different time and length scales (from 

the catalyst to the reactor). In this view, it is crucial to adopt a first-principles approach, based 

on the constitutive equations at each scale (e.g., electronic structure theories calculations at the 

microscale and Navier-Stokes equations at the microscale). 

Here, we propose a new solver (catalyticFOAM), that allows for the solution of Navier-

Stokes equations for complex and general geometries for reacting flows at surfaces, based on 

microkinetic descriptions of the surface reactivity. The catalyticFOAM solver exploits the 

operator splitting technique (based on the separation of transport and reaction terms) in order to 

make possible the simulation of multidimensional systems with complex kinetic mechanisms. 

Examples concerning the CH4 partial oxidation on Rh are presented as showcases. Such an 

approach represents an essential step for the first-principles based multiscale analysis of 

catalytic processes and paves the way towards the rational understanding and development of 

new reaction/reactor concepts. 
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Lean combustion is one of the most promising methods for reducing NOx emissions in turbine
combustors of jet engines. To avoid a flame blowout a swirl stabilised turbulent diffusion flame
concept is applied. To achieve this lean condition in a diffusion flame, the percentage of air
flowing through the injection system and combustor dome has to be significantly increased.

Such an injection system requires flame stability at low load which can be estimated by the
lean blowout limit [1]. In order to develop such systems numerical simulations (CFD) can be
used. There, CFD becomes essential to gain information about the flow field, such as regions
of vortex breakdown, turbulent mixing and coherent structures. Therefore RANS and LES
computations have been performed.

Due to the complex interactions of turbulence and chemistry a simplified chemistry model needs
to be introduced. Tabulated chemistry [2] has been used, together with transported variables
as mixture fraction and reaction progress and their statistical variances, in order to reduce
calculation time. The chemical tables have been generated in a preprocess calculation using an
in-house code based on the Cantera library [3]. This method has been successfully implemented
into OpenFOAM R©. The implementation will be shown in the presentation.

Validation of CFD results, of this chemistry-model, will be shown in comparison to measure-
ments in turbulent swirl combustor flows with respect to velocity components, temperature and
lean blowout limit. Combustion simulations of gaseous [2] and liquid [4] fuels will be shown.
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There is a steady interest in replacing fossil fuels in both combustion and gasification by syn-
thetic biofuels or biomass derived feedstock. Dimethyl ether is a promising candidate for diesel
fuel. Simulation of technical combustion processes, which includes pollutant formation, requires
detailed knowledge of the turbulence-chemistry interaction. Flamelet models have been used
successfully in the past to model this interaction. A first step in using these flamelet models is
the detailed analysis in well defined setups such as laminar flames, for which detailed experi-
mental data, especially multi-species measurments, are available. The solver diffusionFoam [1]
with detailed models for transport and chemical kinetics, is a suitable tool for modelling such
flames.

In this paper, numerical results are presented for the laminar dimethyl ether flame (L1 flame),
which was experimentally investigated by F. Fuest et al. [2]. The L1 flame is a laminar partially
premixed dimethyl ether / air flame in a co-flow setup with the burner characteristics defined
in [2]. Preliminary results are shown in Fig. 1. The influence of boundary conditions on the
flame structure is discussed.
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a) Temperature profile b) Velocity profiles

Figure 1: Preliminary Results of the L1 flame
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Premixed, turbulent combustion takes place in technical applications like stationary gas tur-
bines and spark-ignition engines. The combustion process for the second device is characterized
by varying pressure but also stationary gas turbines can be operated at elevated pressure to in-
crease the power. The pressure level significantly alters the combustion process, since amongst
others increasing pressure causes a larger surface of the flame front due to flame front wrinkling
at smaller length scales. Hence, beside the influence of turbulence, combustion models have to
account for pressure influence. An additional combustion model requirement arises in context
of LES, where the computed total flame surface is composed of a resolved and a modeled part
and should be independent of the filter width for an unchanged operation point [1].
In this work, a transport equation for one single reactive scalar is solved with a reaction source
term based on a algebraic flame surface density (FSD) formulation. As proposed by Gouldin et.
al [2], the FSD is described assuming a fractal character of the flame surface being wrinkled in
a self-similar manner by turbulent motions. Fractal characteristics like the smallest wrinkling
scale and the fractal dimension are calculated based on experimental and DNS data, as well as
physically based arguments. The model is additionally extended to compute combustion pro-
cesses with a completely resolved flame surface. To account for strain effects, the linear theory
of instabilities is applied.
The combustion model is extensively validated and evaluated, employing the database of
Kobayashi et al. [3, 4, 5]. A turbulent Bunsen flame with methane fuel is simulated from
low to moderate Reynolds number combustion, at pressure levels between 0.1 MPa and 2 MPa
and a turbulence intensity of 0% < I < 26%. The numerical setup is illustrated in Figure 1.
The turbulence generator of Kempf et al. [6] is used, to compute the turbulence level at the
inlet of the Bunsen burner which has been determined in the experiment.
Simulation results and experimental data are compared in terms of turbulent flame speed. The
predicted turbulent flame speed is in a very good agreement with the experimental data and
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in particular the pressure influence at nearly unchanged turbulence level is predicted correctly.
To assess the ability of the model to predict a total flame surface independent of the mesh size,
simulations on three different mesh sizes are performed. A slight mesh dependence is detected
at low Reynolds number combustion, while at a moderate Reynolds number the mesh depen-
dency becomes negligible.
The simulation results supports the model formulation and the modelling of the fractal char-
acteristics. Simulations of different combustion devices are planed for future work for further
evaluation of the model.

Figure 1: Setup of the turbulent Bunsen flame, instantaneous flame front
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We present results from large eddy simulations of pulverised coal combustion (PCC-LES) sta-
bilised on the CRIEPI laboratory-scale piloted jet burner. The burner has been studied ex-
perimentally by Hwang et al. [1, 2, 3] and an illustration of a temperature field predicted by
LES is shown in figure 1. Initially separate, the simulation efforts of three research groups at
Freiberg University, Imperial College/Duisburg-Essen University and Stuttgart University have
been joined for the present work, and the details of the comprehensive coal combustion mod-
els and their respective numerical implementations in three different simulation programs are
presented. The employed computer programs are OpenFOAM R©, FLUENT and the in-house
LES code PsiPhi of the Imperial/Duisburg group. A particular focus of this paper is the cross-
comparison of coal modelling, code development and computational aspects, with the latter
indicated in table 1. All groups use standard coal sub-models and the model settings are unified
amongst the contributors wherever possible to enhance the comparability of the results. LES
modelling of the flow is validated for the corresponding non-reacting case first and all calcula-
tions accurately predict the experimental data, while corresponding steady RANS simulations
cannot capture the present transitional flow due to its relatively low Reynolds number. Flow
field statistics for the reacting case are in good agreement with results from laser diagnostics,
but scalar statistics clearly illustrate the complexity of coal combustion modelling. The quality
of the reacting scalar results is comparable with data reported in the literature, and every
simulation - if seen in isolation - represents an acceptable combination of coal sub-models and
corresponding prediction. The results show considerable differences between the groups which
highlight the difficulty to assess and interpret the quality of specific modelling approaches,
and they motivate the need for future research by the community. This study is the first to
compare three initially independent large eddy simulations of pulverised coal combustion and
a step towards comprehensive PCC-LES.
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Figure 1: Instantaneous snapshot of the temperature field from Stuttgart’s OpenFOAM simu-
lation of the CRIEPI pulverised coal jet burner [1]. Yellow regions indicate high temperatures,
whereas black corresponds to ambient conditions.

Table 1: Computational parameters, ∗typical values

Freiberg Stuttgart Imperial/Duisburg-Essen

Mesh type unstructured, hybrid unstructured, polyhedral structured, cubical
no. of grid points 0.86×106 (refined) 0.86×106 (refined) 3.32×106 (uniform)
min. grid spacing 0.04D 0.04D 0.083D
max. grid spacing 0.1D 0.1D 0.083D
domain length 37D 37D 30D
domain width 10D (cylindrical) 10D (cylindrical) 8D (cubical)
# of cores∗ 48 48 12
CPU time∗ 5,750h 5,750h 1,750h
max. CFL #∗ 0.6 0.25 0.3
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The tabulated chemistry model is a powerful method to reduce the computational cost of 

reacting flows. The transport of chemical species is substituted by the transport of mixture-state 

parameters, such as progress variable or enthalpy, often supplemented by additional parameters 

that describe the structure of reaction zones, such as strain rate or scalar dissipation. An 

apparent drawback is that it is impossible to incorporate explicitly in the conservation equations 

the differential diffusion effects between the species. However for premixed flame, the 

tabulation based on 1D premixed flame can implicitly introduce that effect in the chemistry 

look-up tables. 

 

Bradley et al. [1] introduce first the use of look-up tables to solve the chemistry for premixed 

flames. Latter van Oijen et al. [2] formalized the idea under the name Flamelet-Generated 

Manifolds or FGM that may be seen as an extension of the intrinsic-low-dimensioned manifold 

technique introduced by Pope [3]. The goal is to compute in a pre-processing step the chemistry 

source terms occurring in the simulation from simple configurations and to store them in tables. 

Then by transporting few scalars representative of the cell mixture, the local source terms are 

retrieved by interpolation in the tables. For premixed flame, the source terms are classically 

computed from 1D premixed flames. And the state of the mixture in the flame is characterized 

by a progress variable growing from zero in the fresh gas to one in the burnt products. The 

definition of the progress variable is usually a combination of product species sometimes 

supplemented by intermediate species. 

The original test case of van Oijen for FGM [2] is a premixed laminar methane flame on the top 

of a slit-burner. The walls of the burner are modeled with fixed temperature. Consequently in 

addition to the progress variable, the enthalpy is chosen as second table parameter following van 

Oijen [2]. The simulation of the burner was carried out with the default OpenFOAM® solver for 

reacting flows with detailed chemistry; here the reduced DRM22 mechanism was chosen [4]. In 

that solver, the Lewis number is set to one for all species. All of them, and by definition the 
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progress variable, will diffuse similarly. Therefore the progress variable should represent 

accurately the mixture and the chemistry evolution. 

In Figure 1 the left and centre pictures compare the progress variable source terms from a 

simulation based on look-up tables generated from 1D premixed flames with unit Lewis number 

and reconstructed from the detailed chemistry results. The two profiles are matching almost 

perfectly. However if the same test case is computed with tabulated chemistry generated from 

1D premixed flames with differential diffusion. Due to higher source terms in the table, the 

flame velocity is increased and the flame is shortened (right picture in Figure 1). It proves that 

the differential diffusion has an implicit effect through the chemistry tables.  

 

 
Figure 1: Source term of the progress variable. Chemistry model: left - DRM22 mechanism [4] with 

no differential diffusion, centre – look-up table with no differential diffusion, right – look-up table 

with differential diffusion. 

 
The validation of the implicit effect of the differential diffusion was done by simulating the test 

case of Somers et al. [5]. The results are in good agreement with the detailed chemistry results 

with differential diffusion. The interest for the tabulated chemistry is therefore reinforced as, in 

addition to a drastic reduction of the computational cost, it allows to introduce the effect of 

differential diffusion. 
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1 Introduction

The H2−IGCC [1] project is promoted under the supervision of the Gas Turbine Network and
includes many European partners, either from the university and industrial field. Its overall
objective is to provide and demonstrate technical solutions which will allow the use of state-
of-the-art highly efficient, reliable gas turbines in the next generation of IGCC plants. TU
Eindhoven is involved in the first subproject (SP1) which regards the Combustion part. The
idea of using an open source tool [2] such as Open FOAM comes from the highly demanding
costs referred to the supercomputers simulations, considering that a commercial software licence
can become quite expensive, especially when parallel simulations are performed.

The combustion method of Flamelet Generated Manifolds [3] [4] has been created in TU Eind-
hoven and its purpose is the modeling of the chemistry in the combustion simulations. In a
detailed chemistry problem, for each chemical species involved in the reaction, an equation has
to be solved and this results in a very stiff partial differential equations system, mainly due to
the broad range of time scales. Another drawback of the detailed chemistry is the non linear
coupling between equations by hundreds of chemical reactions and, as a consequence of this
problem, the CPU effort which is required in the numerical simulations becomes prohibitive.
The FGM reduced method has become a proper solution in order to overcome these mentioned
problems. Its basic idea is to consider a multidimensional flame as a set of many 1D flames
called flamelets. The conservation equations for a premixed flame are adapted in terms of con-
trolling Variables Yi . The Manifolds is built in the way that mixture composition is described
by small number of controlling variables CV . Flamelet equations is obtained considering the
conservation equations for a premixed flame in a system adapted to iso-surfaces of the progress
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variable Yi. The set of equations is solved treating it as an adiabatic premixed flat flame. The
tables for the controlling variables and the other parameters are obtained using the detailed
chemistry code developed in the TU/e known as CHEM1D [5]. The solution of the problem
(flamelet) forms a 1D curve in composition space Y i(s). During the pre-processing part, the
manifold is computed and the variables which are needed to solve the conservation equations
(CV1, ..., CVn) are stored in a database. The CFD code solves the flow field equations and
equations for controlling variables (i.e. Y and h ). From the available literature regarding the
validation of this method, in particular with the inclusion of hydrogen effects [7], it has been
proved that FGM is able to reach a reasonable accuracy compared with the detailed chemistry
one, just with a CPU time which is two order lower than the one required for the detailed
chemistry.

2 Implementation of the problem in Open FOAM

A 1D manifold for the reaction progress variable, using the relatively simple gas such as
methane, has been developed using the library interpolationTable which is used to read
and store values with a linear interpolator. The case file used is a 2D geometry flame in a box
with a stabilized methane flame. The 1D manifold consists on a progress variable and its source
term. [6]. As a further step, a 2D Manifold table reader library is used to include also a second
controlling variable such as heat loss. A modified version of the solver rhoPimpleFoam has been
adapted for the purpose of this study. The implementation of the table to increase the order
of the lookup variables is a current work in progress, in order to include the turbulence effects
and the hydrogen addiction in the fuel.
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In this work a new computational tool (based on the OpenFOAM framework) for the 

modeling of multi-dimensional laminar flames with detailed gas-phase kinetic 

mechanisms (hundreds of species and thousands of reactions) is presented. The 

proposed approach is based on the operator-splitting technique, in order to exploit the 

best numerical methods available for the treatment of stiff processes associated to 

complex chemistry. 

The resulting computational framework is suitable both for steady-state and unsteady 

flows, in complex geometries and complex kinetics. The code was numerically verified 

for a set of flat, premixed flames and validated on several steady-state, coflow diffusion 

flames fed with methane, propane and ethylene. The numerical simulations (performed 

with a detailed kinetic mechanism with more than 200 species and 5,000 reactions) 

showed a satisfactory agreement with the experimental data, demonstrating the 

feasibility of the suggested methodology. 
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1 Motivation

To a considerable extent, wind farms are usually located in windy, mid-latitude terrain. Sudden
changes in wind direction and a strong turbulent field develop easily on such mountainous or
forested landscapes. A precise wind assessment for wind turbine siting can be very challenging in
such situations. Sharp changes in wind fields in complex terrain can already occur at intervals of
a few rotor diameters. Existing measurement methods are suitable only for the local assessment
of wind conditions. Additionally, measurements on all potentially important variables can be
very expensive. Current weather forecast models, on the other hand, do not have enough
resolution for making accurate predictions on the scales of a typical wind farm (∼ 20x20
km2). Therefore, it is currently quite common to recur to computational fluid dynamics (CFD)
methods for performing wind site assessment in locations with a complex orography. In this
contribution, we use OpenFOAM solvers to perform CFD simulations of the wind field in
complex terrain for wind farm siting applications. Our aim is to simulate 12 different wind
directions, in order to have a complete overview of the wind field conditions on a particular
location. These wind field estimates can be used to identify critical points in the terrain, which
can be potentially followed by a measurement campaign, in order to optimize the location of
the wind turbines.

2 Method

We employ the simpleFoam solver for performing Reynolds Averaged Navier-Stokes (RANS)
simulations of a neutral atmospheric boundary layer (ABL) for a wind farm located on a

§Corresponding Author: Carlos Peralta (carlos.peralta@iwes.fraunhofer.de)
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complex terrain. We simulate numerically an incompressible, isothermal, stationary wind field
by solving the RANS equations using the RNG k-ε model [2]. The forest canopy is included as
a porous media, with trees of fixed height, using OpenFOAMs porous media solvers [3]. The
presence of wind turbines is taken into account using an actuator disk model [4], extended for
the whole wind farm.

A novel meshing tool, based on OpenFOAMs blockMesh utility, is used for producing a fully
structured mesh of the complex orography, with periodic boundary conditions [1]. The effect of
the forest canopy is included by identifying porous forest cells using an additional OpenFOAM-
based tool. This tool generates a list of the forest cells based on a pixel map of the forest
overlayed on top of the orography. Initial and boundary conditions are given using Richards
and Hoxey proposal [5]. In order to obtain stable simulation of the ABL, modified wall functions
are used to set the near-wall boundary conditions (with roughness lenths z0 = 0.05 0.1 m),
following Blocken et al remedial measures [6].
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1. Presentations and Posters 

 

Analysis of issues related to the landing of spacecraft on the moon, shows that the interaction of 

jets of combustion propulsion spacecraft to the moon's surface, can cause significant harm and 

damage the elements of the spacecraft and the surrounding area. Therefore, there is a need to 

assess the extent of this influence. 

Review of methods for the calculation of supersonic underexpanded jet flowing into a vacuum 

shows that when modeling the interaction of jets with the sleek surfaces of the spacecraft and 

the lunar surface using two approaches. The first is based on solving the equations of continuum 

mechanics. The second solution to the Boltzmann equation by direct numerical simulation 

Monte Carlo (DSMC). Application of the DSMC is associated with considerable difficulties, 

including the computational nature. 

The aim of this work is to develop methods for calculating the interaction of vacuum jet engines 

of a spacecraft on the surface of the streamlined approach in the framework of continuum 

mechanics using OpenFOAM. The paper presents the results of calculations of the jets ejected 

into the vacuum of space vehicles engines, and the results of calculations of test cases for 

interaction of jets with the sleek surfaces of the spacecraft and the lunar surface. 
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1 Introduction

Numerical simulations of turbulent combustion usually employ the assumption that every chem-
ical component diffuses in the same manner. It is well known that in case of hydrogen com-
bustion, this assumption is no longer valid, since H2, as a light molecule, diffuses more rapidly
than other chemical components. If differential diffusion effects are taken into account, the local
species concentration, heat release rates and flame temperatures are different from the ones
predicted by the equal diffusivity assumption. The goal of this study is to model the effects of
differential diffusion in non-premixed, non-reacting turbulent flows and to quantify the relative
influence of these effects with increasing Reynolds numbers. We consider in this work a non-
reacting jet, in order to avoid uncertainties and ambiguities due to combustion modelling. In
concreto, we perform various large eddy simulations (LES) of a non-reacting turbulent jet of
36% H2 and 64% CO2 (by volume) that mixes with air at Reynolds numbers, Re = 1000−8000.

2 Governing equations

In this study we use a modified version of FireFOAM. The code solves for the low-Mach number
form of the Navier-Stokes equations along with transport equations for species mass fractions
for a non-reacting, isothermal system.

The widely used standard Smagorinsky model [1] is used for closure of the sub-grid scale
stress terms in the momentum equations while the un-resolved subgrid scale species fluxes
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in the species equation are modeled by the gradient diffusion hypothesis model. The total
diffusion velocities, Vik, in the species flux, jik = ρYkVik, are expressed by the Hirschfelder and
Curtis formula [2] for a multicomponent mixture with a correction velocity, V c

i , to ensure mass
conservation [3, 4]:

Vik = V D
ik + V C

i (1)

The ordinary diffusion velocities, V D
ik , in the absence of pressure gradients and external forces

are expressed as:

V D
ik = −Dk

Xk

∂Xk

∂xi
= −Dk

Yk

∂Yk
∂xi

− Dk

W

∂W

∂xi
(2)

where W is the mixture molecular weight, Yk is the species mass fraction, Xk is the species
mole fraction and Dk is the species mass diffusion coefficient.

The correction velocity, V C
i , is determined from the mass conservation constraint,

∑Ns
k=1 jik =∑Ns

k=1 ρYkVik = 0, as:

V c
i =

Ns∑

k=1

Yk
Xk

Dk
∂Xk

∂xi
=

Ns∑

k=1

Dk
∂Yk
∂xi

+

Ns∑

k=1

YkDk

W

∂W

∂xi
(3)

The species mass diffusion coefficients, Dk, are calculated by the 0th order expression proposed
by Stefan [5] (mixture-average assumption) as:

Dk =
1 − Yk∑Ns

k=1,k �=l
Xk
Dkl

(4)

where Dkl is the binary diffusion coefficient calculated by kinetic theory.

3 Results

Figure 1 presents scatter plots of instantaneous H2 and CO2 mole concentrations, normalized
by their inlet value, at location of 30 inlet diameters downstream for Reynolds numbers Re =
1000− 8000. The notation r/d referrs to radial distance from the centerline. The diagonal line
represents the line of equal mixing, i.e. the line where the data points should be centered if the
species had the same mass diffusivity. The dispersion of points is clearly much wider for the
lower Reynolds numbers. The points cluster around the equal diffusivity mixing line as Re is
increasing. The significant effect of differential diffusion on species concentration is thus evident
for the lower Reynolds numbers (Re = 1000−2000) only. In the case of Re = 1000, Figure 1(a),
many points are observed both above and below the line of equal mixing. The points above
the equal mixing line are located in off-axis locations and are due to the faster diffusivity of
H2 from the jet centerline to the outer edge. The points observed underneath the line of equal
mixing are located around the jet axis, where CO2 concentrations are larger. For Re = 2000,
Figure 1(b), the points cluster more around the line of equal mixing and the spreading of the
jet increases (more blue points). Even though there are still points both above and under the
line of equal mixing, the effect of differential diffusion has significantly decreased. For higher
Reynolds numbers, Figures 1(c) - 1(d), the points follow the line of equal mixing closely. In
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this case, turbulent mixing is far more dominant than molecular diffusion and there are no
significant effects of differential diffusion present.
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Figure 1: Scatter plots of instantaneous H2 vs CO2 mole concentrations at location of 30 inlet
diameters downstream for (a) Re = 1000, (b) Re = 2000, (c) Re = 4000 and (d) Re = 8000
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We are interested in the investigation of different duct geometries for flow control purposes
using numerical tools. As a first step we perform a direct numerical simulation (DNS) of
several noncircular straight duct geometries, namely a square duct, an equilateral triangular
duct and a triangular duct with apex angle of 11.5◦. Predictions are carried out for laminar
(Reh = 1000) and turbulent flow (Reh ' 4500) whereas the description of the numerical
procedure is concentrated on the simulations of turbulent flows. For the investigated duct
shapes the results are compared to experimental and numerical data in literature.

The simplest geometry in this context, is the square duct for which numerical flow predictions
are available in literature [3]. In the present investigation the duct cross section is spatially dis-
cretized by an orthogonally structured mesh. The mesh spacings for the turbulent simulations
are set according to the indications of Gavrilakis [3]: The near wall region is resolved in order
to satisfy

(
∆x+2

)
wall
×

(
∆x+3

)
wall

= 1.6 × 4.6. The cells are expanded towards the core and

limited to
(
∆x+2

)
core
×
(
∆x+3

)
core
≤ 5× 5.

The spatial discretization of the cross sections of the two triangular ducts is performed using an
unstructured mesh consisting of prism layers to resolve the viscous sublayer and a polyhedral
core mesh. The mesh spacings are set according to the above mentioned findings for the square
duct.
The simulations are carried out in OpenFOAM using the modified LES-solver channelFOAM.
Periodic boundary conditions are used in streamwise directions as only fully developed flow
situations are considered. The total streamwise extension for all ducts investigated is set to
Lx1 = 5Dh. This relatively short length is chosen for first simulations in order to limit compu-
tational costs. However, future work will include validation studies with longer ducts to ensure
a minimal influence of the streamwise periodicity.
All simulations are carried out under constant flow rate and the time discretization is achieved
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using a second order implicit scheme and the time step is chosen to ensure a Courant number
of Comax < 0.2. Time averaging is performed for at least 20 turnover times.

For the square duct data from experimental [4] as well as numerical work [3] is available for
comparison. For the two triangular duct geometries results can only be compared to experi-
mental data [1, 2, 5].
First, the friction factor f arising from flow through the noncircular ducts is analysed. The
friction factor is an integral measure for the flow resistance: f ∝ dP/dx. In Figure 1 results
from our simulations are compared to corresponding data in literature. In the laminar regime
analytical solutions are available. An excellent agreement can be observed for all geometries.
For turbulent flows through arbitrary duct shapes, f is usually calculated using Blasius cor-
relation. The data for the geometries investigated, however, show tendency to lie below this
line indicating some unexpected flow behaviour. As the present results agree well with data in
literature this effect obviously can be reproduced by DNS.
The main characteristic properties of turbulent flow through noncirular ducts are the formation
of secondary flow of Prandtl’s second kind [6] and the observation of reduced velocity gradients
in the corner regions of the ducts. Both effects are reproduced in our investigation.

It can be concluded that the basic mechanisms involved in noncircular turbulent duct flow can
be reproduced by DNS using OpenFOAM. Thus, more complex geometries which we aim to
concentrate on in the future can be investigated in the same way.

Figure 1: Friction factor f plotted against the hydraulic Reynolds num-
ber Reh. Laminar analytic solution for circular pipe: f = 64/Reh, Blasius

correlation for turbulent flow: fh = 0.316/Re
1/4
h [6]. (a) Square duct: lam-

inar analytic solution: f = 57/Reh, open symbols: measurements from
Hartnett [4], solid symbols: DNS; (b) Equilateral triangular duct: laminar
analytic solution: f = 53/Reh, open symbols: measurements from Niku-
radse [5], solid symbols: DNS; (c) Triangular duct (α = 11.5◦): Laminar
analytic solution for a circular sector: fh = 50.3/Reh [1], open symbols:
measurements from Eckert et al. [2], solid symbols: DNS.
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förmigen Rohren, Ing.-Arch. 1,
161-178 (1930).

[6] H. Schlichting, Boundary layer
theory, McGraw Hill (1979).

216



 

 

 

Numerical Study of Under-expanded Supersonic Jet  

Ivan Eremin
*‡1

, Anatoly Glazunov
1
, Evgenii Borzenko

1
,  

Anuar Kagenov
1
 and Ilya Tyryshkin

1 

1
 Tomsk State University, 36, Lenin ave, Tomsk, 634050, Russia 

Mart 19, 2012 

Numerical simulation, Compressible flow, Under-expanded jet, Laval nozzle. 

 

1. Presentations and Posters 

 

In studying the jet of combustion products from the nozzles of rocket engines there are two 

possibilities. The first outflow in the flooded area, the second outflow in the wake flow. By the 

nature of changes in gas-dynamic parameters of supersonic jet made arbitrarily divided into 

three sections: an initial, transitional and primary. In the initial part of the effect of viscosity 

affects mainly only within the boundary layer. For the initial part characterized by the presence 

of wave structure and a strong non-uniformity of pressure along the axis as well as in cross 

sections of the jet. In the transition area is the determining effect of viscosity. The boundary 

layer joins at the axis of the jet is significantly reduced longitudinal and transverse pressure 

gradients. The width of the jet is growing faster than in the initial section. In the main section 

static pressure is equal to the pressure in the environment, and the profile parameters are 

determined by the laws of distribution of subsonic jets. The main differences in the wake flow 

of the expiration of the expiry of the jets compared to the flooded area due to the strong 

influence of viscosity on the flow pattern. Viscous mixing at the boundary of the jet leads to a 

substantial reorganization of profiles of density, pressure and temperature in the compressed 

layer of gas between the shock and the boundary hanging jet changes the position of shock 

waves and the jet boundary. 

Therefore, the design of the nozzles of rocket engines is necessary to consider the influence of 

environmental parameters on the energy characteristics of the jet nozzle and expiring. In 

general, this task is spatial. 

Numerical study of the expiration of a viscous gas from a supersonic nozzle into a submerged 

space, and wake flow. Determined by the spatial configuration of the jets ejected depending on 

the pressure and flow velocity of the environment. The calculations were performed using 

OpenFOAM on a supercomputer SKIF Cyberia. 

 

                                                 
‡
 Corresponding Author: Ivan Eremin (iveremin@niipmm.tsu.ru) 

7th OpenFOAM Workshop 

Center of Smart Interfaces,  

Technische Universität Darmstadt, 

Germany 

25-28 June, 2012 

 

217



 

 

 

CFD Simulation of Shear-Driven Thin Liquid Film Flows 

Jagannath Rao Marati
*‡1

, Tatiana Gambaryan-Roisman
1,2

 and Peter Stephan
1,2 

1
 Institute of Technical Thermodynamics, Technische Universität Darmstadt, 

2
 Center of Smart Interfaces, Technische Universität Darmstadt, 

Petersenstr. 32, D-64287 Darmstadt, Germany 

 

April 05, 2012 

 

Keywords: Shear-driven flows, Heat transfer, CFD, VOF Method 
 

1. Poster 

 

Abstract: 

 
Shear-driven film flows are encountered in many industrial applications, including evaporators 

and gas turbine combustion systems. The liquid film flow characteristics are strongly influenced 

by the shear forces at the gas-liquid interface. The strong interaction between the liquid and gas 

flows leads to formation of waves, the film breakup and droplets entrainment. The film 

waviness strongly influences heat and mass transfer. Due to the complex and unsteady nature of 

the wavy film flow, the hydrodynamics and transport processes in shear-driven liquid films are 

not completely understood. To elucidate the fundamental mechanisms that govern transport 

processes in shear-driven liquid films, detailed numerical studies are necessary. In this study, 

the hydrodynamics of shear-driven thin film on heated wall is investigated using Volume-of-

Fluid (VOF) technique within OpenFOAM. In OpenFOAM, existing solver code has been 

extended and modified for simulating the two-phase flow with heat transfer in a complex three-

dimensional domain. The detailed analysis of the computed wall temperature profiles at various 

inlet gas and liquid parameters has been performed. 
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This study presents the work done and in progress at the Combustion Engine Research Group
of Aalto University for the implicit large eddy simulation (implicit LES) of internal combustion
engines using OpenFOAM. The main objectives of this work are the reliable simulation of both
the in-cylinder flows and fuel sprays. Both of the topics have so far been studied separately but
the ultimate goal is to combine the two for a full engine simulation.

In addition to the turbulence created by the shear layers of the intake jets, there are complex
large scale structures, such as swirl, in the cylinder of a combustion engine. The presence of
walls and the complexity of the geometry create additional difficulties in the set-up of the
computation and especially for the grid generation. The grids of the in-cylinder flow simulation
have been created using snappyHexMesh.

The first simulated case was a simplified cylinder with a single, centrally located valve [1]. This
set-up resulted in a non-swirling flow and provided information on the wall resolution required
for a wall-resolved LES. After this, a more complex case of a realistic engine cylinder was
simulated [2]. In this simulation, a heavily swirling flow was observed together with a strong
interaction between the intake jets. In both cases, passive scalars (as shown in Figure 1) were
used to acquire information on the flow development and mixing. The next step in in-cylinder
simulations will be the inclusion of piston and valve motion to the simulations.

For the LES of diesel fuel sprays under internal combustion engine-like conditions, high-
resolution simulations of the non-reacting “Spray A” [3] reference case were carried out. The
liquid fuel phase was modeled using Lagrangian Particle Tracking (LPT). The main objective
was to investigate the influence of the grid size on certain spray sub-models in conjunction with
the implicit LES method for a well-defined reference case. An emphasis was lain to the droplet
break-up modeling and the initial liquid-gas phase interaction in the near nozzle region. A
visualisation of a spray evolution is shown in Figure 2. Further research of the Sprays is aiming
towards reacting spray simulations using the FGM [4] combustion model in the implicit LES
context.
§Corresponding Author: Jukka-Pekka Keskinen (jukka-pekka.keskinen@aalto.fi)
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Figure 1: Flow development of the intake flow in a realistic engine cylinder visualised using a
passive scalar.

Figure 2: Time evolution of vapour penetration.
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Maŕıa Garćıa-Camprub́ı 1, Alberto Sánchez-Insa 1, and Norberto Fueyo∗§1

1Fluid Mechanics Group (University of Zaragoza) and LIFTEC (CSIC)

March 30, 2012

Turbulence, Combustion, Subgrid model, LEM

1 Poster

The newer OpenFOAM versions provide a wide range of turbulence models that consider
the three different approaches for turbulence modelling: (1) RANS: None of the turbulent
length scales are resolved; (2) LES: the largest turbulent length scales are resolved and the
smallest ones are modelled; and (3) DNS: all the length scales are solved. OpenFOAM also offers
chemistry libraries to model reacting flows, such as a combustion process. However, turbulent
combustion is not just about turbulence and chemistry, but is also about their interactions.

In a turbulent flame, turbulence is modified by combustion due to the heat release that may
accelerate the flow or modify the fluid viscosity, inducing more turbulence or even damping
it. Likewise, turbulence affects the flame structure (stretch), enhancing the reaction or even
quenching the flame. Flame-turbulence interactions are described by the so called combustion
models, which are scarce in OpenFOAM.

The authors are currently developing such a combustion model. In particular, this work presents
a Subgrid Linear Eddy Model (S-LEM), describing the physical phenomena taking place in the
smallest length scales of a turbulent reacting flow, to be linked to the OpenFOAM standard
LES solver. This work is based on a previous LEM-LES code developed for PHOENICS.

In this poster we present the mathematical and physical foundations of the LEM model, to-
gether with its basic algorithmic structure, its implementation in OpenFOAM and results from
some preliminary test cases.
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1. Presentations and Posters

A common process of mixing by gaz bubbling  in a liquid has been simulated with 
Openfoam® using interFoam. The model is a volume  of  fluid  model using interface 
compression technique. This model was used  to track single bubbles  formation and breakup 
from one or two tube of gas injection, then follow the rising droplets with some coalescence 
phenomena.

The mesh sensibility was checked in order to optimize calculation time, and also to be 
able to capture droplet breakup and coalescence. The size of the mesh elements was around 0.2 
to 1 mm, for a total of approximately 2 to 8 M cells (3D simulation). The fluid properties used 
was with a Weber number of 300, an Ohnesorge number of 4 and a Bond number around 700.

Some comparisons with experimental results are available and show a good qualitative 
and quantitative agreement (see Illustrations ).

Last but not least, the time calculation is compatible with industrial studies and is lower 
than other commercial code. 

‡Corresponding Author: Olivier Geoffroy (olivier.geoffroy@inopro.com)
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Illu
stration 1: 
Experimental 
process with 
rising bubble 
and 
coalescence

Illustration 2: Simulation of rising bubble using interFoam.

Illustration 3: Validation of fluid velocity with experimental mesurement
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1 Abstract

Within the last decades, Computational Fluid Dynamics (CFD) simulations became increas-
ingly important to investigate physical phenomena that are difficult to analyze experimentally.
Additional advantages are lower costs and a better reproducibility. In the field of medical engi-
neering, for instance concerning blood flows in cerebral aneurysms, computer-based approaches
could open up new opportunities to support medical practitioners before high-risk interven-
tions. In order to obtain rapidly numerical results, predictions rely on numerous assumptions
and model reductions, depending on the desired accuracy. Due to the complex biological regu-
lation mechanisms controlling the human vascular system, usually not considered in standard
algorithms, the acceptance of CFD in medicine is still limited in practice.
The present work compares open-source and commercial CFD software packages in order to
determine their reliability for predicting medical blood flows. The focus is set on three lead-
ing product of each group, OpenFOAM R©, ANSYS-Fluent R© and COMSOL Multiphysics R©,
respectively. Using a patient-specific geometry generated by means of Magnetic Resonance
Imaging, the influence of spatial dicretization as well as of the solver is investigated (see Fig-
ure 1 and 2). Furthermore, important variables like accuracy, computational costs, parallel
efficiency, problem-specific model extensions and user-friendliness are assessed. Finally, conclu-
sions are drawn to highlight strengths and weaknesses of the individual software packages and
more generally concerning CFD for hemodynamics.

§Corresponding Author: Philipp Berg (berg@ovgu.de)
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2 Figures

Figure 1: Patient-specific geometry of the investigated cerebral aneurysm (left), streamlines
corresponding to the velocity field of a simulation with hexahedral elements (right)
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1 Abstract

The solution of the governing equations for large multiphase systems, such as transportation
pipelines, is still a major technical challenge for modern computers. The alternative predictive
techniques are either based on empirical correlations or specialised one-dimensional codes and
both of these approaches require tuning when the scale-up of a model system is undertaken.
To circumvent these difficulties this study focuses on CFD simulations. Stratified, gas/liquid
flows in horizontal pipelines are considered and, to avoid high computational cost, incurred by
long computational domain, the periodic boundary conditions are employed.

interFoam from OpenFOAM 2.1 is modified in a similar way to [2] in order to simulate the
gas/liquid flow in a pipeline. Standard and local time stepping versions of interFoam are used
to explore the possible benefits for steady state stratified flows. Periodic boundaries are applied
on the patches normal to the stream-wise direction.

Moreover, for the purpose of validation a series of single phase simulation is performed. The
single phase simulations solve the momentum equations for the gas side only. The reduced
pipeline geometry is introduced where the bottom segment, normally occupied by the liquid,
has been removed (see Figure 1). The effect of the liquid is modelled by applying a moving wall
condition on the secant line associated with the removed segment. In these simulations simple-
Foam and pisoFoam are used. To generate the meshes for the full pipeline geometry blockMesh
is used. The reduced pipeline mesh has been performed by coupling FreeCAD software with
snappyHexMesh. All the post-processing has used OpenFOAM native tools and ParaView. For
some cases in the single-phase simulation it was necessary to run an root search procedure in

§Corresponding Author: Robert Sawko(r.sawko@cranfield.ac.uk)
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order to find the moving wall velocity that matches the pressure gradient with the gas mass
flux.

The results are compared against models available in the literature e.g. [1] in terms of pressure
gradient, liquid height and mass flow relationships. Velocity profiles could not be compared this
way and are only compared between single and two phase flow simulations. For turbulent flows
a k-ω model is adopted. With this type of simulation additional ambiguity arises at the moving
wall boundary where turbulent quantities need to be specified. Also, the turbulence model in
the VOF model requires additional treatment and a modification similar to [3] is implemented
in OpenFOAM turbulence model library.

Results show good agreement between the analytical, multiphase and single phase results for
laminar flows. For the turbulent flow, results are sensitive to the specification of the moving
wall boundary conditions (or the interfacial treatment) and the discrepancy increases with
increasing slip velocity. Further development of this will lead to improved multiphase turbulence
modelling.

Liquid

Gas

Moving wall

Figure 1: Reduced pipeline geometry for single phase calculations and the snappyHexMesh
generated mesh.

Figure 2: VOF 3D laminar results.
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Most technical products are an assembly of different systems. In product design, simulation
is a well established tool in order to accelerate the development-to-market time. For a lot of
physical phenomena sophisticated simulation tools exist, e.g. for fluids Computational Fluid
Dynamics (CFD) or for structures Computational Solid Mechanics (CSM). A product usually
consists of systems which may be modeled in different dimensions i.e. the coupling of ordinary
differential equations (ODEs) and partial differential equations (PDEs) is required. For instance
the simulation of a car requires a CSM solver to reproduce the structural behavior. Moreover,
the simulation of the flow around the car necessitates the use of a CFD solver. The CSM
and CFD solver need to resolve all four dimensions, i.e. three spatial and time dimensions to
accurately model the physics. Other components like sensor or actors (e.g. hydraulic system of
the brakes) may be modeled with two dimensions, i.e. one spatial and one time. Thus the CSM
and CFD solver need to be coupled to the solvers which represent the sensors and actors.

A concept for this kind of Co-Simulation is presented where in contrast to Fluid-Structure
Interaction the number of simulation tools is larger than two. Furthermore, the presented con-
cept accounts for the coupling of PDE and ODE systems [2]. The motivation for Co-Simulation
(also called partitioned coupling) is the high flexibility and reusability of existing simulation
tools. The presented framework is based on a client-server approach where MPI-2 function-
ality is used to implement socket-like communication between the client and the server. The
dataflow handling inside the server program is done dynamically, hence the dataflow is deter-
mined at runtime. The presented approach can also handle non-matching discretizations and
is suited for very large simulations involving a large number of unknowns. The software con-
cept is illustrated by interfacing OpenFOAM R© with the in-house coupling tool called EMPIRE
(Enhanced MultiPhysics Interface Research Engine) to various other simulation tools. By this
OpenFOAM R© capabilities can be extended to very complex simulation scenarios involving a
large number of different physical phenomena e.g. nonlinear CSM with control.

The goal is to provide a flexible concept for coupling different simulation tools with different
dimensions in an efficient and accurate way.

§Corresponding Author: Stefan Sicklinger (stefan.sicklinger@tum.de)
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The amount of air traffic and transport cost are growing currently, therefore aircraft producers 
develop new type of aircraft with better economical and ecological parameters. This is done by 
using of new type of material, airframe and engines optimization. In the case of engine we 
optimize compressor, combustion chamber and turbine. Costs of optimization would be high if 
we relied only on experiments because some experiments are difficult. Therefore we use for 
study of processes in combustion chamber a CFD code.

Presented design of combustion chamber is based on Jet Induced Swirl ( JETIS ) concept, where 
the position of flame is stabilized by vortex generated by flow of fresh air into primary zone of 
chamber. There are a lot of parameters that can affect the results of numerical simulation. The 
important are a turbulence and chemistry model and the heat transfer trough the walls of 
chamber that affects the temperature of air entering into chamber. In many combustion solvers 
the adiabatic wall is used as default boundary condition. The differences have been observed 
when numerical results with this boundary condition was compared to experimental data.

Presented  solver  for  reacting  flow with  heat  transfer  through the  wall  is  based  on  idea  of 
chtMultiRegionFoam with RANS turbulence model. Three different regions are used. The first  
one is a region of non-reacting flow, where the ideal gas law is valid and the solution is not time  
dependent. The second one is a region of solid wall where the steady-state equation of heat 
transfer is valid. The last one is a region of reacting flow. Third region is basically unsteady but 
for gas fuel we can use a  steady-state approach released in [1].  Different way of pressure-
velocity coupling based on SIMPLE algorithm and radiation model are included in steady-state 
version of solver.

‡Corresponding Author: Vojtěch Běták (betak@vzlu.cz)
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The results shown that the effect of heat transfer is not negligible. It affects not only a structure  
of temperature field but it has a significant impact to stability of steady-state simulations. The 
effect of pressure-velocity coupling by SIMPLE and SIMPLEC algorithms is not negligible. 
SIMPLEC algorithm reduces the maximal temperature and change shape of temperature field in 
reacting zone.

In future work models of combustion of liquid fuel and advanced models of turbulence will be 
added.  An  effect  of  LES,  LES-RANS  and  RANS  model  with  anisotropic  terms  will  be 
discussed in the field of turbulence. In RANS modeling we are focusing our effort especially on 
EARSM models for their stability and computational speed.
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1 Motivation

OpenFOAM is a free-to-use Open Source numerical simulation software with extensive CFD
and multi-physics capabilities and also provides the researchers to implement Physics models
through equation mimicking[1]. But the huge computation of CFD applications brings the
problem: How to complete the simulation in a shorter period of time? Parallel computing is
the most important solution.

OpenFOAM has a relatively good performance on parallelism: can get linear speedup with
several hundreds of or nearly 1000 processors. But with the number of processors increasing,
the speedup will reduce to zero and even negative with over 1000 processors(Some results
were shown in Figure1). Nowadays, the number of processors of the supercomputer system
has been over 105[2], which indicats that the OpenFOAM cannot use the computing platform
efficiently. The communication performance of the application is an important reference for
parallel optimization, but the profiling tools which are used to collect communication data are
not provided in OpenFOAM. Our contribution is to develop a lightweight parallel computing
performance profiler for OpenFOAM.

2 Main Features

The main features of the profiling tool are as follows:

(A) Collecting communication information between processors and cells of boundary mesh.
The communication times, size of data block and many other information will be consid-
ered.

§Corresponding Author: Xiaowei Guo (xiaoweiiguo@gmail.com)
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(B) It’s a lightweight profiling tool. Profiling is achieved by instrumenting the program source
code, and builds on ideas from statistical sampling with minimal overhead. All interme-
diate results are stored in memory. In order to minimize IO overheads, the profiling data
is written to disk with the simulation data.

(C) Profiling results will be visualized on post-processing software, such as ParaView[3], and
communication information between cells will be appended to the mesh structure.

Now we are working on this project, the test results and some conclusions would be reported
at the workshop.
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Figure 1: The execution results of LinearPTT running on the Tianhe-1A
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Thermoplastic profiles are widely used in a large range of application fields, like medical, 

building, automotive, electric and electronic, among others. Typically, these profiles have 
constant cross-section, being produced by extrusion. In order to fully exploit their potentialities 
and due to the high degree of geometrical flexibility given by thermoplastics, the profiles have 
usually complex cross-section geometry, designed to fulfil the needs of a specific application. 
Common examples employed to illustrate these facts are the window frames or the medical 
catheters, which usually comprise intricate cross section geometries. 

 
There are many variables and phenomena involved in the design stage. Therefore, die design 

is usually strongly dependent on the designer’s experience, being more an art than a science [1]. 
The development of adequate computational fluid dynamics (CFD) codes, allowed achieving 
significant improvements in the die design procedures. As a consequence, nowadays this trial-
and-error design approach is being transformed from an experimental to a numerical based 
operation [2-4]. 

 
The complexity of the die design problem increases when small and complex cross sections 

are involved, as happens frequently for medical catheters, since the interaction between the 
forming tools and the polymer melt promotes the deformation of the first, mainly due to the 
high pressure gradients involved and the relatively weakness of the (very thin) mandrels that 
shape the hollow lumens, see Figure 1. These conditions promote deformations in the weakest 
parts of the die, thus modifying the flow channel geometry. Consequently, to obtain accurate 
results, the CFD tools employed to aid the design of this type of dies must be able to predict the 
above mentioned deformation of the flow channel, i.e., they must incorporate the usual 
designated Fluid Structure Interaction (FSI) [5]. 
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Typically, in FSI algorithms, the initial flow field variables (pressure and velocity 

distribution) are computed assuming an non-deformed flow channel, being the computed 
pressure gradients used to predict the deformation promoted in the flow channel, which is then 
employed to compute the new flow field variables. The process is repeated until convergence is 
achieved [5]. 

 
The main purpose of this research project is to employ OpenFOAM to model this process, 
considering the FSI issues. Due the complex behaviour of the material involved (Viscoelastic) 
some additional features have to be implemented in the code. 
 

  
 (a) (b) 
Figure 1 – Extrusion of a catheter (a) Cross section geometry (dimensions in mm), (b) velocity 

distribution computed in the flow channel (half of the geometry due to symmetry) 
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1. Introduction 
 
The term profile is commonly used to designate products of constant cross section that are 
obtained by the extrusion process, and comprise several fields of application. A typical 
extrusion line for the production of thermoplastic profiles generally comprises an extruder, a 
die, a calibration/cooling system, a haul-off unit and a saw. The major objective of any 
extrusion line is to produce the required profile at the highest rate and quality [1]. These goals 
are usually conflicting, i.e., the increase in speed generally affects the product quality 
negatively, and vice-versa. Therefore, the improvement of the extrusion line performance 
demands a systematic approach and a careful study of the phenomena involved in the process. 
 
The forming tools of the extrusion line, i.e., the die and the calibration system, are components 
that play a central role in the establishment of the product dimensions, morphology and 
properties and are also those that establish the maximum allowable production rate [2]. During 
the last decades the authors of this work have been involved on the development of 
methodologies for the design and optimisation of these tools, aiming the development of 
automatic design procedures [3-5]. Due to the complex behaviour of polymer melts and  the 
intricate geometries to be considered, the developed methodologies involve the employment of 
numerical modelling codes able to model the non-isothermal 3D flow of generalized Newtonian 
or viscoelastic fluids.  
 
Until now, the referred design methodologies have been applied to simple geometries, since the 
previous version of the numerical modelling code used structured meshes that are not adequate 
to map the most complex geometries. Thus, the application of these design procedures to more 
challenging geometries, require the use of numerical codes able to deal with unstructured 
meshes. For this purpose, OpenFoam has a great potential to model the phenomena involved in 
                                                
‡  Corresponding Author: João M. Nóbrega (mnobrega@dep.uminho.pt) 

7th OpenFOAM Workshop 
Center of Smart Interfaces,  
Technische Universität Darmstadt, 
Germany 
24-28 June, 2012 
 

236



the design of complex geometry extrusion forming tools, requiring, however, for this purpose, 
some additional developments. 

2. Extrusion Dies 
 
A properly designed extrusion die should [3]: i) enable the production of the desired profile; ii) 
induce a minimum level of internal stresses; ii) avoid the occurrence of rheological defects; iv) 
avoid the thermal degradation of the melt. To fulfil those objectives, in addition to general 
issues like the control over both the total pressure drop and heat viscous dissipation, the design 
of these extrusion tools must consider several aspects, namely: rheological defects, post 
extrusion phenomena (extrudate swell, drawdown and shrinkage) and the achievement of a 
balanced flow distribution. Among these, one of the most challenging issue is the achievement 
of a balanced flow, which is critical for profiles that comprise sections with different thickness 
[5], since the polymer melt stream tends to accumulate in the thicker regions.  
 

3. Calibration systems 
 
From a thermal point of view, the calibration/cooling system must ensure fast rate uniform 
cooling of the extrudate in order to induce the adequate morphology and a reduced level of 
thermal residual stresses [4]. In practical terms, the temperature gradient along the profile 
contour ( Tσ ) must be minimized [4] and its average temperature at the calibration/cooling 
system outlet (T ) must fall below the solidification temperature, in order to avoid subsequent 
melting. In general, these two criteria (minimization of T  and Tσ ) are conflicting, i.e., 
conditions leading to lower T  values will induce higher Tσ  values and vice-versa. Therefore, 
the design of these systems demand a systematic approach. 
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Here we create a large size OpenFOAM simulation. The performance tests are conducted on 
Shaheen platform a 16 rack Blue Gene/P located at King Abdulah University of Science & 
Technology one of the fasted Top500 supercomputers. Our performance analyses were carried 
out up to two racks of BG/P. The full description of the test case with many results and analysis 
are found in this study. This work will remain ongoing with performing further optimizations on 
the code in order to enhance its efficiency and scalability on large machines. 
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Magnetohydrodynamics, free surface, validation, analytic solution

Numerical tools are often used in industry for their ease of application and low cost compared
to plant trials and experiments. This poster will present a validation case for free surface flows
influenced by a magnetic field and voltage difference across the domain. The test-case is in the
low magnetic Reynolds number regime: the magnetic field is unaffected by the fluid flow, but
the fluid flow is affected by the magnetic field. This validation case is relevant for industrial
applications such as steel casting and welding, where the flow of highly conductive fluids is
influenced by electromagnetic fields.

Figure 1 depicts the analytical set-up, which is a two-dimensional, two-fluid system. The combi-
nation of an applied voltage drop across the two side walls and a linearly increasing orthogonal
magnetic field leads to a body force on the high conductivity liquid on the bottom, forcing the
liquid to move. The interface between the two fluids is controlled by surface tension, which
gives a steady state situation where the flow is recirculating over the full domain width.

The solution is based on lubrication theory, introducing the premise of a small height to width
ratio of the domain. This allows the division of the domain in two boundary layers at the
sides where the liquid changes direction and a core region with parallel flow to first order. The
method of matched asymptotic expansions is utilized for finding the first order stream function
in the core flow and electric potential. Via the pressure and interface condition the first order
elevation of the interface can be derived analytically.

The analytic results are used for the validation of two solvers that are implemented in Open-
FOAM. The one-way coupled magnetohydrodynamics is introduced via the electric potential
formulation, where a Poisson equation for the electric potential is solved.

The first solver is based on the Volume of Fluid (VOF) solver interFoam (OpenFOAM 2.1.0),
where the electric conductivity is based on the liquid fraction. The second solver uses the

†Corresponding Author: Bernhard Righolt (b.w.righolt@tudelft.nl)
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Figure 1: The case under consideration is depicted. The two-layer system has a high conduc-
tivity liquid in the bottom and a low conductivity, density and viscosity at the bottom.
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Figure 2: The analytic solution (red line) is compared with the solution from interFoam (blue
triangles) and interTrackFoam (black circles) for N = 2.5 and capillary number Ca = 0.04.

moving mesh capabilities of interTrackFoam (OpenFOAM 1.6 extend), with the advantage
that the boundary condition for the electric potential can actually be applied to the interface
itself.

We will show (Figure 2) that for both solvers the calculated interface locations accurately
match the analytical expressions for high magnetic interaction parameter (N > 1, Lorentz to
inertial forces)
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