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Outline

Objective
e OpenFOAM?
e Quick overview of recent developments in OpenFOAM
e Update on OpenFOAM community and activities
Topics
e OpenFOAM Executive Summary

e Complex Physics Topics and New Capabilities
o Multiphase-Flows New from Darmstadt
o Immersed boundary method
o Gradient-based optimization

e OpenFOAM community & Summerschool

e Summary
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OpenFOAM: Executive Overview (¢

What is OpenFOAM?

e OpenFOAM is a free-to-use Open Source numerical simulation software library
with extensive CFD and multi-physics capabilities

e Free-to-use means using the software without paying for license and support,
including massively parallel computers | free 1000-CPU CFD license!

e Substantial installed user base in industry, academia and research labs
e All components implemented in library form for easy re-use

e Possibility of extension to non-traditional, complex or coupled physics:
Fluid-Structure Interaction, complex heat/mass transfer, internal combustion
engines, nuclear

Main Components
e Discretisation: Polyhedral Finite Volume Method, second order in space and time
e Lagrangian particle tracking, Finite Area Method (2-D FVM on curved surface)
e Massive parallelism in domain decomposition mode
e Automatic mesh motion (FEM), support for topological changes

e Physics model implementation through equation mimicking
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Implementing Continuum Models (¢

Equation Mimicking
e Natural language of continuum mechanics: partial differential equations

e Example: turbulence kinetic energy equation

k 1 e
% + Ve(uk) — Ve[(v 4+ 14)VE]| = 1y {i(Vu + VuT)} — Z— k

e Obijective: represent differential equations in their natural languag e

sol ve

(
fvm : ddt (k)
+ fvm :div(phi, k)
- fvm:laplacian(nu() + nut, k)

== nut *magSqr (sym(fvc::grad(U)))
- fvm: Sp(epsilon/k, k)

)i

e Correspondence between the implementation and the original equation is clear
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Recent Development €

Example of Capabilities of OpenFOAM in Complex Physics and Industrial CFD

This is only a part of the OpenFOAM capabilities!
Chosen for relevance and illustration
In some cases, simplified geometry is used due to confidentiality

Regularly, the work resulted in a new solver; in many cases, it is developed as an
extension or combination of existing capabilities

Not all of the work is done by Wikki — Work is acknowleged on the slides and at the
end of this presentation
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Multi-Scale Two-Phase Flow Modeling €

Hybrid Interface-Resolving Two-Fluid Model
e Model Framework : Two-Fluid Model

e Conceptual Approach : Conditional Volume

I I I I I
' | | 1 © | |
Averaging & Immersed Interface Concept Vg Y- —°a5-°- l_o_b_% -
e Features: ¢° a O 5 e ¢ p 5 |
o derived from first principle & general o _Oi Q _ _?_ 8 So _ ?_:_
closure  J 2 o P R
. : : | 1 © | |
o reso.lutlo-n-con5|.stent capturing of | o é @ S o { )
multiple interfacial scales (flow regime o QO 10 O ol
.. @) | O IbO Q @) |
transitions) S5 2 ~0d:a9 g QO |
O O ~
| © | ®) | &)
e Future Work e e -
I I

o enhancement of dispersed flow modeling

(capturing polydispersity) Figure 1: Mixed flow regime.
o algorithm and solution technique

(incorporation of phase compressibility)
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Multi-Scale Two-Phase Flow Modeling WIKKI

Example: Industrial-Scale Simulation

volumetric
phase fraction

1.0
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Figure 2: Flow Regime Transition in Large-Scale Pipeline

domain bounding box: height 3 m, width 9 m; pipeline length: 14.5m
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Geometrical Volume of Fluid method {4

Method properties
e geometrically computed
volumetric phase fluxes

e interface represented as a set of
polygons

e single layer of interface cells: a
consistent numerical method

e fully parallelized

Figure 3: Interface In
a shear flow.
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Geometrical Volume of Fluid Method {4

Geometrical transport algorithm for the volume fraction:

1. reconstruct a plane in the inter-
face cell

interface plane g4
2. sweep a face backward with point /
interpolated velocities /

ept polyhedron
/

3. intersect the swept polyhedron
with the cell and the plane

4. update the volume fraction field

outflow cell

Figure 4: Geometrical
flux calculation.
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Geometrical Volume of Fluid method

Volume fraction update:

1
Q?PZQ?P—V_ZVJC
i

V¢ = volumetric phase flux

Ongoing work:

e investigation of wisps : artificial
interface cells (method inherent)

e flow solver coupling

e local mesh adaptivity

Figure 5. Interface de-

formation.
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Direct Numerical Simulation of Surfactant Mixtures (

1. Transport of the surfactant in the bulk
Otp; +V - (piv) +V-ji =15

2. Transport of the surfactant on the fluidic in-
terface

0y p; + Vs - (piEV)-I-Vz'jiE:S?;Z—FmZ

3. Multiregion coupling (ad-/desorption)
— ldi ™| =57

Features of the Solver

e Sharp representation of the Interface

bulk transport

&

adsorption
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bulk transport

s

2

RS

§

WO

surface
transport
Q@

OOO
o
%
Q

1

o __—4
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Q00

desorption

e Block-coupled Finite Area based solution of the interfacial transport equations

e Library for sorption processes
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Diffusive Flux on the Interface — Maxwell-Stefan Equations(

Maxwell-Stefan equations for adsorped species:

N  =:% )IFDY
Pjdii P P o w
—> T spe = mp VM @)
— p= Dz RT
JF1 J osmotic diffusion
. . diffusion barrier

matrix representatlon counter gradient diffusion
AWIO
B>j* = d* 2 o
AMN@
. 0
constraint: >°.j> =0 0
NWIO
= aim is to find a representation of the system in the form AW(O

r>.B>j> =r>d” (3)
MO
where T'* is the group inverse B>:# of B>. — Giovangigli
Inserting into the interfacial species transport equations: MR
N MWD
Of p7 + Vs (P?V) — Vs - ZE%VP@Z = j; (4) b
j=1

— Strong coupling effects among the species!
= Needs to be accounted during numerical solution
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Spatial Discretization €

Finite-Area Method (on a surface)

arbitrary interfacial transport equation

8§¢2 + Vy- (ngZ) = Vs (FEVZQbE) + Sg (5)

equation discretisation:

>
d(¢pSP) +Zm€, (ut)e¢§Le — Zpgme, (Vscbz)

L Le+ (53 (K,)))P Sp (©)

e
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Block Coupled Solution (¢

Arbitrary number of equations can be coupled. ap and ay may be n x n tensors The
discretised species equations for each cell are put into the form

apy;s’ + > _any;N =Rp (7)
N

— Solution: block-stuctured GMRES with incomplete Cholesky preconditioner

Y1,N, Y1,N, source
Yi, Ny Yi,N, source
YN,Ny YN,N, source
Y1,p Y1,p source

Yi,p = Yi, p source

Yn,p YN, p source
Y1,N, Y1,N, Source
Yi, N Yi,N, source
YN, Ny YN,N, source
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Examples WIKKI
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Examples WIKKI

Formation without Surfactant Formation with Surfactant

X

Analysis of Surfactant Influence on Droplet Formation
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Immersed Boundary Methods (IBM)

Immersed Boundary Method: Non-Conformal Boundary Surfaces

Simulation of the flow around immersed boundary is carried out on a grid (usually

Cartesian) which does not conform to the boundary shape

Immersed boundary (IB) is represented by surface grid

Imposition of boundary conditions at IB requires modification of governing

equations in cells which interact with the immersed boundary

|
Fluid
~
\/ \\<IB
\\ Solid \\
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IBM: Pros and Cons {4

Advantages of IBM Over Body-Fitter Mesh Methods
e Substantially simplified grid generation for complex geometry

e Inclusion of body motion is relatively simple due to the use of stationary,
non-deforming background grids

Disadvantages of IBM Over Body-Fitter Mesh Methods

e Imposition of boundary conditions at IB is not straightforward: special techniques
are developed and implemented

e Problem with grid resolution control in boundary layers: effective near-wall mesh
size is approx 50% larger than in equivalent body-fitted mesh

e Limited to low and moderate Reynolds number flows: this is resolved using the
Immersed Boundary wall function implementation

Wish List
1. IBM solution MUST mimic the equivalent body-fitted mesh solution

2. Minimal interaction in top-level code: flow solvers and auxiliary models to be used
without coding changes

Remove limitations on background mesh structure: must work with polyhedra

4. Automate mesh refinement under the IB surface
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IBM In OpenFOAM: Selected Approach €

Implementation of IBM In OpenFOAM
e Discrete forcing approach with direct imposition of boundary conditions

e Basic principle: Value of dependent variable in the IB cell centres is calculated by
interpolation using neighbouring cells values and boundary condition at the
corresponding IB point

O o Fluid cells

»  Solid cells

© m |B cells
o o |IB points
@)
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IBM: User Perspective €

Including i mrer sedBoundar yPol yPat ch into boundary mesh of a pol yMesh by
modifying const ant / pol yMesh/ boundar y dictionary

6
| bCylinder // constant/tri Surface/ibCylinder.ftr
{
type | mmer sedBoundary;
nFaces 0;
start Face 3650;
I nt er nal Fl ow no;
J
I n
{
type pat ch;
nFaces 25;
start Face 3650;
}
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IBM: User Perspective (¢

Including i mrer sedBoundar yFvPat chFi el d into boundary of a vol Vect or Fi el d

boundar yFi el d
{
| bCyl i nder
{
type i nmer sedBoundary;
refValue uniform (0 0 0);
refGadient uniform (0 0 0);
fi xesVal ue yes;

set DeadCel | Val ue yes;

deadCel | Val ue (0 0 0);
val ue uniform (0 0 0);
}
nmovi ngWal |
{
t ype parabolicVel ocity;
maxVal ue 0. 375;
n (10 0);
y (10 0);
val ue uniform (0.375 0 0);
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IBM: Examples WIKKI

e Laminar flow around a 2-D moving circular cylinder in a channel

U
v .

| 0.00 347 6.94 10.41 13.88
L_, x

e Laminar flow around two counter-rotating elements in a cavity

7.01
526
351
175
0.00
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Introduction Optimisation €

e Find
min(J(p))
where J is the objective functional and p are free parameter

e J is calculated by executing a computational workflow (pre-processing, solver,
post-processing) which takes into account the parameters p

e Classification:
o Single vs. Multi-Objective problem (J is a vector)
o Unconstraint vs. constraint problem (additional restrictions on J and/or p)
o Parameter vs. Shape or Topology optimisation (geometry is changed)

o Gradient vs. non-gradient based algorithms (uses g—;)

e Optimization as a discipline is very rich in methods, approaches and algorithms
e Many external tools exists (Dakota, modeFrontier, LMS Optimus)
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Non-gradient Based optimization (¢

e Non-gradient based optimization is based on the evaluation of gradients of
objective functional in which OpenFOAM is responsible for providing the current
state

e Usually several states are saved in order to deduce the behavior of the function
being minimized

e This knowledge is used to retain and discard the states in an effort to find the
optimal point

e Typical problem with non-gradient based algorithms is so called “curse of
dimensionality” - too many parameters require excessive number of non-linear
function evaluations thus making the algorithms very expensive

e In shape optimization effective geometrical parameterization is crucial in
controlling the cost of the optimization algorithm
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Gradient Based optimization €

e Gradient based optimization algorithms rely on the analytical and semi-analytical
tools of gradient evaluation in order to guide optimization algorithms

e Gradients can be obtained in several ways: Numerically, Automatic differentiation,
Analytically

e If the original PDEs are differentiated with respect to the optimization parameter,
the resulting equations form a continuous approach to gradient evaluation

e Two approaches in analytical differentiation of PDEs and gradient evaluations:
o Continuous tangent equations
o Continuous adjoint equations

e Continuous approach is ideal for OpenFOAM as software framework allows rapid
implementation of PDEs
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Continuous Adjoint €

e Construct the Lagrange functional from the weak form of Navier-Stokes equations
and the cost function:

L(z,u,p) = J(x,u,p) —I—// F(x,u,p)U™* (z,u)d2dt (8)
tJQ

e Continuous adjoint equations are obtained by using the duality principles on
continuous tangent equation

e In the case of the incompressible laminar Navier-Stokes equations, continuous
adjoint equations are as follows:

— V.u* = 0
—uVeu" — V(u*)eu —vVeVu* = -—Vp©

e This system of equations describes the propagation of the derivatives from outputs
to inputs in the system - It finds the source of a specific anomaly

e |t does NOT model physical quantities, but the sensitivity of a property to these
guantities

e Efficiently computes sensitivity of a model with a large number of sensitivity
parameters and few objective/cost functions
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WIKI

Catalyst System

Optimisation of a Catalyst (Inlet Part) with Porous Media: Body-Fitted Mesh

e Forward and adjoint solution: pressure and velocity

Adjoint shape optimisation of catalysts velocity Adjoint shape optimisation of catalysts pressure
Flow solution ‘]‘(‘J‘O‘ | |H2|?|O\ o ‘(??O Flow solution 0 Q‘Q?IC‘)\OHAOOOO‘ ; 99?9\ | QHOOO
0 \ 352.5435 -9000 ' 92795

Y ‘\Q(

&
v ’
Hrvoje Jasak, Wikki Ltd, Oct/2012 Hrvoje Jasak, Wikki Ltd, Oct/2012
Adjoint shape optimisation of catalysts UStar Adjoint shape optimisation of catalysts pStar
Sl 1 \O‘2u || ‘O‘A‘, [ R 75\\ 100 \]JO\O u\]\%ﬁ\ 111 \]\?O
0 ' 0.590717 50 ' 167

oY ‘\#

'Z
Hrvoje Jasak, Wikki Ltd, Oct/2012

& &
b
Hrvoje Jasak, Wikki Ltd, Oct/2012
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Catalyst System WIKKI

Optimisation of a Catalyst (Inlet Part) with Porous Media: Body-Fitted Mesh
e Shape derivative and convergence history

Adjoint shape optimisation of catalysts shape derivative
Adjoint solution 0.4 (i1 0.8 1 ‘1 2 0 1.6
M LLLL Ml | i LUILLLLL \“
0 1.87 !

residual

1e-06 : |

Y ‘\&( 0 500 I 10‘00 I 15‘(]0 I 2000
iteration
'Z
Hrvoje Jasak, Wikki Ltd, Oct/2012
Adjoint shape optimisation of catalysts shape derivative Adjoint shape optimisation of catalysts shape derivative
Shape derivative 0.4 0.8 2 1.6 Shape derivative 0.4 8 1.6

Wuuwu]i\mmu“

1.735e-5 1.873105

W\mup'wu.\l]%mmx“

1.735e-5 1.873105

Hrvoje Jasak, Wikki Ltd, Oct/2012

Hrvoje Jasak, Wikki Ltd, Oct/2012 i WA
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Piping System

Optimisation of Connecting Piping
e Forward and adjoint solution: pressure and velocity

velocity UStar
EO

200

pStar
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Piping System

WIKI

Optimisation of Connecting Piping

e Forward and adjoint solution: shape derivative and convergence history
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Immersed Boundary Catalyst System WIKKI

Optimisation of a Catalyst (Inlet Part) with Porous Media: Immersed Boundary
e Mesh setup, immersed boundary and live subset
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Immersed Boundary Catalyst System WIKKI

Optimisation of a Catalyst (Inlet Part) with Porous Media: Immersed Boundary

e Forward and adjoint solution: pressure and velocity

| ]
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Immersed Boundary Catalyst System €

Optimisation of a Catalyst (Inlet Part) with Porous Media: Immersed Boundary
e Convergence history
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0 100 200 300 400 500
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OpenFOAM Summerschool

expand the physical modelling
knowledge, numerics and
programming skills of attendees

providing extended tuition (14 days)
for a small and selected group

students and researchers from
academia and industry

Organisers: Prof. Hrvoje Jasak & Prof.
Zdravko Terze

Activities

Each student works on his project

direct supervision and one-to-one
work

Lectures on chosen topics
Having fun together
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General Information {4

(‘ y & g .
= | g
P ‘ !E e -
¥ N

3

e When? — Once a year, the first two weeks in September
e Where? — At the University of Zagreb, Croatia

e How to apply?
— Application with a description of your project, current problems and goals

e Who can apply?
— All students on MSc and PhD university courses
— Young researchers in commercial companies
OpenFOAM experience is pre-requisite. It is NOT an introductory course

e More information? Checkout the web-site. Ask the Alumni!
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Summary (¢

e OpenFOAM is an object-oriented approach to solve continuum mechanics
problems

e It focuses on fluid dynamics and complex coupled physics
e |tis still gaining momentum around the world
e Leading research centres and major industrial companies adopted OpenFOAM

e Healthy commercial support infrastructure offering training, support, (core)
development, graphical user interfaces, acceleration

e This ecosystem provides all ingredients for a successful future: Teaching
(academic & commercial), Development (application & core level), Funding
(industrial & public)

e Open Source model dramatically changes the industrial CFD landscape: new
business model

e Come and find out more at the Eighth OpenFOAM Workshop : Organised by

Seoul National University in Jeju, South Korea 11-14 June 2013
http://ww. openf oamwor kshop. org
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