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BACKGROUND




Bosch — technology to enhance quality of life

» Some 59,000! researchers and developers
work at Bosch: at 1202 locations worldwide,
in a single network.

» Bosch is one of the world’s leading international
providers of technology
and services.

» Over the past six years, Bosch has invested
more than 27 billion euros in research and
development.

» Our objective: to develop innovative, useful, and
exciting products and solutions to
enhance quality of life — technology that is
“Invented for life.”

1Asof 12.16 2R&D locations with >50 associates, as of 12.16
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Bosch — Four business sectors
Key figures 2016*

» 73.1 billion euros in sales

Bosch Group » 389,281 associates

Mobility Solutions

» One of the world’s largest suppliers of mobility solutions 60% share of sales
()

Industrial Technology

» Leading in drive and control technology, packaging,
and process technology

Energy and Building Technology

» One of the leading manufacturers of security and communication technology
» Leading manufacturer of energy-efficent heating products
and hot-water solutions

40% share of sales

Consumer Goods
» Leading supplier of power tools and accessories
» Leading supplier of household appliances

* Asof 12.16
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Background
Some SU2 History

External, Compressible Aerodynamics Internal, Incompressible Flows with Heat Transfer
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Background
Coupled Approaches (Density-based) in SU2
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JOURNAL OF COMPUTATIONAL PHYSICS 135, 118-125 (1997)
ARTICLE NO. CPOT5716

A Numerical Method for

Viscous Flow Problem

Alexandre Joel Chorin

Courant Institute of Mathematical Sciences, New York University, Ne

A numerical method for solving incompressible viscous flow
problems is introduced. This method uses the velocities and the
pressure as variables and is equally applicable to problems in two
and three space dimensions. The principle of the method lies in the
introduction of an artificial compressibility & into the equations of
motion, in such a way that the final results do not depend on 8. An
application to thermal convection problems is presented. © 1967
Academic Press.

INTRODUCTION

The equations of motion of an incompressible viscous
fluid are

oy + Wi = —ia,p +vAu+F, A=Y,
7

where u; are the velocity components, p is the pressure, F;
are the components of the external force per unit mass, py
is the density, v is the kinematic viscosity, ¢ is the time,
and the indices 7, j refer to the space coordinates x;, x;, i,
=123

Let d be some reference length, and U some reference
velocity; we write

. (v
2l 1 =<F>'

and drop the primes, obtaining the dimensionless equa-
tions
du; + Rujoyuy = —ap + Au; + Fy, (1a)

ay (1v)

Reprinted from Volume 2, Number 1, August 1967, pages 12-26,
* This work was partially supported by AEC Contract No. AT(30-1)-
1480.
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We present a low-Mach number fix for
Mach number Ma tends to zero, soluti
the incompressible equations. Yet, stan
gence: the artificial viscosity grows like

Abstract

This paper addresses entropy generation and the corresponding dissipati
olution, shock-capturing (Godunov) methods. Analytical formulae are deri
arbitrary jumps in primitive variables at a cell interface. It is demonstrated
the inherent numerical entropy increase of Godunov methods is not propo
monly assumed, but it is proportional to the velocity jump squared. Furtl
directly linked to temperature multiplied by change in entropy at low Mach
is shown to be proportional 1o the velocity jump squared and the speed of sq
ciated with jumps in pressure, density and shear waves is detailed and furt
dissipation due to the perpendicular velocity jumps which dominates. Thi
Godunov methods at low Mnh numbers. The analysis is also applied to hi
and all analytical results are validated with simple numerical experiments.
© 2008 Elsevier Inc. All rights reserved.

Keywords: High-resolution methods; Godunov methods; Dissipation; Kinetic ener]
number

1. Introduction

The finite volume (FV) high-resolution, shock-capturing methods
ods) have proven extremely successful in the simulation of high-sped
applications in the broader field of compressible fluid dynamics. Th
tinuities in compressible flows and in order to provide a stable and

* Contains material © British Crown Copyright 2006/MOD.
* Corresponding author. Tel.: +44 1234 754706; fax: +44 1234 752149,
E-mail address: d drikakis @cranfiled.ac.uk (D. Drikakis).

a discrete asymptotic analysis of the
jump in the normal
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Preconditioning Applied to Variable and Constant Density Flows

Jonathan M. Weiss* and Wayne A. Smith*
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Introduction
HE use of computational fluid dynamics (CFD) technologies
is expanding throughout industey, academia, and the research

community. As such, numerical flow solvers are relied upon (o \nlve

by equation stiffness when solving low-Mach-number compress-

ible flows and by time-accuracy constraints in unsteady problems.

‘The effect of decreased time-stepsize is realized by low convergence

in turn result in higher computational costs per solution.
hi ide good stability and

a wide class of flow problems ranging from
Reynolds-number flows (o high-speed compressible flows at mgh
Reynolds numbers. In addition, the flowfields of intercst arc hecom-
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ing complex and contain flow features that span
a broad spectrum of length seales, Because it is more praciical to
familiarize oneself with a single code, designers, experimentalists,
and other end-users of CFD software look 10 a single flow solver
that can address this wide range of flow conditions

Historically, incompressible low-Reynolds-number flows were
first addressed by pressure-based solution algorithms.' In these
methods the cquations of motion are solved in a segregated (un-

schemes

st i [ dsu-
personic Mach numbers. Al low speeds, however, system stiffness
lting from disparate particle and acoustic velocities (i ., large
‘condition number} causes convergence rates to deteriorate. Conver-
sence can be made independent of Mach number by altering the
acoustic speeds of the system such that ail cigenvalues become of
the same order and the condition number is made to approach unity.
Several approaches to normalicing eigenvalucs via Lime derivadve

vergence of flows with low Mach nurmers.

coupled) manner, relying on diagonal dominance for
Pressure-based algorithms have since been extended (0 solve flows

thigh flows as well. Allerna-
tively, densily-based schemes were developed in the context of tran-

1. Introduction

In some and weakly flow regime
Mach number regions in high speed flow are, for example, stagnation points
tions the flow regime can suddenly change from quasi incompressible to co
detonation transition (DDT). This explains the need for solvers that can hane
speed flows as well as the accurate simulation of weakly compressible flow

Unfortunately, schemes designed to capture shock waves face anumber of|
regimes, i.e. if the Mach number tends to zero: stiffness of the equations, canc
accuracy due to numerical diffusion of the order ©(1/Ma). The research effort
and the approaches are diverse.

The cancellation problem was solved by Sesterhenn et al. in [1]. They avoid
tities introduced in the wave propagation approach by LeVeque [2].

To overcome the stiffness and accuracy problem in steady flow simulations a
ing techniques have been developed and applied to compressible (and incon]
tions, such as Turkel's approach, [3,4], or the characteristic time stepping a
reduced by (almost) equalizing the propagation speeds of the different waves
to steady state. At the same time, the artificial viscosity is tuned correctly for

E-mail address: rieper@iauuni-frankfurt de

‘Downloaded by STANFORD UNIVERSITY o Decamber 1

sonic. external aerodynamic applications.* These methods employ
‘e-marching procedures, both implicit"® and explicit? 1o solve
the hyperbolic system of governing equations. Density-based meth-
ods have also been extended 10 solve low-Reynolds-number and
incompreasicle ﬁows.’ * The similarities and differences between
@ pressure- m\d density-based approaches are discussed in
e e
To st he semand of CFD verssted arlir, a density based
flow solver
mesh (opulngy The algorithms employed here are d:slgucd 0 cor
pute steady-state and time-dependent flows of incompressible and
vamblc  desity fluids at all speeds over a wide range of Reynolds
numl
We ’\avr. chosen to use un\kmchm:d meshes because they pro-

In their form, ti g schemes are useless
for solving incompressible flows bacause the incompressible sys-
tem is not fully hyperbolic, and pressure cannot be updated from
an cquation of state. This deficiency is overcome by employing
in artificial-compressibility approach™ wherein a pressure time
derivative is introduced into the continuity equation. With the ar-
tificial pressure term, the system becomes hyperbolic and a means

ate pressure is provided. When solving the equations in con-
seoailve form, it has been recommended that this term be included

allof ncither case,

e is

tic speed is typically set 1o about twice the local velocity, such that
a pseudo-Mach number of one-half is achieved, thereby providing
optimal convergence,

1tis our objeetive to combine the deas of low-Mach-number pre-
<onditioning and artificial compressibility into a unified approach
and produce a preconditioning matrix that will provide for efficient
solution of both constant and variable density flows at all speeds.
I this ne with that

vide greal flexibility
and offr the potrtia for solation adaption t 1osolve 1he variows
length scales of an evolving flowfield. Optimizing computational
efficiency is especially important for numerical flow solvers based
on unstructured meshes because these schemes are generally used
in conjunetion with explicit, multistage solution algoriims such
as Runge-Kutta® Explicit schemes provide a low operation count
per iteration but suffer from serious time-siep lmit relative
to their implicit counterparts. Time steps 4 »b.m\c.l even further

Prosented as Paper 94-2209 at the AIAA 25th Fluid Dynarmics Confer-
ence, Colorado Springs, CO, June 20-23, 1994; received Gct. 5, 1994;
revision reesived April 20, 1995; accepted for publication May 3, 1995

given in Ref. 12 for compressible flows with three notzble excep-
tions: 1) derivatives of density with respect to pressure and tem-
perature are carried through without the assumption of an ideal gas
law equation of state, 2) the pscudoacoustic speed used to condition
the eigenvalucs of the sysiem is writien in terms of a characteristic
reference vel opposed Lo  local speed of sound and refer-
ence Mach number, and 3) derivatives of density with respect to
temperature are retained. It has been our experience that this lat-
ter exception is necessary for solving flows in which density is 2
function of temperature onl

Because time-derivative preconditioning destroys the time accu-
racy of the governing equations, the solution of unsteady flow is
nol possible by these means alone. To overcome this limitation, we

ini X s ¢ evicr Tne. eset Copyright © 1995 by Fluent Inc. Published by the American Insitute of loy a dual time-stepping'® " procedure. This involves an inner
18 . 0021-9991/$ - see front matter © 2008 Elsevier Inc. All rights reserved. " © " iy employ a dual time-stepping’ procedure. This involves an inner
00219991197 $25.00 Hampton, Virginia 23681-0001 2008.01035 0021-9991/$ - see front matter © 2011 Elsevier Inc. Al rights reserved. st Ao T, ith permission. iteration loop in pseudorime that is wrapped by an outer loop siep-
Copyright © 1967 by Academic Press doi: 10.1016/3j¢p.2011.03.025 Fngineer. Member A ping Thus, field at each
All rights of reproduction in any form reserved.
2050
7 Research and Technology Center North America | CR/RTC5.2-NA-Economon | 09.17.2018




Background

Coupled Approaches (Density-based) in SU2
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JOURNAL OF COMPUTATIONAL PHYSICS 135, 118-125 (1997)
ARTICLE No. CP9TST16
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A Numerical Method for Solving Incompressible
Viscous Flow Problems*

Alexandre Joel Chorin

Courant Institute of Mathematical Sciences, New York University, New York, New York 10012

A numerical method for solving incompressible viscous flow
problems is introduced. This method uses the velocities and the
pressure as variables and is equally applicable to problems in two
and three space dimensions. The principle of the method lies in the
introduction of an artificial compressibility  into the equations of
motion, in such a way that the final results do not depend on 5. An

apy ion to thermal convection problems is presented. o 1967.
Academic Press.

INTRODUCTION

The equations of motion of an incompressible
fluid are

i+ o = ——ap +vAu+ F, A= a7,
7

where u; are the velocity components, p is the pressure, F;
are the components of the external force per unit mass, py
is the density, v is the kinematic viscosity, ¢ is the time,
and the indices i, j refer to the space coordinates x;, x;, i,
j=1,23.

Let d be some reference length, and U some reference
velocity; we write

and drop the primes, obtaining the dimensionless equa-
tions
du; + Ruydju; = —d;p + Au; + F;, (la)

A (1b)

Reprinted from Volume 2, Number 1, August 1967, pages 12-26.
* This work was partially supported by AEC Contract No. AT(30-1)-
1480,

where R = UD/v is the Reynolds number. Our purpose

is to present a finite difference method for solving (1a)—

(1b) in a domain D in two or three space dimensions, with

some appropriate conditions prescribed on the boundary
£ D

The numerical solution of these equations presents ma-
jor difficulties, due in part to the special role of the pressure
in the equations and in part to the large amount of com-
puter time which such solution usually requires, making it

necessary to devise finite-difference schemes which allow
efficient computation. In two-dimensional problems the
pressure can be climinated from the equations using the
stream function and the vorticity, thu;

difficulties. If, however, a solution i

sions is desired, one is thrown bacl

variables, the velocities, and the pressure. In what follows
a numerical pmcedure using these variables is presented;
itis equally to two- and th ional prob-
lems and is believed to be computationally advantageous
even in the two-dimensional case. In the present paper we
shall concentrate on the search for steady solutions of the
equations; a related method for time-dependent problems
will be presented in a forthcoming paper.

Methods using the velocities and the pressure in two-
dimensional incompressible flow problems have previously
been devised. For example, in [4], Harlow and Welch fol-
low a procedure which appears quite natural—and may
indeed in their problem be quite appropriate. It runs as
follows: Taking the divergence of Egs. (1a) one obtains
for the pressure an equation of the form

Ap=0 A=3 3, 2

where Q is a quadratic function of the velocities and, even-
tually, a function also of the external forces. Boundary
conditions for (2) can be obtained from (1a) applied at
the boundary. There remains, however, the task of ensur-
ing that (1b) s satisfied. This is done by starting the calcula-
tion with velocity fields satisfying (1b), making sure that
(1b) is always satisfied at the boundary, and solving (2) at
every step so that (1b) remains satisfied as time is advanced.
An ingenious formulation of the finite difference form of

18

0021-9991/97 $25.00
Copyright © 1967 by Academic Press
Al rights of reproduction in any form reserved.
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Let’s develop a robust coupled
method more general than Artificial
Compressibility w/out complexity
of fully compressible N-S.

Sasorg | DOL. 1035 10312996
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Preconditioning Applied to Variable and Constant Density Flows

Jonathan M. Weiss*

and Wayne A. Smith*

Fluent Inc., Lebanon, New Hampshire 03766
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demonstrated.

Introduction
HE usc of computational fluid dynamics (CFD) technologics
is expanding throughout industry, academia, and the rescarch
community. As such, mumerical flow solvers are rc

tion with a finite volume discretization designed for truciured,
shown to provide accurate steady-state soluli
i low-<pecd flow of varble density . The e acourate sout o of unsteady,

mpressible Tow s st

by equation stiffness when solving low-
ible flows and by time-accuracy constrain

Mach-number compress-
s in unsteady problems.

4 wide elass of flow problems ranging from
Reynolds-number flows (o high-speed compressible flows at high

addition, intercst are becom-
etrically complex and contain flow features that span

and other end-users of CFD software ook 10 a single flow solver
that can address this wide range of flow conditions.

Historically, incompressible low-Reynolds-number flows were
first addressed by pressure-based solution algorithms. In these
methods the equations of motion are solved in a segregated (un-

The eff s realized by
liod upontosalve  Tates that in tum rsolt i higher computaional costs per olution,
Tow- Ti g00d stability 4
wmn solving sue

personic Mach numbers. At low speeds, however, system stiffness
resulting from disparate particle and acoustic velogitics (i.c., large
wnd\lwn number) causes convergence rates (o deterioral nver-
genee can be made independent of Mach number by altering the
acoustic speeds of the system such that all eigenvalues become of
the same order and the condition number is made (© approach unity.
Several approaches to normalizing eigenvalues via lime-derivative
itioni 3 andshown
vergence of flows with low Mach numbers

coupled) manner, relying on diagonal dominance for
Pressure-based algorithms have since been extended to solve flows
at high Reynolds numbers and compressible flows” as well. Alterna-
tively, density based schemes were developed i ihe contex of ran-
sonic, extermal uerodynamic applications, Ihe:e melhod~ employ
time-marching procedures, both impli i® to solve
the hyperbolic system of governing, cqmm x)Lm\ny,th meth-
ods have also been extended (o solve low-Reynolds-number and
incompressible flows.™* The similarities and differences between
the pressure-based and density-based approaches are discussed in
Turther detail in Ref. 9.

To meet the demand of CFD users cited earlier, a density-based
flow solvecis developed based onan unstroetured,soltion-adaptive

The

In their form, hing schemes are useless
for solving incompressible flows because the incompressible sys-
tem s not fully hyperbolic, and pressure canaot be updated from
an equation of state. This deficiency is overcome by employing
an artificial-compressibility approach’® wherein a pressure lime

lerivative is introduced inio the continuity equation. With the ar-
tificial pressure term, the system becomes hyperbolic and a means
 update pressure is provided. When solving the equations in con-
servative form, it has becn recommended that his term be included
inall of th ' n either case, the is
normalized by & pseudoacoustic specd (squared), The pseudoacous-
tic speed is typically sel o about twice the local velocity, such that
a pseudo-Mach number of ane-half is achieved, thereby providing

pute steady-state and Lime-dependent !lu\\m of incompressible and
variable dénsity flvids at all speeds over a wide range of Reynolds
numbers.

We have chosen to use unstructured meshes because they pro-
vide great flexibilily in discretizing geometrically complex domains
and offer the potential for solution adaption to resolve the various
length scales of an evolving flowfield. Optimizing computational
efficiency is especially important for numerical flow solvers based
on unstructared meshes because these schemes are generally used
in conjunction with explicit, multistage solution algorithms such
as Runge-Kuua.® Explicit schemes provide a low operation count
per iteration but suffer from serious time-step limitations relative
o their implicit counterparts. Time steps are limited even further

sented as Paper 94-2200 at the AIAA 25th Fluid Dynamics Confer-
Colorado Springs. CO, June 20-23, 1994: received Oct. 5, 19%;
ision received April 20, 1995; accepted for publication May 3, 1995
Copyrght © 1995 by Fluent Tnc. Publshed by the American Ittt of
Actonautics and Astronautics, Inc., with permission

*R&D Engineer. Member AIAA

2050

optimal

Itis our ohjective to combine the ideas of low-Mach-number pre-
conditioning and artificial compressibility into a unified approach
and produce a preconditioning matrix that will provide for efficient
solution of both constant and variable density flows at all speeds.,
The derivation of this new preconditioning foliows closely that
given in Ref. 12 for compressible flows with three notable excep-
tions: 1) derivatives of density with respect to pressure and tem-
perature are arried through without the assumption of an ideal gas
law equation of state, 2) the pseudoacoustic speed used 1o condition
the cigonvalues o he systcm i writien i erms o o characeisti
reference velocity o5 opposed 10 local speed of sound and refer-
e Mach number, and 3 dei with respect to
lemperature e rtained, I has besh our experience (at s ol

.+ exception is necessary for solving flows in which density is
function of lemperature only.

Because time-derivative preconditioning destroys the time accu-
racy of the governing equations, the solution of unsteady flow is
not possible by these means alone. To overcome this limitation, we
employ a dual time-stepping"™"* procedure. This involves an inner
iteration loop in pseudotime that is wrapped by an outer loop stej
pingthiough physical time. Thus, the flowficld at cach physical time

BOSCH
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Modeling & Implementation
Governing Equations: low-Mach N-S (variable density)

» Eqns. in conservative form in a domain Omega with solid wall boundary S and inlet/outlet boundaries:

RU)=2%L +V . -Fe(U)-V-F°(U,VU) =0, in Q,
v =0, on S,
1'="1Tg, on S,
(W) = Win, on [y,
. (W)P — Wouta on I\outa
U:{p’p'ﬁ’pcpT} FC(U>= pv@v—i—l_p , FU(U,VU>= T ,
pcp T'v VT
= 2 -
RT F=p(Vo+ Vo) —pzI(V-0)

& BOSCH
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Modeling & Implementation
Coupled Approach /Il

» We follow the approach of Weiss & Smith [1995] with some notable differences... in the end we have:

R(V) = F%—Z +V-FV) =V -FY(V,VV) =0
3= 0 0 0 oT ]
3z P 00 pPTU
F=]3 0 p 0 OTV
= 0 0 p PTW
_C§2T 0 0 0 prepd + pep
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Modeling & Implementation
Coupled Approach I/l

» What exactly is Beta?
» Itis an artificial sound speed
» We can see this clearly by comparing the eigenvalues of convective flux Jacobian to the compressible case.
» Draws clear link between the Artificial Compressibility and preconditioning approaches.

von 0 0 0 0
0 ov-n 0 0 0
FC
A(F 1%‘/>_)\(F "AY=10 0 ©-m 0 0
0 0 0 v-n—@8n 0
0 0 0 0 v-n+ 3|nl]
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Modeling & Implementation
Present Developments

» A custom preconditioning method for low speed flows with heat transfer:
» Simplicity: fully compressible N-S not required

Euler, N-S, and RANS (low-Mach, decoupled energy, or isothermal)

Conservative formulation

Primitive variable-based, V={p, u, v, w, T}

Custom Flux Difference Splitting (upwind) and centered schemes

vV v . v. vy

Implicit & explicit time integration for steady relaxation, time-accurate flows with dual
time-stepping

» Enables variable density incompressible flows:

» Introduces 2 new fluid models: constant density fluid, incompressible ideal gas

» Includes energy equation:

» New energy egn. options: disable, solve decoupled, apply Boussinesq approximation,
or couple for variable density

1 3 Research and Technology Center North America | CR/RTC5.2-NA-Economon | 09.17.2018

Simulation and Adjoint-based Design for Variable
Density Incompressible Flows with Heat Transfer

Thomas D. Economon”®
Bosch Research and Technology Center, Sunnyvale, CA, 94085, U.S.A

This article details the and i ion of an ible solver for
simulation and design in variable density incompressible flows with heat transfer. In the
low-Mach approximation of the Navier-Stokes equations, density can vary as a function of
transported scalars, and in this case, density varies with temperature from a coupled energy
equation. These g g ions are spatially discreti & a finite volume method
on unstructured grids and solved in a coupled manner with a custom precondition
approach. The implementation is within the SU2 suite for multiphysics simulation and
design, and it has been algorithmically differentiated to construct a discrete adjoint for
efficient sensitivity analysis. Results demonstrating the primal solver on a set of standard
verification and cases and adjoint-based shape optimization are p 4.

I.  Introduction

In this article, we pursue the development and implementation of a solver for variable density incom-
pressible flows with heat transfer. Variable density, low-speed flows are of interest for many applications
such as natural (buoyancy-driven) or forced convection problems, environmental Bows, fire simulatious, or

for reacting flows, such as combustion simulations. In these situations, the Mach number can be very small,
but the effects of heat transfer and the accompanying variations in density res

One approach for this regime is to apply the fully compressible form of the
conservation of mass, momentum, and energy. Unfortunately, it is well known that the equs
very stiff at low Mach numbers, resulting in poor convergence behavior for density-based, compressible codes,
and the numerical methods applied typically suffer from accuracy issues due to artificial dissipation that is

equations for

ons become

poorly scaled at small Mach numbers (related to disparate scales of convection /acoustics). Preconditioning
approaches for the compressible Navier-Stokes equations at low speeds can be a remedy, and they have been
successfully demonstrated in literature by many authors. These approaches can be an ideal choice for
flows with mixed high and low Mach numbers. However, they carry more complexity than necessary for
purely low-speed flows, which could lead to couvergence or performance issues or more restrictions on the
mmerics.

On the other hand, the flow can be treated as incompressible. In order to include heat transfer effects in
incompressible flows, the energy equation, or a temperature evolution equation, must be solved in addition
to the continuity and momentum equations for the fluid. The specific coupling of the energy equation will
depend on the situation. For constant density fluids, the energy equation can be solved with a one-way
coupling, essentially as a passive scalar, or be two-way coupled through the Boussinesq approximation for
problems with suitably small temperature variations. However, for some problems, large density variations
are critical even at very small Mach numbe
necessary, Here, the low-Mach number formula

The appeal of the low-Mach Navier-Stokes equatious is the ability to treat incompressible fuids that
feature large density variations while avoiding the complexity of the fully compressible form of the N

laborate model is

such as in reacting flows, and a more

ion of the equations is an attractive choice

vier-

Stokes equations. Density is decoupled from pressure and determined from an equation of state that is
a function of transported scalars, such as temperature. This decoupling of the thermodynamic pressure
removes the acoustics from the equations. Practically speaking, the low-Mach approximation, arrived at

“Secnior Rescarch Scientist, Multiphysics Modeling and Simulation, AIAA Senior Member
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Modeling & Implementation

Gradient-based Optimal Shape Design
min J(V(a), X(«))

» Input: a baseline geometry/mesh and a @
chosen parameterization (alpha) controlling

shape, and J.

Baseline
Geometry/Mesh ﬁptimiz or

t———

~

» Meshes are deformed with pseudo- Mesh B
Deformation M(a) =X
structural approach (operator M).

» Primal gives us J, adjoint gives us the
gradient efficiently.

Geometry
Deformation

» Numerical optimizer drives the problem to v AElves R(V(a),X(a)) =0

a local optimum J* with final geometry

a | p h a * . Sensitivity

Analysis
» See Albring et al. 2015, Albring et al. 2016
. . . . . — %
for full details of discrete adjoint in SU2 — UG ——— O, J
with CoDiPack. \ /
Research and Technology Center North America | CR/RTC5.2-NA-Economon | 09.17.2018 M. Sagebaum, T. Albring, and N. R. Gauger. High-Performance Derivative Computations using

CoDiPack. arXiv preprint arXiv:1709.07229, 2017.




RESULTS (V&V)




Results
Verification & Validation (V&V)

su2code.github.io

SUZ2 Download Docs Tutorials Forum  Develop IDS  News

0. Getting Started

O Compressible Flow

0. Incompressible Flow

nviscid Hydrofoil

O Laminar Flat Plate with Heat Transfer
Turbulent Flat Plate

Turbulent NACA 0012

Laminar Backward-facing Step

Laminar Buoyancy-driven Cavity

Cp
y [m]
o

0 Design Features

Event Content

Goals

Upon completing this tutorial, the user will be familiar with performing a simulation of
- O internal, laminar, incompressible flow in a channel over a backward-facing step.
Consequently, the following capabilities of SU2 will be showcased in this tutorial:

0. * Steady, 2D, laminar, incompressible, Navier-Stokes equations

* Flux Difference Splitting (FDS) convective scheme in space (2nd-order, upwind)
o Euler implicit time integration

* Inlet, outlet, and no-slip wall boundary conditions

The intent of this tutorial is to introduce the capability for prescribing inlet condition
data from a file instead of assuming uniform conditions. The new options needed for
this feature will be explained. We will also compare velocity profile results against
numerical results from literature.

A

Research and Technology Center North America | CR/RTC5.2-NA-Economon | 09.17.2018 Tu to r.i a IS re | e a Se d to th e p u bl iC W it h S U 2 V6 ] 1 @/

» Inviscid Hydrofoil

» Buoyancy-driven Cavity

» Laminar Flat Plate

» Turbulent Flat Plate

» Turbulent NACA 0012

» Turbulent 3D Bump-in-Channel
» Axisymmetric Pipe

» Laminar Backward-facing Step

» Excellent agreement for all
comparisons against theory, well
established codes, and experiment.

BOSCH




Results
Code Comparison SU2 | Fluent

- =)

Pressure Pressure
-50e+01 0 20 40 60 80 100 1201.5e+02 -50e+01 0 20 40 60 80 100120 1.5e+02
— bt —t— |
Turbulent flow through a rectangular u-bend. - R

Re ~ 4300.

Research and Technology Center North America | CR/RTC5.2-NA-Economon | 09.17.2018 BOSCH
© 2018 Robert Bosch LLC and affiliates. All rights reserved. \_/




Results
Complex Geometry

Non-dim. Pressure
-6.0e-01 -0.2 0 0.2 6.0e-01

s .

18 Research and Technology Center North America | CR/RTC5.2-NA-Economon | 09.17.2018 . . . osc
~ ( )
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Results
Shape Optimization of a Heated Cylinder: Primal

19 Research and Technology Center North America | CR/RTC5.2-NA-Economon | 09.17.2018

e Re =40, Tw = 1000 K, Tinf = 288.15, variable density (ideal gas), T-dependent props. BOSCH




Results
Shape Optimization of a Heated Cylinder: Parameterization

50 free-form deformation control points (25 upper, 25 lower). Vertical movement only. BOSCH



Results
Shape Optimization of a Heated Cylinder: Drag Sens. Verification

0.3 Drag Sensitivity for Laminar Flow around a Heated Cylinder
. I 1 | 1 I

‘ | ; S |— 0

| e—e FD (1e-5)
02_ ..................... .....

s—a Direct Diff.
+— Disc. Adjoint

O T
_0.3L ; ; ;
0 10 20 30 40 50
«
21 Research and Technology Center North America | CR/RTC5.2-NA-Economon | 09.17.2018

50 free-form deformation control points (25 upper, 25 lower). Vertical movement only. (&) BOSCH
..., e



Results
Shape Optimization of a Heated Cylinder: Heat Flux Sens. Verification

300 Total Heat Flux Sensitivity for Laminar Flow around a Heated Cylinder

I T 1 1

— 0
: : : .| == Direct Diff.
200 +—+ Disc. Adjoint |]
100} . |
3 ‘ 1
2 9 5
o i
5 | ;
~100} ﬁ
200 j
—300 5 10 50 30 40 50
Q

2 2 Research and Technology Center North America | CR/RTC5.2-NA-Economon | 09.17.2018

50 free-form deformation control points (25 upper, 25 lower). Vertical movement only. (&) BOSCH



Results

Shape Optimization of a Heated Cylinder: Heat Flux w/ Cd Constraint
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Animation.

BOSCH
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V&YV
90 Degree Bend Optimization Example

\ ==

Non-dim. Tangential Velocity
0 0.05 0.1 0.15 0.2

h‘—.

0.08

0.07{

B
8

Secondary Streng

o o o o
8 8 R B3

o
c

1
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One more thing...
Periodic Boundary Condition

Non-Dim. Pressure
1.1e+00

Q.0e-01
| ' —

periodic boundary condition now based on concept of completing the residual rather than halo cells

2 5 Research and Technology Center North America | CR/RTC5.2-NA-Economon | 09.17.2018 “ BOSCH
© 2018 Robert Bosch LLC and affiliates. All rights reserved 4




One more thing...

Periodic Boundary Condition

Non-Dim. Pressure
L 2.0e-01 ] 1.1e+00

| [— |

26 Research and Technology Center North America | CR/RTC5.2-NA-Economon | 09.17.2018 7EN BOSCH
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One more thing...

Periodic Boundary Condition

ParaView binary output now available
(parallel implementation with MPI-10)

Non-Dim. Pressure
< 2.0e-01 1 1.1e+00

)7  Researchand Technology Center North America | CR/RTCS.2-NA-Economon | 09.17.2018 adjacent periodic surfaces now possible’ e. g.’ triply periodic Cube @ BOSCH




Conclusions
Key Messages from Today

» Showed a density-based preconditioning approach for a range of incompressible flows.
» Seen as either a generalization of Artificial Compressibility or simplification of Weiss & Smith [1995].

» In author’s experience, preconditioning all eqns. is critical for robustness when adding energy eqn. or turbulence model.

» Showed V&V of method with classic and NASA turbulence modeling cases. Demonstrated shape design.

» V&YV results are reproducible with open data, source code available to public, tutorials covering usage online.

» Meant as a reference for the SU2 community to build on for incompressible flows.

Research and Technology Center North America | CR/RTC5.2-NA | 09.17.2018
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