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BACKGROUND



Bosch – technology to enhance quality of life

� Some 59,0001 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.” 

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

Bosch Group � 73.1 billion euros in sales
� 389,281 associates

Mobility Solutions
� One of the world’s largest suppliers of mobility solutions

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

Consumer Goods
� Leading supplier of power tools and accessories

� Leading supplier of household appliances

60% share of sales

40% share of sales

* As of 12.16
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Background
Some SU2 History

External, Compressible Aerodynamics

ü
Internal, Incompressible Flows with Heat Transfer

?
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Background
Coupled Approaches (Density-based) in SU2
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Background

Coupled Approaches (Density-based) in SU2

?

Let’s develop a robust coupled 

method more general than Artificial 

Compressibility w/out complexity 

of fully compressible N-S.
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MODELING & 
IMPLEMENTATION



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

Modeling & Implementation
Governing Equations: low-Mach N-S (variable density)
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� We follow the approach of Weiss & Smith [1995] with some notable differences… in the end we have:

Modeling & Implementation
Coupled Approach I/II
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� What exactly is Beta?

� It is 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.

Modeling & Implementation
Coupled Approach II/II

�2 = ✏2(v̄ · v̄)max

�

✓
��1 @F̄

c

@V

◆
= �

�
��1Āc
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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
� 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 eqn. options: disable, solve decoupled, apply Boussinesq approximation, 

or couple for variable density
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Gradient-based Optimal Shape Design
Modeling & Implementation

Optimizer


Sensitivity 
Analysis


Analysis


Mesh 
Deformation


Geometry 
Deformation


Baseline 
Geometry/Mesh


Converged?
 yes
no


J

rJ

~x

~xo

~x⇤, J⇤

↵̄

↵̄o

↵̄⇤, J⇤

R(V (↵), X(↵)) = 0

M(↵) = X

min
↵

J(V (↵), X(↵))

subject to R(V (↵), X(↵)) = 0
� Input: a baseline geometry/mesh and a 

chosen parameterization (alpha) controlling 
shape, and J.

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

� Meshes are deformed with pseudo-
structural approach (operator M).

� Numerical optimizer drives the problem to 
a local optimum J* with final geometry 
alpha*.

� See Albring et al. 2015, Albring et al. 2016 
for full details of discrete adjoint in SU2 
with CoDiPack.
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RESULTS (V&V)



Verification & Validation (V&V)
Results

� 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.

Tutorials released to the public with SU2 v6.1Research and Technology Center North America | CR/RTC5.2-NA-Economon | 09.17.2018
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Code Comparison
Results

Turbulent  flow through a rectangular u-bend.

Re ~ 4300.
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Complex Geometry
Results
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Results
Shape Optimization of a Heated Cylinder: Primal

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

u

Tp

⍴
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Results
Shape Optimization of a Heated Cylinder: Parameterization

50 free-form deformation control points (25 upper, 25 lower). Vertical movement only.Research and Technology Center North America | CR/RTC5.2-NA-Economon | 09.17.2018
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Results
Shape Optimization of a Heated Cylinder: Drag Sens. Verification

50 free-form deformation control points (25 upper, 25 lower). Vertical movement only.Research and Technology Center North America | CR/RTC5.2-NA-Economon | 09.17.2018
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Results
Shape Optimization of a Heated Cylinder: Heat Flux Sens. Verification

50 free-form deformation control points (25 upper, 25 lower). Vertical movement only.
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Results
Shape Optimization of a Heated Cylinder: Heat Flux w/ Cd Constraint
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V&V
90 Degree Bend Optimization Example

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

24 Animation.



One more thing…
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Periodic Boundary Condition

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



One more thing…
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Periodic Boundary Condition



One more thing…
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Periodic Boundary Condition

adjacent periodic surfaces now possible, e.g., triply periodic cube

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



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&V 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.
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