Automatic Design Exploration And Optimization Using
CAESES and OpenFoam
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Process Workflow: Setting up the Automation Chain
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Example:
Optimization of the flow uniformity in a car exhaust catalytic
converter
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Catalytic Converter - overview

= Problem discription:

— Often the pipe before the catalytic converter is bended
due to space constraints

— Thisleads to an non uniform flow distribution
— This canlead to higher emissions
= Problem solved by:

— Using CAESES as a parametric modeling and
optimization platform

— Using GridPro for high quality structured and

automated meshing

— Using OpenFOAM for CFD calculations Catalytic converter for Mercedes-Benz M-Class
Source:
http://www.autoteiledirekt.de/vegaz-2322336.html
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Catalytic Converter — full parametric modeling in CAESES

= Modeling approach:

— Using meta surface technique for creating a
smart parametric model

— Highly flexible with low number of design
variables

— Ellipse swept along two paths, to create inlet
section

— 7 design variables are used
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Catalytic Converter — considering space constraints

= Considering constraints
— Creating plane

— Creating a “shortest distance line” between
two discretized surfaces (called TriMesh in
CAESES)

— Measuring length

— Length should not be smaller then x
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Geometry

Catalytic Converter — pre-processing

= Creating watertight stl mesh, with applied colors

= Onestl patch for color

Boundaries can be named

= Refinement of stl mesh can be adjusted

= For GridPro we created on stl for each bou
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Catalytic Converter — GridPro and OpenFoam setups

= GridPro:

— Key benefit: flow aligned structured mesh,
which can adopt automatically to changed
geometry

— Output mesh can be converted to OpenFOAM
format

— GridPro commands are written into a shell
script S

= OpenFOAM

— Compressible gas ( u(T) by southerland eq.)
— Porous medium (Darcy-Forchheimer)

— T,=963K

— M,,=0.18kg/s

— Pout=1.35bar

— A=8.451/m; B=5.251/m2

— OpenFOAM commands are written into a shell
script
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Catalytic Converter — Coupling CAESES and GridPro

[OverwewlrunGndPru.sh X |ductsch X |ductfra X

+ @ Input Geometry Input Files @ Q +

g D duct.fra
%) D duct.sch
9 n duct_withConn.stl Q D runGridPro.sh

+ @ @ Result Files Q runGridPra Result Values @ +

0 m OpenFoamFiles/Temp/boundary
0 E OpenFoamFiles/Temp/faces
Q m OpenFoamFiles/Temp/neighb our
(] ﬂ OpenFoamFiles/Temp/owner
Q m OpenFoamFiles/Temp/points

Output files —

mesh
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Catalytic Converter — Coupling CAESES and OpenFOAM

/0~ -ED @] TaskMonitor x |2 gridPro x5 Flcmmar X Tl s X

=
Overview | O/alphat X |Ofepsilon X | O/k X |O/mut X | Ofp X | O/T X O/ X 0/yPlus X |constant/porosityProperties X |constant/RASProperties X | constant/thermophysicalProperties X |system/controlDict X | syste(<(?
& (2] Input Geometry Input Files [&aF 3
[x) D constant/thermophysicalProperties
Mesh files - .
Q OpenFoamFiles/Temp/boundary T
o
0 @ OpenFoamFiles/Temp/faces . e
rom G ri Pro Prwcansingiesiapusin, Lindsrmirinds ol o
9 @ OpenFoamFiles/Temp/neighbour R
Humn beparsine 1Y
a [ec) OpenFoamFiles/Temp/owner — = ::“'
LR L
(10n] OpenFoarmFiles/Temp/points e
L1
0 D probes.txt - Nl o,
i CRTLTT
e D residuals.txt - G e Pt rcde QI ana o, ey
[er CRCTTIE
%) [ runor 1 s d
i
i - CAF o
0 D systemicontrolDict 1] iAd
) i
9 D systemicreatePatchDict » e Praviee e
35 seniy Fenl
Q D systemydecomposeParDict Q D 0/alphat - | — = qlr.
bans dormetyindss O PLY FBo ~ (LY
temvextrudeMeshDict O/epsil 4e4
© (] systemerudertesnois © [ ] orsien gt} | i

Output files:

© [ s o= - -
: © (] e o o :
-Gnuplot images [Py o~ "
%) (] systemssmptedice [x) [)om 4y
-vtk file © [ omomnons o

(%) D systemtopoSetDict2 fx) D onyPILs
g D systemytopoSetDict3 Q D constant/porostyPrope
(%) D uniformitylndes.txt [x) D constant/RASProperties

Q OpenFoam02

© [ mmis
Q D poindat

0 D postPr fon_Uniformity mitylndex
© rww 1

0 m unffermitylndex.png
o VTK/OpenFoam02 _ 1000 vtk

hd
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Catalytic Converter — post-processing

= Using VTK format to import and visualize the
solution
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Catalytic Converter — Optimization Strategy

# = o ) FDakota: Dakota_maximization 0 x
D | Dakota_maximization | 3
General
Method MOGA Global Optimization Efficient - E] ?)
= KnOW your deSign Space! Iterations 10 5 ’
. . . Solutions Considered |3 ()
= Run Design of Experiments to get a design space Use Resuk Pool for
X . . . . Initial Surrogate X ?)
with mostly feasible designs, which not violate Model
Initial Samples 20 =16

the space constraint
Design Pre/Postprocessing

Screenshots (@) pics04 -7 4 @2

Run Pre/Postprocessing

= Runan optimization with CFD

Design Variables
Design Variable Lower Value Upper Active
1 diamRatio_mid -0 05 1 x (%)
2 low_p01_X -0 1 1 x [x]
3 low_p03_Z -0 1 1 x [ %]
4 upp_p01 X 01 02 1 X (%]
5 upp_p02_Z - 01 04 1 x (%]
6 low_Weight_mid ) 11 X (%]
7 upp_Weight_mid -0 024 025 X [ x]
8 - [
Evaluations
Fvaluation Objective

1 eval_uniformityIndex - X [x)
2 -
Constraints

Constraint Considered
1 spaceConstraint - X Q
2 -
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Catalytic Converter — Exploring design space

= Ranges of the design variables are unknown with respect
to the space constraint

= ->creating Design of Experiment (DOE) to explore the
influence of each design variable on the constraint
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= ->adjusting range and do a second DOE

— 78% feasible designs

= Ready for CFD!

[v] upp_Weight_mid

=

o
| I

0.1

Design Variables

Design Variable
1 diamRatio_mid

2 low_p01_X

3 low_p03_Z

4 upp_p01_X

5 upp_p02_Z

6 low_Weight_mid
7 upp_Weight_mid
8

14

Lower Value Upper Active
-0 05 1 X
-0 1 1 X
-0 1 1 X
- 0.1 0.2 1 X
- 01 04 1 X
-0 1 1 X

0 024 025 X

_

0000000

# = 4 > FSobol: DOE_ForDesignSpace_1

D DOE_ForDesignSpace_1
General

Variants 100
Sequence Start Index |0
Design Pre/Postprocessing

Screenshots (@) pics04

Run Pre/Postprocessing
Design Variables
Design Variable
1 diamRatio_mid
2 low_p01_X
3 low_p03_Z
4 upp_p01_X
5 upp_p02_Z
6 low_Weight_mid
7 upp_Weight_mid
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Catalytic Converter — Optimization

# = o ) FDakota: Dakota_maximization 0 x
D | Dakota_maximization | 3
= CAESES includes different design engines for: General
Method MOGA Global Optimization Efficient - E] ?)
— Design exploration (eg. Sobol, LHS) Iterations 10 1@
Solutions Considered |3 ()
— Optimization algorithms (eg. Tsearch, NSGA-II, Use Resuk Pool for -
Initial Surrogate X 2)
MOSA) Model
Initial Samples 20 ()
— Connection to Dakota Design Pre/Postprocessing
Screenshots (@) pics04 -7 4 @2
Run Pre/Postprocessing
* |n this example we used: L
Design Variable Lower Value Upper Active
— Single Objective Global Optimization based on 1 damRatio_mid "o 05 1 X O
. 2 low_p01_X -0 1 1 x [x]
a surrogate model (response surface) provided 2 ow_p03.Z e 1 1 ® O
by Dakota 4 upp_p01 X o1 02 1 X (x)
5 upp_p02_Z 01 04 1 X (%]
6 low_Weight_mid ) 1 1 X o
7 upp_Weight_mid -0 024 025 X [ x]
8 - ]
Evaluations
Fvaluation Objective
1 eval_uniformityIndex - X [x)
2 -
Constraints
Constraint Considered
1 spaceConstraint - X Q
2 -
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Catalytic Converter — Result evaluation

B stowces [E &S &0 ....-'Iil BE@B x ©

. . . © M [V Dakota_maximization_13_des0005 0.13690868 || 0.4645123 [  0.55641805 | | 078289657 || 0.38405637[]  0.1128817 [ | 0.097234093
= Smallchanges in uniformity | s e osos memsen s ascor

B J0.93426025 || 7824 ||  5.0565009

[\)diamRatio_mi« [« Jlow_p01_X (x]low_p03_Z [x]upp_p01_X [x)upp_p02_Z (v]low_Weight_mi [x]upp_Weight_mi [{]eval_uniformityIn [{]eval_dp B spaceConstrair
© W [V Dakota_ _13_des0040 [1 028015172 [ |0.99421756 [|0.98795919 | | 0.65962272[ 0.20242837[  0.11265374 [ | o0.15183571 [ 10.93585471 | 7773 []  4.0788662
© M [/ Dakota_ jon_13_des0020 ||  0.18370814 [ |0.97454643 []0.62290123 | |0.95815461|] 0.25391609 [ 0.24492816 || 0.062558407 [ |0.9357867 | 7769 ||  5.2063469

n U n If orm It |n d exva r| es © W [V Dakota_maximization_13_des0048 | | 0.36499719 [ |0.99912471 [10.99900975 | | 0.65398635| | 0.5052962 ||  0.051531169 [ | 0.15254026 [ |0.9357591 | 7828 || 23416744
y © M [V Dakota_maximization_13_des0042 || 0.31647766 | |0.99012124 [/0.98260205 | | 0.68067199| 0.12918498|  0.0014148518 | | 0.17108832 [ ]0.93532136 7788 ||  3.0825549
© M [V Dakota_maximization_13_des0044 || 0.32880884 | |0.99973196 [/0.98201298 | | 0.61786454| | 073557952  0.030552117 | | 0.1485063¢ [ 0.93528558 || 7879 || 13277199
fro m 8 2 . 2 % _93 . 6% © MW [3) Dakota_maximization_13_des0032 || 0.29752738 | |0.91103291 []0.66421878 | | 0.81672392[ | 077224215 | 0.92914693 [ | 0.14081269 [ ]0.93524909 [ 7848 | 0
= M [V Dakota_maximization_13_des0046 [] 034825323 [ |0.98625597 []0.99692128 | | 0.58742984[ | 0.74455501 | 0.0081257792[ | 0.1480873¢ [ ]0.93517401 [| 7880 || 1.5283084
© W [V Dakota_maximization_13_des0050 [] 035195461 [ |0.99192132 []0.99547946 | | 0.59671886 | | 0.89013334 0.0052359379 [ | o0.1431678 [ ]0.93500458 [| 7914 || o0.59882324
. . . . © W [V Dakota_maximization_13_des0038 [] 034280751 [ |0.99325404 []0.97283065 | | 0.62977632[ | 0.85082617 | 0010211072 [ | 0.13393149 [ ]0.93500434 [| 7902 || 1212166
u Ma ny deSIgnS W|th S|m | Ia I‘ © W [ Dakota_maximization_13_des0034 [ 033671382 [] 0.39755654 || 0.62881097 | | 0.6408743 [| 041693464 | 043949258 [ | 021650124 [ |0.93449729 || 7844 | 0
© W [3) Dakota_maximization_13_des0036 | | 0.35246803 | |0.99437775 []0.97699069 | | 0.56007345| |0.96687522(  0.010114868 | | 0.15481714 [ ] 0.93449325 [| 7939 | 0
un If orm |ty in d ex @ W [V Dakota_maximization_13_des0006 |  0.043134884 || 0.16632805 [| 0.743731 [ ] 069410933 [ | 053744922 | 071474415 [ | o0.10871103 [ |0.93443129 [ 7839 || 4.4629635
© M [3) Dakota_maximization_13_des0001 ||  0.22679386 || 0.62053113 [/ 0.32760941 | | 0.56775189| | 0.88439817[ | 0.89741671 [ | 0.7711398 [ ]0.93438002 [| 7900 | 0
© M [3) Dakota_maximization_13_des0017 | | 050212193 []| 0.5130886 [| 0.47557902 | | 0.8446314 [| 0.2160374 [ | 058133436 |  |0.23864236 [ | 0.93433406 | 7835 | 0

]
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0.16596484 || 0.35535238 [/ 0.41914643 || 04708297 | |0.99566737 | 077963322 [ | 0.15875291 [ | 0.93313876 [| 7940 | 0
© W [3 Dakota_maximization_13_des0045 0.61450333 || 0.36873556 | 0.018526166 | | 0.82594974 | |0.95160579 | 0.011314993 [ |0.23770382 [ ] 0.93105069 [| 8034 | 0
. d h t © W [3) Dakota_maximization_13_des0037 059931452 [| 0.30917354 || 0.049453483 | | 0.80174117 [ |0.9757 I 001701728 [ |0.23733871 [ | 0.93092151 [| 8036 | 0
|n eX, ave pOS| |Ve ® M [V Dakota_maximization_13_des0003 0.24408608 | | 0.74309091 |[| 0.29871543 | | 0.66699668 | | 074737464 [ |  0.25820665 | 0.017992891 [ | 0.93083589 [| 7905 |I| 93643132
3 © W [ Dakota_maximization_13_des0043 059129792 [| 0.43654526 | 0.010157538 | | 0.77362962 | | 0.96799889 | 0014375446 | | 0.22834881 [ | 0.93078205 [] 8038 | 0
|nﬂ u e n Ce o n p res Su re d ro p © W [ Dakota_maximization_13_des0047 0.53441714 [| 0.37144416 [ 0.0049613756 | | 079327128 [ |0.98592493 || 0011019924 [ ] 0.2075113 [ ] 0.93073966 [] 8032 | 0
© M [3) Dakota_maximization_13_des0049 0.56044762 [| 0.3456714 [ 0.062904952 | | 077230651 [ |0.98254779(  0.0057692099 [ | 0.22224052 [ | 0.93073846 [| 8035 | 0
© W [V Dakota_maximization_13_des0022 0.25798875 || 0.57692077 [ 0.070305805 | | 0.51326714[ | 047804847[| 0.1514494 [ | 0.13238679 [0 ] 0.93009743 [| 7908 ||  5.0688005
. . . o M [ Nakeata mavimizatinn 12 decnn3a nAR1537482 || n&2178an1 [ n13esRmrr [ | n77388455 [ | nR118R&32 (I nnsR170Rka [ 1 0] B o ] 8002 ‘ 0
-> NO mu |t| Obj ect|Ve [ [g wal uni‘fﬂl'mltﬂndﬂ 22481506 [ | 092914441 8255 | o0
¢ —_ .070138722 [ | 0.92881682 [| 7885 I | 9.9631907
optimization necessary O e I e
[ 12687901 [ | 0.92874407 [| 7988 ||  2.9798549
¢ . 0. 1 7908 || 43673808
sm — d M ; 1538952 [ | 0.92671484 [ 8049 | 0
e - - ot - Y aesas W omseas]  ss | o
- o o [ ] (] () osso7sse2 [ | 0.9262892 [| 7944 || 9.9300162
¢ i | i i | 047336487 ] 092613142 7903 |I] 67473176
4 L 1 L L
¢ 19001393 [ | 0.92519356 [| 8059 |  0.66107384
1686288 [ | 0.92426065 [| 7994 [|  3.8099485
.074892908 [ | 0.92393464 [| 8037 |I] 9.2181736
g 50(:' _' 22873892 [ | 0.92367619 [| 8017 [] 26231184
r A 11619753 [ | 0.92125039 [] 8115 || 15517047
a- 10392811 [ | 0.91946281 [] 8153 |I| 79328954
| os184817 [ | oot92es12[] 825t || 5.1904348
T 9 000 ] 18478846 [ | oo1s79422[] 8282 |  0.054321234
= r i 24896255 [ | 0.91728561 [] 8137 [] 33104314
o 023156643 [ | o0o1579948[] 8194 ||| 8.8570263
[zl 14328502 [ | oot206071[] 829t ||  2.6066219
- 20259431 [ | 091242468 [] 8452 | 0
8,500 = (085828339 [ | 091096769 [] 8431 [|  3.4755642

0078767837 [ |
03076269 [ |
042041551 [ |

0040864334 ||

090883627 [| 8329 [l | 14354124
089871048 [| 8396 [l |18.238184
0.89131783 8967 |I| 8.605661

0.82299834 [l ] 10325 [l ]17.719
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Catalytic Converter — Analyzing Charts

[ [5ooe - PEEEEE [-]-] | LR FLIE
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Lo bvv v bvvnn b oy
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B Designs (v diamRatio_mid
: . . e o SPOCHON oL
overview, which design 2 - - - : o =l [ g . o - )
variables have the largest ' ' ' ' I‘ ' L ' ' ' ' '

impact on the objective e

0.92 4

= First 35 designs with LHS to
create a surrogate model

0.9

0.88 4

= Reached nearly the 0.86

maximum uniformity index 0,54

with the first evaluated 1o 6o

[ ] eval_uniformityIndex

design of the surrogate
model
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Catalytic Converter — Comparing Designs

= Design viewer to compare
the designs

= Understand the effects of

the design variables on the
flow field

* |ncluderesiduals and other
plots, to make sure that the
design has converge

= Create animations
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Conclusion
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= Variable = High quality STL = GridPro = Visualizing flow = QOptimization

geometry with specific = OpenFoam field using Dakota

= Including space boundary . Gnuplot Alogorithms
patches = Analyzing results

constraints
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Further examples
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Further Examples
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