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INTRODUCTION

WHAT IS iconCFD® Optimize? Optimize

Thermal & Wrap

@ Module part of the iconCFD® Product leconcFdl »

. Mesh
Acoustic

@ Adjoint based automatic optimization

@ Two main types of applications:

@ Shape optimization
— Free Form Deformation
— Marginal modifications
— Typical use case: external aero, drag reduction

@ Topology optimization
— Solid/fluid volume fraction (or level sets)
— Significant modifications, creative forms
— Typical use case: internal flow, power loss reduction
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INTRODUCTION

ADJOINT VS FINITE DIFFERENCES 77

@ Standard finite difference based method has a complexity that scales
with the number of design parameters D :

dF _ F(U(D+h&;),D+h8;)—F(U,D)
dD; h

@ For shape optimization this is generally impracticable
@ Adjoint approach addresses the issue

@ The extra cost consists “only” in assembling and solving the so-called
adjoint equations, regardless of the number of design parameters
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INTRODUCTION
INC. NAVIER-STOKES ADJOINT EQUATIONS

K
“Adjoint Momentum” Flow Term - the////

t Cha”Qe the%
- —V.(vVuy) +V.(—u,®@u) + Vp,

_ +(VTu) u,=0
. Veu, =0 Momentum
“Adjoint Flow”

u,: adjoint velocity Term

. . Chang th COﬂV?Ctive
Pa- adjomt pressure ‘ ) e//// /%VVV velocny |
Keep the = (“how” it is
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INTRODUCTION
UNDERSTANDING THE ADJOINT VELOCITY

@ Often viewed as an “abstract” mathematical
artefact, but it has a clear “physical”
interpretation

@ It tells you where and how to inject momentum
optimally wrt your given objective

@ Then it defines an ideal virtual jet actuators
map
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Key Features
[ iconCFD® Optimize]
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KEY FEATURES

STABILIZED MAFT FORMULATION P
@ MAFT may be very stiff, especially close the ground and walls ¥

flow time scale

@ Adjoint Damkohler number : Da =
.g \v‘ =i d " ; < " 4 >’

vty — S - "li

I N N I

MAFT time scale

Cell Count 150k 1500k 3000k 40000k 50000k
Da avg 0.08 0.065 0.15 0.03 0.10
Da max 2.51 4.45 20.57 11.85 24.85

America :: Europe :: Asia
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KEY FEATURES
STABILIZED MAFT FORMULATION

I I S S - -
_—_—_—_’
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KEY FEATURES =
STABILIZED MAFT FORMULATION , i

@ Drag optimization, Formula 1 (Re = 3,5M, 3M cells) Pushinwards  Pull outwards

@ Without MAFT:

.. ] . :_' UL LT L ‘ LLLTELLLLLLLE DL 0.8 T 0.4 0.8
Sensitivity signs are opposite! — | . i\ |

@ With MAFT:

Copyright © ICON Technology & Process Consulting Ltd.
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mm without AWF

KEY FEATURES
UNIVERSAL ADJOINT WALL FUNCTION ,

Universal law of the wall Universal adjoint wall function
y' =1 lugll = 4* up +d =0
= \ith AWF
> 30 Ingy* u, ® u
¥ luf|| = Z + ct ug +d=(@-1) ”Cu Hzc(rm2‘+d)
C

@ Leads to a modification of the adjoint shear stress in the

flow direction only

America :: Europe :: Asia

@ Both standard and Spalding versions available
www.iconCFD.com .
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KEY FEATURES

MULTI-OBJECTIVE OPTIMIZATION
@ Scalarization approach: F«<AF, +(1-1)F,

@ Might miss the most interesting points on the Pareto front
@ How to select A ?

Minla J,+(1-a)J,)

eye » on a secondary one

@ In many cases, one would like to optimize a given objective (the « primary one ») but « keep an
@ Optimize Both Favour One (OBFO)

d = argmin(VF; - d)
d/|ldl=1

l'IZ:
s.t. VF,-d<al|lVFI| a€[01]
l Ref l “Combined Drag and Cooling Optimization of a Car Vehicle with an Adjoint-Based
“J  Approach” SAE 2018-01-0721 - G. Pierrot, J. Papper (ICON) T. Han, S. Kaushik (GM)
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Adjoint Validation Cases
[ iconCFD® Optimize]
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VALIDATION CASES
2D AXISYMMETRIC COUETTE FLOW

e Analytical flow solution: [/ . :(; __)
i p(r) = p(ry) + pﬂfﬂ lﬁ - Erf In (E) — :;T}J] i -
I\\ o 1— {_T;ff'ri“{j]l‘ ’II L;
e Analytical adjoint solution: ‘
@ Cost function: reduce torque on | () — &(;_1) )
inner cylinder : o :
i plr) = ﬁ(?“:j'-l-Pﬂal Ir;_%r +21In (%)] i
‘\\ o (?";J.-"T(_])L— 1 . /Il

Ref. | “Adjoint Navier-Stokes Methods for Hydrodynamic Shape Optimisation” PhD thesis A.Stlck - 2011
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VALIDATION CASES
2D AXISYMMETRIC COUETTE FLOW

Velocity

Pressure

@ Non-dimensional plot of pressure ;[ awame o] e
and velocity analytical solutions ¢
vs. Simulation g2
« ANALYTIC " el S .
— PRI MAL 0‘3 l 1‘1 1I2 1‘3 1‘4 1.5 1I6 1‘7 1‘8 1I9 2 0.; 1 1.2 1‘4 1‘6 1I8 2

— ADJOINT L CLe
Adjoint velocity Adjoint pressure

' ADVL ANL s,
0.9 - asAZeroDegreeForm .
@ Excellent agreement between SN s 0T
: . o 07 . R
analytical and ICON solutions..  § ... . BN
= 05 | Y 3 06 '\.\
% i ‘\\N “:: \\‘\
5 03 h ~ g hadll \‘\.\*‘
@ .When MAFT is NOT neglected o2 S VT el e e
- Adjoint frozen T
° 1 1I.2 1‘.4 1I.s 113 2 s 1 12 1I-4 1‘.6 18 2
r/ Delta r/ Delta
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VALIDATION CASES
2D BEND DUCT

@ 2D Bend duct in laminar flow
e Re = 500 Jrzﬁﬂ(p+.
@ Cost function: Reduce power loss

Copyright © ICON Technology & Process Consulting Ltd. America :: Europe :: Asia
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VALIDATION CASES
2D BEND DUCT

@ Validation against Direct Differentiation method

@ Very good agreement (given the different convection schemes)

0.4

No MAFT

Frozen-lower

Frozen-upper
DD-ADVO-lower »

DD-ADVO-upper o

ADJ-ADVO-lower

ADJ-ADVO-upper

4

0.15

0.05 -

MAFT

ALA-zerolower -
ALA-zero-upper
DD-ADV1-lower =
DD-ADV1-upper o
ADJ-ADV1-lower
ADJ-ADV1-upper
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Applications Cases
[ iconCFD® Optimize]

[ 4
o0
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APPLICATION CASES
ASMO

@ Case summary
e Geometry: “ASMO” body (square back, smooth surface, boat
tailing, underbody-diffuser)
&] S. Perzon, L. Davidson - ACFD 2000 Beijing, 2000
e Setup: static condition, Uinlet = 50m/s, Re ~ 1.7e6, turb. RKE
e Objective: drag reduction through 2 iterative morphing cycles
e Setting:
e Wheels: static
e Body: morphing
@ Model
e Mesh size: 28.6M / y+ ~ 30-50
e Adjoint setting: frozen + MAFT as a zero degree form
e Max displacement / radius : 5mm / 10mm

,f SIS

-4*‘%"#“
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Adjoint pressure pa0

APPLICATION CASES
ASMO

@ Comparison frozen vs. MAFT
e Probes were used to monitor the convergence of the adjoint state
e Evolution of adjoint pressure confirms the convergence is reached for both frozen and MAFT settings

p1—

p2
p3

p4
pS

po—— |

p7
peé —

-

adjoint pressure pal
-8 -4

0 4 8
Wlllllwm

-10

-5
3000 3500 4000 4500 5000 5500 6000 6500 7000
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APPLICATION CASES
ASMO

@ Comparison with/without MAFT
e Very different morphed surfaces
e MAFT Gw provides “richer” information (balance of positive and negative Gw)

Original (trsp) Morphed_frozen Morphed_ALA Original (trsp) Morphed_frozen Morphed_ALA

Copyright © ICON Technology & Process Consulting Ltd. America :: Europe :: Asia
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APPLICATION CASES
ASMO

@ Comparison frozen vs. MAFT

e Drag reduction observed in both cases after 2 cycles of morphing
e After 2 morphing loops:

e -20.9 counts for frozen model
e -30.7counts for MAFT model

Wiy

0 |cD st

Sub00 0.1943 -
Sub02-frozen  0.1734  -20.9 ——CD_ORIGINAL
—CD_sub02
SUbOZ-MAFT 01636 '307 —CD_SUbOZ-ALA
560 10‘00 15I00 20‘00 25‘00 30‘00

Copyright © ICON Technology & Process Consulting Ltd. America :: Europe :: Asia
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APPLICATION CASES
AUDI Q5

@ Case summary
e Geometry: Audi Q5 SUV
e Setup: static condition, Uinlet = 38.89m/s, Re ~ 6.9€6, turb. RKE
e Objective: evaluation of adjoint solution (for drag reduction) with
an averaged transient primal flow solution
e Configuration: static conditions (wheel, ground)

e Note: the Q5 is vehicle that is already very well optimized
aerodynamically

@ Model
e Mesh size: 63 M / y+ ~ 40-50
e Adjoint setting: without (“frozen”) and with MAFT term

Geometry courtesy of Audi AG, I/EK-44
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Case_SETUP_1_AU-Q5_ADJ

— Ux

— Uy

— Uz

R

— SumLocalContinuityError
—epsion

—k

APPLICATION CASES 0.
AUDI Q5

@ Primal RANS / adjoint solution without MAFT term (“frozen”)
e Symmetrical sensitivities 1e00 )

1e-074 \

ow 'Ie-08§
1.000e-02

I 19-09; k\”\*‘w
- Push in -

Pull out

le-114
v)

:)LIJU | UIUU | :)IUU 2000 ZUIUU SUIUU ZiTJIUU 4UIUU
— Ualy
— Ualz
— pan
— SumlLocalAide inContinuityError

0.0001

1e-05

Te-00
--_“_‘_"‘_‘—‘—--—-_
1e-07 ——
1e-08
1e-09

1e-10

le-11

le-12 e — .

le-13+

T T T T T T T T 1
4000 4200 4400 4000 4500 2000 2200 2400 2000 fela(0[8) ouao
Time
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APPLICATION CASES
AUDI Q5

@ Primal RANS / adjoint solution with MAFT term

e Difference with “frozen” solution, MAFT term carries “richer” information

e Sensitivity sign changes in key area (upstream front wheel arch, D-pillar,

elw‘mm spoiler)

Push in Rl Gw sign ~
Pull out g T— _ Change area _

- ——— -

Copyright © ICON Technology & Process Consulting Ltd.
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APPLICATION CASES
AUDI Q5

@ Comparison with an alternative method

e Reference publication:

Ref. | “Aerodynamic vehicle optimization using the continuous
adjoint method” — T. Blacha FKFS 2015

e Stable sensitivities after 150,000 iterations

@ Using iconCFD Optimize
e Stable sensitivities after 1,000 iterations only
e Extra information (sign change) on spoiler / D-pillar

Copyright © ICON Technology & Process Consulting Ltd. America :: Europe :: Asia
ICSC | November 2019 www.iconCFD.com
© ICON Technology & Process Consulting



APPLICATION CASES
AUDI Q5

@ Adjoint convergence (with MAFT term)
e Evolution of variation of sensitivities over 1000 iterations of adjoint solver

. . . 0.01 T " ’
e Proof of adjoint solution convergence o dar u 12—
e Indicator monitored :
0.008
T
07 - ; 2
"outputdat' u12 — 2
E. 0.006
3
0.6 c
[=}
2
5
E 0.5 {::; 0.004
E 04 E
E 0.002
E 0.3 I - - """ -—-—-—_-—-—_m_ ==
Gw ";f
1.000e-02 S
= o]
%‘ﬂ 02 500 600 700 800 900 1000
3 0.005 &= Iterations
_%0 0.1 Hil
: Mu
\/‘\{\’\l\\:\_‘___/

0 100 200 300 400 500 600 700 800 900 1001
terations

Emﬁ : e T ~5e-4
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APPLICATION CASES

AUDI Q5 * Near vl velocity mis]

@ Transient primal based adjoint solution
e RANS initialization for 1,500 iterations
e 5.0sec physical time primal solution
e Adjoint solution based on averaged primal flow

(laSt ZOSGC) NechcIIVeIocnyAvercged
LLLLLLLl ]0 111

@ Local morphing of the D-pillar only
e Maximum displacement of 5mm

@ Drag reduction
e -1.3 counts in asingle loop

T

w l|’ il ”ﬂf' Il | w

AU-Q5 Cd Transient Solution Evolution

Cd original_AVG = 0.326
Cd morphed _AVG = 0.324
delta = -1.34cts

“i (i ' %l

0.305 e original = morph
------ g_AVG —— morph_AVG
03
2 25 3 35 4 45

Physical time

Copyright © ICON Technology & Process Consulting Ltd. America :: Europe :: Asia
ICSC | November 2019 www.iconCFD.com

© ICON Technology & Process Consulting




CONCLUDING REMARKS
iconCFD® Optimize

@ State-of-the-art shape and topology optimization capabilities

@ Unique features: _
@ Stabilized MAFT ¢ I:E N
@ Universal adjoint wall function lenn@ Cd:l
@ OBFO

@ Next steps:
@ More model supports (MRF, turbulence, thermal. ) )
@ Improved morpher performance

@ Transient adjoint

Copyright © ICON Technology & Process Consulting Ltd. America :: Europe :: Asia
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QUESTIONS?
MORE INFORMATION?

www.iconCFD.com
contact@iconCFD.com
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LEGAL NOTICES
AND DISCLAIMER

This presentation is supplied in
confidence, and commercial security on
its contents must be maintained. It must
not be used for any purpose other than
for which it is supplied, nor may any
information be disclosed to unauthorised
persons. It must not redistributed, be
reproduced in whole or in part without
permission in writing from ICON.

é—‘.’"y”
- - ,
rinte™

reen
Please consider the
environment before printing
this presentation. We
recommend ‘Greyscale’ as
printing color settings.
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INTRODUCTION

maxJ(x)

Constraint |

)
ey
00‘:"“‘0‘ Vs

Local maximum

@ Used for over 40 years

@ Some problems can be simply visualised but
most engineering problems are multi-dimensional

Objective J(x)

@ We are looking for a minimum or a maximum of
the objective function, bounded by several
constraints, in a certain design space, defined by Find the objective function minJ(x)

Contact Us
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ICSC | November 2019 www.iconCFD.com
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NEW FEATURES
OUTLIERS BASED GW NORMALIZATION

@ Shape sensitivity may be difficult to visualize due to the presence
of outliers (very high and localized peaks)

@ Identification of outliers based on MAD (Mean Absolute Deviation)

|G, | > M + nx MAD

@ Standardized Gw visualization: -1 < Gw <1

America :: Europe :: Asia
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INTRODUCTION
HOW DOES THAT WORK ?

@ Generic state equation : 2(U,D) =0 (U : state vector, D : design parameters)

@ From linear theory, applying a small parameters perturbation D « D + §D yields :
R(U + 65U, D) = —%51@

@ Corollary : modifying the design parameters amounts to adding an equivalent source term to the
state equation

@ Take away message : we only have to measure the impact of adding a source term on the cost
function in order to compute the gradient

@ This is exactly what adjoint does!
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INTRODUCTION
MORE PRECISELY

@ Shifted state equation : R'(U,D) = R(U,D) — S =0 (S : source term)

@ Modified optimization problem, now S is the design parameters field : G(U,S) « (U, D)

@ We can show that : (Z—)T = (3%) ' (Z—U)T = -U,

@ The adjoint state reflects the sensitivity of the cost function to the addition of a source term

@ The adjoint velocity tells you where to inject momentum!
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NEW FEATURES
COST FUNCTIONS 2

(Drag force) Rear lift

Front lift
@ Torque: T=| {AAn(E-¢)}-d
ST

@ Front/rear lift /side force

@ Friction : IF=f lcn —(G7n-n) A
s

@ Targets types : minimum, maximum, target, drift

Geometry courtesy of TUM
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NEW FEATURES
QUASI-TRANSIENT ADJOINTS

@ State of the art external aero uses DES = transient simulations
@ Fully transient adjoint still beyond reach on industrial cases

@ Intermediate approach : _

America :: Europe :: Asia
www.iconCFD.com
© ICON Technology & Process Consulting
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NEW FEATURES

@ Improved algorithm controls
@ RAMP curvature parameter (q)
@ a,,,. basedon number
@ Step size selection
@ Primal/adjoint alternate steps layout a =

@ Black/White Topology and N 4jw[<p(1—<p)]
InterfaceFlux function objects

Interface flux

nnnnn

Black/white topology

iconCFD | Application Presentation Contact Us
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VALIDATION CASES
1st vs. 2" ORDER CONVECTION SCHEME

@ Non-dimensional plot of pressure === - \< -

and velocity analytical solutions | JERN
vs. Simulation

- Adjoint |
pressure - T

@ 2nd order adjoint gives better
results than 15t order | _ omeeewe e

.| | | W ~_ |
O L™ | Adjoint .| \
. simulation  velocity © |

Copyright © ICON Technology & Process Consulting Ltd. America :: Europe :: Asia

ICSC | November 2019 www.iconCFD.com
© ICON Technology & Process Consulting




RE&KIE: 20194 IDAJH [ECAE/MBDIE AR AKS

APPLICATION CASES
ASMO

@ Comparison frozen vs. MAFT
e Convergence of residuals expectedly lower for frozen vs. MAFT

1
— Uadx
— Uaoy
— uqoz
01 R0
15 ———— — sumLocalaciInContinutEror
E — Ua0x
1 — Uay
015 — Ua0z
E 001
E —pao
001d — sumLocalAdplriContinutyErre
0001 0,001
0.0001
E| 00001
16054
a6 1205
1e-074
1206
1008
1e-09 teo7
1e-10
1208
le-11
Te-124 \"‘hmr\‘ 1809
le-13
le-10
le-14 M'.lu
] — le-11 MPLJ'\\
le-194 ==
E — R
3 — — — -
1e-104 —— "“‘M I'rmmm e “MFHF ) ”I n m. ““" "I .I'Iml " " “Mﬂ.mllm'm m.
le17 r r v T ; T ; > ; ; y
00 3200 2400 2000 3800 4000 4200 4400 4000 4500 2000 5200 5400 5000 5500 2000 5200 0400 5000 0800 7 a0 5200 3400 3000 00 4000 4200 4400 4000 4800 5000 5200 5400 5600 5600 5000 5200 0400 o000 o800 7000
me Time
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APPLICATION CASES
ASMO

@ Comparison frozen vs. MAFT
e Stable adjoint pressure at upstream/downstream probes for both frozen and MAFT solutions

Y=0 UMean (primal) Y=0 UMean (adjoint)
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APPLICATION CASES

DRIVAER

Case summary
e Geometry: TUM DrivAer Estate, semi-industrial case
e Setup: Static condition, Uinlet = 30m/s, Re ~ 4.7e6, turb. RKE
e Objective: drag reduction through one cycle of morphing
e Setting:
e Wheels: static
e Front hood/bumper + rear-end pillar + spoiler: morphing
e Body: follow
Model
e Mesh size: 30M / y+ ~ 40-50
e Adjoint setting: frozen (no MAFT)
e Max displacement / radius : 5mm / 10mm

Copyright © ICON Technology & Process Consulting Ltd.
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Geometry courtesy of TUM
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APPLICATION CASES
DRIVAER

@ Primal solution
@ Level of convergence for the continuity residuals ~10-8

@ Turbulence model: Realizable-ke

@ Robust solver (SIMPLEC)
© Oiriginal CD =0.2675 (+/-0.5 counts)

u
35 -

-30

20

10
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Geometry courtesy of TUM
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APPLICATION CASES ~ Adpintresiduals
DRIVAER |

. Adjomt SOIUtion N

© Morphed geometry CD = 0.2643 (+/-0.6 counts) L%

© No modification of the cross section or mirrors

© Drag reduction -3.2 counts in a single loop T W e S e

Push in
Pull out

Geometry courtesy of TUM
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