VOLKSWAGEN
GROUP

Challenges of Residual Minimization-based Model Order
Reduction in Car Aerodynamics

M. Mrosek, A. Scardigli, C. Othmer, H. Telib, T. Taddei, A. lollo




VOLKSWAGEN

GROUP

Agenda
1. Introduction
2. Steady-State Least Squares Petrov Galerkin Reduced Order Model
3. Applications

« Backward Facing Step

« Ahmed Body
4. Summary

ARIA Online Seminar | Challenges of Residual Minimization-based Model Order Reduction in Car Aerodynamics

INTERNAL



VOLKSWAGEN
GROUP

Introduction

Interactive Aerodynamic Design

Problem: Iterative loop between design and aerodynamic computation: 12h up to several days
Solution: Real-time aerodynamic prediction for interactive aerodynamic design

~—

v— RS

Required: Parametric geometry, Design of Experiments (DoE), Reduced Order Model (ROM)
State of the art: Proper Orthogonal Decomposition + Interpolation (POD+I)

Goal: Residual-Minimization-based ROM for higher accuracy, especially in poorly sampled areas of the design space
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Steady-State Least Squares Petrov Galerkin Reduced Order Model

Overview

X : state vector (snapshot vector) f(¥) : residual vector
Ux,res (%)
Ux [Ux.res GO
Uy,res (%)
U e
Y 0y.res @O,
Uz % : reduced state (POD coefficients) Uzres (%)
Uz res (X9)|I,
P POD p.res (%)
‘ llp.res (x9)II>
phi,res (%)

Uface (=phi/A) liphi,res (%),

Objective Function = ||[4 f(X)||,
« Discrete residual scaling via norm of residuals of initial solution (POD+I)

* Nonlinear least-squares solver from Python package scipy
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Backward Facing Step - Varying Angle

Step Angle = 20°

Step Angle = 90°

Pressure (Pa)

0 02 04 0.6

Full order model (FOM):

« Re=50

« SIMPLE algorithm from OpenFOAM®
» 2 training snapshots: 20° and 90°
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Backward Facing Step - Varying Angle |
Challenge #1: The "Shift Problem" e @O@OOOO@

Step angle: 20° - 90°

W/o Residual Scaling With Residual Scaling
Y Y
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POD coefficient POD coefficient
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Backward Facing Step - Varying Angle |
e N X N N X N XN

» - Step angle: 20° - 90°
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Backward Facing Step - Varying Re
Re 50
Re 450
Velocity Mo%ni’rude (m/s)
-0.215 0.214 642 .07 1.50
il T

Full order model (FOM) :
« SIMPLE algorithm from OpenFOAM®
« Re=50-450
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Backward Facing Step - Varying Re |
All Residuals . 000000000

Re:50-450
Error Velocity (Ux and Uy) Error Pressure
U p
12 1 100 A
< ® POD+I ¢ ® POD+I
10 - X  Projected X  Projected
— <© ResMin e <© ResMin
X X X
= 87 =
o) ° S 60 -
: o :
~ 67 <> <> ~
- ° O — 40 1
—_ x —_
g 4 g o ©
20 - x 0
x *1
2 2
" » o X X ¢
100 150 200 250 300 350 400 100 150 200 250 300 350 400
Re Re
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Backward Facing Step - Varying Re |
Train snapshots ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ,

Mask for High Residuals near Boundary Test snapshots

Re: 50 - 450

« Residuals of initial solution for test snap @ Re=100

« Magnitude(res:U) >= 20 used as a criterion to find 16 cells
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Backward Facing Step - Varying Re |
Only Boundary Residuals Ei't”fnr;?iiii’? . . . . ‘ ‘ . . .

eon " Re: 50 - 450
.Shift” problem mitigated by
1. Residual scaling
2. Masking of residuals
Error Velocity (Ux and Uy) Error Pressure
U p
30 A 100
< ® POD+I ¢ ® POD+I
25 X  Projected X  Projected
_ 80 { ® )
— <© ResMin — <© ResMin
X X
e 20 - e
o) S 60 -
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100 150 200 250 300 350 400 100 150 200 250 300 350 400
Re Re
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Ahmed Body

Training Data

0.340 \ T I
® FOM Train
O FOM Test

0.330 |-

S 0320 -

0.310
\ \ | | | \ \ \ \ | \ \
14 16 18 20 22 24 26 28 30 32 34 36

Slant angle [°]

Slant Angle = 15°

Velocity Magnitude (m/s)
0 10 20 30 40 50

INTERNAL

Full order model (FOM):
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* 50 RANS simulations, evenly spaced for slant angles from 15° to 35°

« SIMPLE algorithm from OpenFOAM ®

Slant Angle = 35°

Velocity Magnitude (m/s)
0 10 20 30 40 50

ARIA Online Seminar | Challenges of Residual Minimization-based Model Order Reduction in Car Aerodynamics
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Ahmed Body

Challenge #2: Poor FOM Convergence

0.308 10° 5 — Ux
— Uy

0507 — Uz FOM momentum error
' 1071 : —F

o 5 FOM residuals ~10-? R L A — N
0.306 3

d FOM oscillations in the g -
0.305 .. B .ﬁﬁ@%&?
drag coefficient = « b

0.304 1 H 10_3_

: l
03031 o .?W" z-plane

0 2500 5000 75‘°°|te::t‘;’é’:n§2-'l’°° 15000 17500 20000 0 500 1000 1500 2000 2500 3000 3500 4000 : (scaled by 1/100)

' Iteration

« To exclude high residuals in underbody region,
ROM is restricted to subvolume shown right

* Obj-Fn Evaluation, Error Evaluation: HotCells
* POD: HotCells + HaloCells
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Ahmed First Flow Region

Test snapshots

Train snapshots ....................

Slant angle: 15° - 22.8°

Error Velocity (Ux, Uy and Uz) Error Pressure
U p
0.12 - o 0.200
' ® POD+I 0.175 % ® POD+I
0.10 - X  Projected ' X  Projected
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Test Sample Index Test Sample Index
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f(X) : residual vector GROUP

Ux,res (X)

Ahmed First Flow Region Toxres G

Uy,res (%)
lUy.res (%)l

Uzres (X)
Uz res (x9)][,

p.res (x)
Ip.res (x9)]I,

phi,res (X)

|Iphi,res ()|,

Error Velocity (Ux, Uy and Uz) Error Pressure

U P
0.12 ~ ° 0.200
' ® POD+I 0.175 1% ® POD+I
0.10 - X  Projected ' X  Projected
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Ahmed First Flow Region

Residual Scaling Factor from Projected Solution

Test snapshots

Train snapshots ....................

Slant angle: 15° - 22.8°

Error Velocity (Ux, Uy and Uz) Error Pressure
U p
0.200
0.12 - °
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0.10 - X  Projected ' X  Projected
— ° <$ ResMin — 0.150 1 $ ResMin
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Ahmed First and Second Flow Region
000000000000000000000000000000000

Rel. L2-error [%]
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Train snapshots
Test snapshots

Error Velocity (Ux, Uy and Uz)
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Challenge #3: Prediction of Time-averaged Quantities of Unsteady
Simulations

Full order model in car aerodynamics is unsteady:
DDES or Lattice-Boltzmann, typically 4 sec of physical time, 100-200 million cells

Quantities of interests are time-averaged (last 1.5 sec): fields and coefficients

Residual Equations?

ARIA Online Seminar | Challenges of Residual Minimization-based Model Order Reduction in Car Aerodynamics 23.05.2024 18
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Challenge #4:. Hyper-Reduction

Choice of the submesh:

.- " » Several approaches in literature
o — «  Avoid regions of high FOM residuals?
Y Oy ames Sg o . : :
< 5 @e |, * Problems for industrial geometries and flows to be expected

o

et |
‘6@ At '

[Washabaugh, 2016]

As noted before: hyper-reduction not only to accelerate the
online computation, but likely essential for accuracy

ARIA Online Seminar | Challenges of Residual Minimization-based Model Order Reduction in Car Aerodynamics 23.05.2024 19
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summary

Challenges of ROMs in Car Aerodynamics:
1.

INTERNAL

2
3.
i)
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“Shift problem”: Minima of objective function and state error do not coincide

Poor FOM convergence

Prediction of time-averaged quantities of unsteady simulations

Hyperreduction

ARIA Online Seminar | Challenges of Residual Minimization-based Model Order Reduction in Car Aerodynamics
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Sackup
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Steady-State Least Squares Petrov Galerkin Reduced Order Model
Overview
X : state vector (snapshot vector) f(¥) : residual vector
Ux Ux,res (U(X), p(%), phi(x))
[lUx,res (U(x0), p(x°), phi(x°)||,
Uy Uy.res (U(X), p(x), phi(x))
lUy.res (U(x°), p(x°), phi(x)ll,
Uz % : reduced state (POD coefficients) Uzres (U(®), p(®), phi(¥))
Uz res (U(x0), p(x0), phi(x9)]l,
P POD p.res (U(X), p(x), phi(%))
‘ Ip.res (U(x©), p(x?), phi(x°)||,
Uface (=phi/A) phi.res (U(%), p(%), phi(x))
[Iphi,res (U(x©), p(x°), phi(x°)]|,
Objective Function = ||[4 f(X)||,
« Discrete residual scaling via norm of residuals of initial solution (POD+I)
* Nonlinear least-squares solver from Python package scipy
ARIA Online Seminar | Challenges of Residual Minimization-based Model Order Reduction in Car Aerodynamics 23.05.2024 22
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Steady-State Least Squares Petrov Galerkin Reduced Order Model
Overview
x : state vector (snapshot vector) f(x) : residual vector
U Ux,res (U(X), p(%), phi(x))
[lUx,res (U(x0), p(x°), phi(x°)||,
Uy Uy,res (U(X), p(%), phi(x))
lUy.res (U(x°), p(x°), phi(x°)|,
Uz X : reduced state (POD coefficients) Uzres (U(X), p(®), phi(%))
lUz,res (U(x°), p(x°), phi(x?)||,
P POD p.res (U(%), p(x), phi(x))
lIp.res (U(x°), p(x°), phi(x)Il,
Uface (=phi/A) phi,res (U(%), p(%), phi(x))
lIphi,res (U(x°), p(x°), phi(x°)||;
( v ) ( I 7 res (U(Z), p(), phi(®) )
[I7".res (U(x°), p(x°), phi(x)Il,
(§")
Objective Function = ||[4 f(X)||,
« Discrete residual scaling via norm of residuals of initial solution (POD+I)
* Nonlinear least-squares solver from Python package scipy
ARIA Online Seminar | Challenges of Residual Minimization-based Model Order Reduction in Car Aerodynamics 23.05.2024 23
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Steady-State Least Squares Petrov Galerkin Reduced Order Model

Dimensionally-Consistent Inner Products for ROM-Projection and POD

ROM-Projection

« Dimensionally-consistent inner product via discrete residual

scaling

f(X) : residual vector
Ux,res (U(X), p(%), phi(x))
[lUx,res (U(x9), p(x°), phi(x9)]|,

Uy,res (U(x), p(%), phi(x))
[Uy,res (U(x°), p(x°), phi(x9)]l,

Uz,res (U(%), p(%), phi(x))
[lUzres (U(x0), p(x°), phi(x9)I|,

p.res (U(%), p(%), phi(x))
lIp.res (U(x©), p(x°), phi(x°)||,

phi,res (U(X), p(%), phi(%))

lIphi,res (U(x?), p(x°), phi(x°)Il,

INTERNAL

ResMin Objective Function = |4 f(X)]|,

POD

* Dimensionally-consistent inner product via non-dimensionalizing
state vectors before POD

x : state vector (snapshot vector)

Ux
”UX all train”Z
7Uy . .
10Y atl erainll2 X : reduced state (POD coefficients)

_ vz POD
||UZ all train”2 ‘
P
”p all train”Z

Uface
”Uface all train”Z
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Backward Facing Step - Varying Re |
Test Case Description Easltns;r;mﬁs . O O . Q ‘ O O ‘

Re: 50 - 450

0.0254m | [

0.0254mI
T o127m 0.8128m g
Re = UV*L, with L=0.0254m and U=1 m/s

Re Kinematic viscosity v [m"2/s]

50 5.080E-04

200 1.270E-04 | f&:l-;EIPEI'E!tCII'::{'\."Elll.lii":"},'

300 8.467E-05

450 5.644E-05
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Ahmed First Flow Region
. 00000000000000000000

Slant angle: 15° - 22.8°

Error Velocity (Ux, Uy and Uz) Error Pressure
U p
0.05 -
- °
0051 o POD+I e POD+I ¢
X  Projected X  Projected

- : 0.04 - .
< 0.04 $ ResMin < $ ResMin
2o 2o
— —
© 0.03 - O © 0.03 - o
— —
(O] (O]
S S
. 0.02 1 . 0.02 A
: & X ¢ X

PS ) * X ° X g
001 1 & 9 ® ° PY 001 1 ® 4 ® °
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Test Sample Index Test Sample Index
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Backward Facing Step - Varying Re

. Train snapshots: 50, 60, 70, ..., 450 (excluding test snaps, 36 in total)
More Trammg Snaps Test snapshots: 100, 150, 250, 350, 400 (same as before)

Error Velocity (Ux and Uy) Error Pressure
U P
0.05 -
®
® POD+I o ® POD+|
0.020 A X  Projected 0.04 - X  Projected
— $ ResMin —_ ResMin
s ° <
0.015 - -
é 5 0.03 -
: . K
N, 0.010 o < 0.02 -
[ o °
x 2 °
0.005 A ® 0.01 4
° ®
O °
0.000 4 14 13 ® L3 000 4 X 9 @ & 3
100 150 200 250 300 350 400 100 150 200 250 300 350 400
Re Re
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Ahmed Second Flow Region
Start from POD+I

Rel. L2-error [%]

INTERNAL

Error Velocity (Ux, Uy and Uz)

u
181 @ e POD+|
1.6 < X  Projected
14 <® ResMin
1.2 -
1.0 -
<o ¥
0.8
0.6 - 8 <
X X
24 25 26 27 28 29 30 31 32
Test Sample Index
23.05.2024

Rel. L2-error [%]

1.8

1.6

1.4

1.2

1.0

0.8

0.6

0.4

Train snapshots
Test snapshots
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Error Pressure

n
>

Slant angle: 24.4° - 28.1°

p
<.> ® POD+
X o X  Projected
<© ResMin
<
»
o <
2 $ 2
24 25 26 27 28 29 30 31 32

Test Sample Index
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Ahmed Second Flow Region

Start from Projected Solution

Rel. L2-error [%]

INTERNAL

Error Velocity (Ux, Uy and Uz)

U
181 ¢@ ® POD+I
1.6 < X  Projected
14 <® ResMin
12
1.0
1% »
0.8 -
0.6 - 8 <
X X
24 25 26 27 28 29 30 31 32

23.05.2024

Test Sample Index

Rel. L2-error [%]

1.8

1.6

1.4

1.2

1.0

0.8

0.6

0.4

Train snapshots
Test snapshots

VOLKSWAGEN
GROUP

Error Pressure

n
>

Slant angle: 24.4° - 28.1°

p
<.> ® POD+
X o X  Projected
<© ResMin
© »
o <
2 $ 2
24 25 26 27 28 29 30 31 32

Test Sample Index
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Sanity Checks:
Predict Training Snapshots
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Backward Facing Step - Varying Re |
FOM Velocity - @ OO @O @O O ‘

Re: 50 -450
Re 50
Velocity I\/Io%ni’rude (m/s)
0.00 0.375 0.750 1.12 1.50
B
Re 200
Velocity Mo7g5ni’rude (m/s)
0.00 0.375 0.750 1.12 1.50
B
Re 300
Velocity Mo7g5ni’rude (m/s)
0.00 0.375 0.750 1.12 1.50
B
Re 450
Velocity I\/Io%ni’rude (m/s)
0.00 0.375 0.750 1.12 1.50
B
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INTERNAL



VOLKSWAGEN
GROUP

Backward Facing Step - Varying Re |
FOM Velocity - @ OO @O @O O ‘

Re: 50 -450
Re 50
Velocity Mo%ni’rude (m/s)
-0.215 14 642 1.07 1.50
Re 200
Velocity Mo%ni’rude (m/s)
-0.215 14 642 1.07 1.50
Re 300 = = =  —
Velocity Mo%ni’rude (m/s)
-0.215 0.214 .642 1.07 1.50
Re 450 = — = — - =
Velocity Mo%ni’rude (m/s)
-0.215 .642 1.07 1.50
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Backward Facing Step - Varying Re |
ROM with Varying Initial Coefficients - @ OO @O @O O .

Re: 50 - 450

e x% = cxP", cisvariedin plots

« Discrete scaling factors computed with residuals corresponding to c=0

Solutions subsequently referred to as :
 ,Resmin” (top)

. ,Projected” (bottom) Error Pressure

Error Velocity (Ux and Uy)

U p
17.5 A ) .
X  Projected - 50 4 % Projected -
15.0 1 O ResMin c=-0.1 O ResMin c=-0.1
— ¥ ResMin c=0.0 — ¥ ResMin c=0.0
X 12.5 1 . X 15 4 .
— ResMin ¢c=0.05 — ResMin ¢c=0.05
g 100 4 4+ ResMin c=0.1 g + ResMin c=0.1
N‘P _ <© ResMin c=1.0 N".J 10 4 €© ResMinc=1.0
~ ' ~
K] J 0
2 50 o g
2.5
0.0 1 @ 4 4 < 01 @ 4 4 <
50 100 150 200 250 300 350 400 450 50 100 150 200 250 300 350 400 450
Re Re
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Backward Facing Step - Varying Re |
ROM with Varying Initial Coefficients - @ OO@O@OO @

Re: 50 - 450
Objective-function POD coefficient 1
. 0.4
00359 %  Projected = o 2
0.030 4 O ResMin ¢c=-0.1 0.2 - 4}
5 ¥ ResMin c=0.0
S 0.025 1 ResMin ¢=0.05 0.0 -
- 4 + i =0. .
o 0.020 o Eesm!n c=0.1 2 702 1 X  Projected
2 0.015 A esMin c=1.0 O ResMin c=-0.1
] —0.4 1 ¥ ResMin c=0.0
‘S 0.010 - .
3 o6 ResMin c=0.05
0.005 - + ResMin c=0.1
-0.8 - <© ResMin 1.0
0.000 { @ 3 3 243 o
50 100 150 200 250 300 350 400 450 50 100 150 200 250 300 350 400 450
Re Re
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Backward Facing Step - Varying Re |
ROM with Varying Initial Coefficients - @ OO @O @O O .

Re: 50 - 450
. pod.A = [[-0.85348906 0.13748433 -0.05152169]
[0.15252261 -0.67777536 0.51706616]
[0.31431486 ]
0.7035976 0.32473215]]
«  For local minimum: a_resmin = [ ]
POD coefficient 2 POD coefficient 3
0.6 4 X  Projected 4 04 - A4
O ResMin c=-0.1 ' 4+
0.4 - ¥ ResMin c=0.0 0.2 1
02 - & ResM!n c=0.05 00 { 4
< oo | + ResM!n c=0.1 £ o ] X  Projected
' <& ResMin 1.0 g ' O ResMin c=-0.1
-0.2 A ® -04 4 ¥ ResMin c=0.0
04 - 0.6 - ResM!n c=0.05
+ ResMin ¢c=0.1
-0.6 -0.8 A ResMin 1.0 ®
@ © 3
50 100 150 200 250 300 350 400 450 50 100 150 200 250 300 350 400 450
Re Re
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Backward Facing Step - Varying Re |
ResMin @ Re450 - @ OO @O @O O Q

Re: 50 -450
FOM Re = 300
Velocity Mo%ni’rude (m/s)
0.00 0.375 0.750 ; 1.50
B
Resmin Re =450
Velocity I\/Io7g5ni’rude (m/s)
0.00 0.375 0.750 . 1.50
I B
FOM Re =450
Velocity I\/Io7g5ni’rude (m/s)
0.00 0.375 0.750 ; 1.50
B - T
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Backward Facing Step - Varying Re |
ResMin @ Re450 - @ OO @O @O O ‘

Re: 50 -450
FOM Re = 300
Velocity Mo%ni’rude (m/s)
-0.215 o2 | 642 1.07 1.50
B - I
Resmin Re =450
== -
Velocity Mo%ni’rude (m/s)
-0.215 o2 | 642 1.07 1.50
B - I
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Backward Facing Step - Varying Re |
POD Modes Velocity - @ OO @O @O O .

Re: 50 - 450

r

Mean VelocHa/ %ggni’rude (m/s)] Singular Values
: ' e Model:1.14
e Mode2:0.40

e Mode3:0.17

2.84e-06 0.375 1.50

i II\)
[}

Same for pressure (Global POD)

Velocity Mode 1 Magnitude (m/s)
0.00401 0.00

1.04e-09 0.00200 601 0.00801
B

Velocity Mode 2 Magnitude (m/s)
4 0.0108 0.01

1.79e-10 0.00540 62 0.0216
B

Velocity Mode 3 Magnitude (m/s)
41 0.0128 0.01

5.14e-11 0.006 92 0.0256
B
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Backward Facing Step - Varying Re |
ResMin @ Re450 - - @ OO @O @O O .

Re: 50 - 450

|

r

res:U (m/sN\2)

7.50e-05 0.913 1.83 2.74 3.65
L D B
—
[res:p| > 1
res:p (Mm/sN\2)
-0.371 0.586 1.54 2.50 3.46
I B

.

I

corr:U >0.0006 )

corr:U (m/s)
9.21e-08 0.000177 0.000353 0.000530 0.000707
[ B
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Backward Facing Step - Varying Re |
ResMin @ Re450 - - @ OO @O @O O Q

Re: 50 - 450

— —

U_resmin-U_true Magnitude (m/s)
0.261 0.

1.15e-08 0.131 0.522
B B
p_resmin-p_true (mA2/sA2)
-0.00998 0.0220 0.0540 0.0860 0.118
I B
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Backward Facing Step - Varying Re |
Projected @ Re450 - Easltns;r;apmﬁs ‘ O O ‘ Q . O O .

Re: 50 - 450

res:U (m/sA\2)
1.27e-08 0.41e-05 0.000188 0.000282 0.000377
’ B

|

—

-16.3 2.17

[res:p| > 2

res:p (Mm/sNh\2)
20.7 39.2 57.7

corr:U (m/s)
8.49e-12 2.73e-08 5.46e-08 8.19e-08 1.09e-07
' B
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Backward Facing Step - Varying Re
Objective-function on path between Resmin and Projected Solution
o xO —d (xproj _ xresmin) + xresmin
0.06 o
0.05 -
C
°
H 0.04 A
C
=
0 003 -
2
_§ 0.02 -
o]
(@]
0.01 -
0.00 -
0.0 0.2 0.4 0.6 0.8 1.0
d
—> Resmin solution is a local minimum!!
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Backward Facing Step - Varying Re

Mask for High Residuals near Boundary

res:U Magnitude
7.5e-05 0.5 1.5 2 2'5 3 3.7e+00
| |

C —

3 3.5e+00

* ResMin @ Re450: magnitude(res:U) >= 2 used as a criterion to
find 9 cells close to boundary
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Backward Facing Step - Varying Re |
Mask for High Residuals near Boundary E""s't”ssnr;?fiﬂ;‘t’? ‘ O O ‘ Q . O O .

Re: 50 -450
Only residuals in
U P
17.5 A
X  Projected % X  Projected %
150 1 ¢ ResMin 20 1 ¢ ResMin
X 125 A X
e — 15 S
- -
S 10.0 - o
- -
() ()
N 75 - ~ 10 -
- -
Q5.0 - ©
o >-0 o
5 -
2.5 A
00 1 @ @ @ X 04 @ @ @ X
50 100 150 200 250 300 350 400 450 50 100 150 200 250 300 350 400 450
Re Re
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Backward Facing Step - Varying Re |
Mask for High Residuals near Boundary E""s't”ssnr;?fiﬂ;‘t’? ‘ O O ‘ Q . O O .

Re: 50 -450
Only residuals in
U p
5 5
X  Projected X  Projected
4 - <© ResMin 4 - <© ResMin
S 3 5 3 -
o o
- -
9 9
L2 - V2 -
g T
o o
1 A 1 -
O L Q T T Q T Q T T Q O L Q T T Q T Q T T Q
50 100 150 200 250 300 350 400 450 50 100 150 200 250 300 350 400 450
Re Re
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Backward Facing Step - Varying Re
Mask for High Residuals near Boundary
e x=d (xproj _ xresmin) 4+ xresmin
Only residuals in boundary region Only residuals in bulk region

0.008 - 0.07 -

0.007 - 0.06 -
C 0.006 - c
.g .g 0.05 -
© 0.005 1 O
2 =) 0.04 -~
o 0:004 - o
> .= 0.03
+0.003 - =
() ()
Q i o 0.02 A
g 0.002 S

0.001 - 0.01 -

0.000 - 0.00 -

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
d d
— local minimum vanished!
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Predict Test Snapshots
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Backward Facing Step - Varying Re

Mask for High Residuals near Boundary

« Mask for POD+I solution @ Re=100 (test snapshot)

« Magnitude(res:U) >= 20 used as a criterion to find 16 cells
« Mask used for all test snapshots for now for simplicity (very

Sl mllar for all test SnapShOtS) ARIA Online Seminar | Challenges of Residual Minimization-based Model Order Reduction in Car Aerodynamics 23.05.2024 54
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Backward Facing Step - Varying Re |
Without Mask (Bulk + Boundary Residuals) sl N N X X X K N .

Re: 50 -450
Error Velocity (Ux and Uy) Error Pressure
U p
® POD+I ® POD+I
10 - X  Projected 60 4 e X  Projected
— <© ResMin — <© ResMin
X X X
e 8 _ e
o) [ S 60 -
; ° ;
N6 o 4 N
— ° O — 40 1
[ X [
x 47 [0d
0| Q
x S
, | . 2 ¢ ¢
w o 4 X ) ¢
100 150 200 250 300 350 400 100 150 200 250 300 350 400
Re Re
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Backward Facing Step - Varying Re |
Only Bulk Residuals . 00000000 O®

Re: 50 - 450
Error Velocity (Ux and Uy) Error Pressure
U P
12 1 o 100 A °
® POD+I ® POD+I
10 - X  Projected 60 4 e X  Projected
— ResMin — ResMin
X X 4 S \%
e 8 a e
o ° S 60 -
: o :
~ 67 <> <> ~
- ° O — 40 1
J— x J—
() ()
o 4 [0d oS 4
20 n x
% 4
2 | x 2 LR
| o | X X
100 150 200 250 300 350 400 100 150 200 250 300 350 400
Re Re
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Backward Facing Step - Varying Re |
Only Boundary Residuals Ei't”fnliiiii’? . . . . ‘ ‘ . . .

Re: 50 -450
Error Velocity (Ux and Uy) Error Pressure
U P
30 A 100
o
< ® POD+I ® POD+I
25 X  Projected 60 4 e X  Projected
~ <® ResMin ~ <® ResMin
> >
e 20 - e
— —
o o 60 -
= =
L 15 A (]
NI NI
~ ~ 40 A
= 10 A —
() ()
o 3 4 o
20 ~ 9
o
5 4 2 d
o * 3
. <o ¢ 0 - ® ® o
100 150 200 250 300 350 400 100 150 200 250 300 350 400
Re Re
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Backward Facing Step - Varying Re |
Only Boundary Residuals - Re=100 il X X N N N N X ‘

Re: 50 - 450
POD+I
Velocity I\/Io%ni’rude (m/s)
0.00 0.375 0.750 : 1.50
I B
Resmin

Velocity I\/Io%ni’rude (m/s)
0.00 0.375 0.750 1.50

Projected

Velocity Magnitude (m/s)
bt 0.7%0

0.00 0.375 1.50
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Backward Facing Step - Varying Re |
Only Boundary Residuals - Re=100 il X X N N N N N X _

Re: 50 - 450
res:U (m/sN\2)
0.000237 10.7 21.3 32.0 42.7
. [ - I
Resmin
— -
-_—
res:p (M/sN2)
-0.802 -0.435 -0.0690 0.297 0.664
- [THN.
. res:U (m/sN2)
Projected 0.000237 8.11 16.2 24.3 32.4
I ]
res:p (M/sN2)
-3.42 0.502 4.42 8.34 12.3
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Backward Facing Step - Varying Re |
Weighing of Boundary and Bulk Residuals Ei't”siliiiii’? . . ‘ . ‘ ‘ . . .

~ ~ ~ Re: 50 -450
fxX)=w f(x)boundary + (1 - W) f(x)bulk
Error Velocity (Ux and Uy) Error Pressure
U P
30 1 e POD+I 107 . e POD+I
25 1 X Projec.ted 20l e X  Projected
< O ResM!n w=0.5 — O ResMin w=0.5
= % - + ResMin w=0.9 & + ResMin w=0.9
o ¥ ResMin w=0.99 S 60 1 ¥ ResMin w=0.99
o i in w= ) .
‘1.‘ 15 Y ResM!n w=0.999 NqJ ResMin w=0.999
. i) o < ResMin w=1.0 = 407 <{ ResMin w=1.0
o zs E; ég Ea ﬁi
5 ] H W & a |
Q 6 Q.D 6 + U
0 T T T ? T T T 0 . 0 o 3
100 150 200 250 300 350 400 1(')0 1;,0 2(')0 2;,0 3(')0 3éo 4('30
Re Re
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Backward Facing Step - Varying Re |
Weighing of Boundary and Bulk Residuals - w=0.99 Ei't”siliiiii’? . . ‘ . ‘ ‘ . . .

Re: 50 -450
Error Velocity (Ux and Uy) Error Pressure
u p
0 100 - °
] ® POD+I ® POD+I
X  Projected 60 4 e X  Projected
12 ~ R ; ;
— esMin — ResMin
X © X ©
s 10 A S 60 -
58 % 3
~ o ~
- . O ~ 40 A
o o
o ;2 o
4 20 -
1 Pyl s °
| . 2 b3
% *® o | & &
100 150 200 250 300 350 400 100 150 200 250 300 350 400
Re Re
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Backward Facing Step - Varying Re |
W=0.99, Re=100 . 000000000

Re: 50 - 450
Resmin
Velocity I\/Io%ni’rude (m/s)
0.00 0.375 0.750 : 1.50
I B
Projected

Velocity Magnitude (m/s)
Y O.%O
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Backward Facing Step - Varying Re |
=0.99, Re=100 . 000000000

Re: 50 - 450
. res:U (m/sN\2)
Resmin 0.000739 1.69 3.38 5.06 6.75
I - I
res:p (M/sh2)
-0.763 -0.532 -0.301 -0.0705 0.160
B
. res:U (m/sN2)
Projected 0.000237 8.11 16.2 24.3 32.4
| B
res:p (M/sN2)
-3.42 0.502 4.42 8.34 12.3
I B | uction in Car Aerodynamics 23.05.2024 64
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