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Design of Static Mixer with Uncertainties

" Inlet in1 and in2, Outlet out

" Inlet temperature in1Temp, in2Temp
" Inlet velocity: in2Vel, in2Vel

" Design goal: outlet temperature

" 4 variable and uncertainty design
parameters: in1radius, in2angle, in1Vel
and in2Vel

* 4 fix and uncertainty process and
environment parameters: Capacity,
Conductivity, in1Temp and in2Temp

E Design Parameters E@
Mame Meminal | Tolerance | Unit Coemment

inlradius 0.6 06 mm inl radius

inZangle 40 60 deg in2 angle

inlVel 3 3 ms"-1 inl velocity

in2Vel 3 3 ms"-1 in velocity

Capacity 4181.7 41.817 Jkg™-1 K*-1  |specific heat capacity
Conductivity |0.6069 0.006069 (W m®"-1K"*-1 |thermal conductivity

inlTemp 315 315 K inl temperature
in2Temp 285 285 K in2 temperature
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Multidisciplinary Analysis and Optimization

CAD/CAE -Systems

Geometry: CATIA Meshing: ICEM Fluid Dynamic: CFX

Specialized Systems:

* Fast and user-friendly handling of the software

* Competence and Know-How through long time research and development
* Detailed system component behaviour

* Import and export in standard format for data exchange

* Team working: designer and CAE-specialist
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Multidisciplinary Analysis and Optimization

Process Workflow
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Multidisciplinary Analysis and Optimization

DoE: Adaptive Gaussian Process

Property @
Providing information about expected improvement and uncertainty ||B Pesionof Bperiment
. . . . Method Sampling Methods
of the total design space. Extremely efficient design of experiment. Dararmeter obol
The required number of model calculations (points) depends on: Sample Size 10

Adaptive Design True

Number of design parameters Accurmgy L.10] |5

* Degree of response nonlinearity Suggested Paints 6
Maximal Points 100
* Correlation between design parameters Virtual Sample Size 100000

Distribution Points 50

Random Generator  Init

For Static Mixer:

35

* 8 design parameters

* 1 design goal: out mean temperature
* Initial sampling: 40 points (Sobol Sampling) B
* Covariance function = Square Exponential
* Polynomial order = 0 B
* High accuracy of the response surface

* Total sampling: 88 points after 8 loops
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Multidisciplinary Analysis and Optimization

Design Space Visualization: 2D Section Diagrams

MeanCOutTemp DiffOutTemp

257858 0284302

I

0863
0576
0284

inlradius
[+

L

SRR T
wloLh e
[EXEYE)

[
(s
[=]
(=]
[T5)
i
on
L

(=]

L
m

L

- 79 0768
InZangle 738 0526 \/_\_,
0 57 0784

300 0746
257 0515
L

235 0284

inlvel

i 0704
" 2Vel 298 0.454

236 0284

- 78 0.765
Ca pac,':q: 258 0524 /
4.18e+003 298 0284

4.16e+003 4. 182+ 00, 4.16e+003 4.18e+003 4 2e+003

(]

:l.'..

ra
1
i

y 258 0.603
F:,”_.d"“:t'"'tf" 258 0447

Fa Tl 0284

0.604 0.607 061 0.604 Q.e07 Q.61

: 258 0323
inlTemp 258 0304
A5 738 0284

313 315 317 313 315 317

FEE] 0773
=8 0507

236 0284

in2Temp

2E5

284 285 ] 284 ZB5 256

Pham www.optiy.eu
Folie 6/12



| |
op t’ y Multidisciplinary Analysis and Optimization

Design Space Visualization: 3D Graphics

Out Mean Temperature Out Temperature Difference

inZangle
. inlradius

Capacity inZangle
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MeanCOutTemp
DiffOutTemp
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Multidisciplinary Analysis and Optimization

Global Nonlinear and Quantitative Sensitivity Analysis

Design Parameter Importance

Design Parameter Interactions
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inlradivs*Conducthity

inlradius*inl\'e

inlradius*ind Ve

inlradius*Capacity

inlradiu=*in2Temp
inlradius*inZangle
inlradius*inl Temp
inlvel*in2ve
inlVel*inlTemp
inZangle*in2Temp
inlvel*in2Temp
in2Vel*Capacity
inlVel*Capacity
in2Vel*inlTemp
in2veComductivity
in2angle¥inl Temp
Vel in2Temp

inlVe*Conductivity

in2angle*Conductivity 0.7
0744
0564
0.538
0.501
0457
0473
0476
0457
0405

in2angleinlye
in2angle*in\'el
Conductivity*in2 Temp
inl Temp®indTemp
Capacity“inlTemp
in2angl=*Capadty
Conductivity®inl Temp
Capacity*in2Temp

Capacity*Conductivity
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0963
0838
0ELL
077l

0759

0752

MeanCutTemp
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Multidisciplinary Analysis and Optimization

Design Optimization and Probabilistic Simulation
Input Distributions Output Distributions

H Ho—. H inlradius inZangle MeanQutTemp
Desllgn Optlmlggtlgn s . -
Design goal: minimize the out
temperature to get the optimal e e s
design point in the design space . -
(Table: optimal design parameters
with manufacturing tolerances) 606 014 00483
£-] Design Parameters (= [=@]=] Y ——— momzz 26 :esae e
Mame Nominal | Teleran...| Unit Comment Mean 0838158 |Skewness | (UD0T735013| | Mean 325715 Skewness | 00190126 Mean 754021 Skewness | -0132671
inlradius  |0.8381008... 0.1 mm inl radius Std- Deviatio 00166118 | Kurtosis 301386 Std-Deviatio 0UHE411 Kurtosis 238103 Std-Deviatic 181727 Kurtosis 2 10072
inZangle  |32.5715075 |4 deg in2 angle Warance | Q00027555 Variance | 0441047 Varance | 330246
inlVel 1.84504683 (0.2 ms®-1 inl velocity
in2Vel 316437001 [0.2 msAl in2 velocity ini Vel in2Vel DiffOutTemp
Capacity  |41817  |41817 |Jkg"-1K~-1 |specific heat capacity el 115 0935
Conductivity| 0.6069 0.006068 W m™-1 K*-1|thermal conductivity
inlTemp 315 315 K inl temperature 506 851 0701
in2Temp 285 285 K in2 temperature
£.04 534 0468
Design Robustness
Tolerances of design parameters 302 257 0234
cause variability of the out . _
temperature: quality and reliability | = 1= L mee v 0450173 0738 14205026
in batch production St0-Deviatl 0.0332623 | Kurtosis Sto-Deviato 0033338 | furtoss ;tn;ntc 1455;11 ?;;rn c-?“-dg
Wariance | 000110638 Varance | 000111143 Varance | 0LLB95E2

Fone /12 Virtual Sampling Size: 100.000 Points ~ Www.optiy.eu



Multidisciplinary Analysis and Optimization

Taguchi Quality Loss Function:
L = Cost*(Variance + (Mean — Target)?)

Fast Robust Design Optimization

Nominal Design Robust Design

MeanOutTemp MeanQutTemp
0184 21

Minimizing the variance
of the out temperature:

The mean temperature
and its variance conflict
00818 1 each other. The extreme
cases are nominal design
and robust design:

00452 552
* Low mean temperature
versus high variance
288 152 254 257 = 283 34 257 255
Wean 284008 Skswness -0118471 Mean Skewness -0.608174
St-:-.DEf."Et'c-r 1.515.-‘-4 Kurtosis 210653 St-:-_Dsn"Et'ﬂr Bl Kurtosis 31272 ° H |g h mean tem peratu re
Variznce 330781 Warisnoe 00003
r T— ; versus low variance
[-] Design Parameters [o|[= | =] [-] Design Parameters |E||E”El
Mame Mominal | Toleran... | Unit Comment Mame Morminal | Toleran... | Unit Comment . . . .
inlradius  |0.8381008...|0.1 mm inl radius inlradius  [0.3040532390.1 mm inl radius MUItI'ObjeCtlve DeS|gn
inZangle  [32.5715075 |4 deg in2 angle inZangle 50165564 |4 deg in2 angle Optimization
in1Vel 184504689 (0.2 ms*-1 inl velocity inlVel 151153931 (0.2 ms*-1 inl velocity
in2Vel 316437001 |0.2 ms*-1 in2 velocity in2Vel 441115449 (0.2 ms*-1 in2 velocity
Capacity 41817 41817 |Jkg"-1 K*-1 |specific heat capacity Capacity 41817 41817 |Jkg™-1K*-1 |specific heat capacity
Conductivity|0.6065 0006068 |W m*-1 K*-1|thermal conductivity Conductivity|0.6069 0.006069 |W m”-1 K”-1 |thermal conductivity
inlTemp 1315 315 K inl temperature inlTemp 315 315 K inl temperature WWW.O ptly eu
inZTemp 285 285 K in2 temperature inZTemp 283 285 K in2 temperature




Multidisciplinary Analysis and Optimization

Code-Export of Surrogate Model for System Simulation

*  Automatic Code-Export in C, Modelica or Matlab ~ -----------ommmmmmmmm e :

. Fast surrogate model for total system simulation (e.g.
Matlab/Simulink, MBS-Simulator)

. Development of controller or mechanical system in
case of co-simulation with fluid dynamics

double Fldouble i, double =]
{
double plE];
double x1[Z];
double xEZ[Z];
double v = —-46_ T2TZ056;
v = 10 SE6SGEE2Tpomal i, 1]
v = v SE05147VFpoml=,1];
plo]l = 0. 161295212;
pll] = o Fz5272124;

1 Buck_PWM/DC-DC Converter x1[0] = i;
File Edit View Simulation Format Tools Help ®#1l[1l] = =;
D& s B@ e[ » font femd RS REES =2[0] = 5.0L1;
=2[1] = E.0&;
o = w-182 S8 *ovariance(xl, xE,pl;
x2[0] = 0.01;
=2[1] = 0.0&;

o = w-§hEd S5FFFCowvariance(xl,xE,pl;
=2[0] = 2.01;
#=2[1] = o.0g;
o = g EMETTOMEE2*Flowvariance(xl, xE,pl;

=2[0] = 1o.01;

#=2[1] = 4.0g;

w = wr-104Z _ 20105*Cowariance(xl,x&,pl;
Cceturn )
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Conclusion

. Design of technical system with uncertainties requires efficient computing of
product model. Adaptive Gaussian process is the best approach for robust
design optimization.

. The meta-model of the static mixer with 8 design parameters needs totally
only 88 model calculations and turn out the response surface of the outlet
temperature accurately.

. Based on the meta-model, the robust design process of the static mixer has
been demonstrated. It leads into a multi-objective design optimization task

. OptiY® is a user-friendly multidisciplinary software platform also for robust
design of large technical systems with uncertainties
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