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Multidisciplinary Analysis and Optimization

Design of Static Mixer with Uncertainties

» |nletinl and in2, Outlet out
= Inlet temperature in1Temp, in2Temp
» |nlet velocity: in1Vel, in2Vel

» Design goal: outlet temperature

» 4 variable uncertainty design parameters:
inlradius, in2angle, in1Vel and in2Vel

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

E Design Parameters EI@
Marme Mominal | Telerance |Unit Comment

inlradius 06 0.6 mm inl radius

inZangle 40 60 deg in2 angle

inlVel 3 3 mst-1 inl velocity

in2Vel 3 3 ms"-1 in2 velocity

Capacity 4181.7 41,817 Jkg®-1K"-1 | specific heat capacity
Conductivity |0.6069 0.006069 W m"-1K"*-1 |[thermal conductivity

inlTemp 315 315 K inl temperature
in2Termp 285 2.85 K ind temperature
Pham www.optiy.eu
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Multidisciplinary Analysis and Optimization

CAD/CAE -Systems

Geometry: CATIA Meshing: ICEM Fluid Dynamic: CFX

Pham
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Advantages of 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

Teamwork: designer and CAE-specialist
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Multidisciplinary Analysis and Optimization
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» o HPC Center

L Linux/Unix/Mac/Windows

User-friendly graphical
process workflow with
distributed computing:

* Fast process (CAD,
Meshing, Pre- and Post-
Processing) in comfortable
OS Windows with MS Office

« Computationally intensive
process (Solver) in HPC-
Center via SSH Networking
and FTP File Transfer
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Multidisciplinary Analysis and Optimization

DoE: Adaptive Gaussian Process

Property @

Providing information about expected improvement and uncertainty ||B Pesionof Bperment
of the total design space. Extremely efficient design of experiment. ::T_::ter zz:j"”gm“h”ds
The required number of model calculations (points) depends on:

Sample Size 40
Adaptive Design True

* Number of design parameters
Accuracy [1.10] 5

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

hstribution Points 50

Random Generator | Init

For Static Mixer:

35

» 8 design parameters

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

» Total sampling: 88 points after 8 loops :

Pham
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Multidisciplinary Analysis and Optimization

Design Space Visualization: 2D Section Diagrams
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Design Space Visualization: 3D Graphics

Outlet Mean Temperature Outlet Temperature Difference

in2angle inlradius

Capacity in2angle

08525

MeanOutTemp e
iffOutTemp

07328
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Multidisciplinary Analysis and Optimization

Global Nonlinear and Quantitative Sensitivity Analysis

Design Parameter Importance Design Parameter Interactions

MeanQutTemp MeanCutTemp
inlradius 6338 inlradivs*Conductivity 3443
inlradius*inlVe 2568
47-55" inLradiustindye 2336
inlradius*Capacity 2713
nlve calz inlradiustin2Temp 2703
14.56 inlradius*inZangle 1317
inlradius*inl Temp 1862
inZe 1645 inlVelin2ve 1387
inlVelinlTemp 1304
278 in2angle*in2Temp 1158
inlVelindTemp 1155
inZTemp 773 n2VeCapacty 1016
716 inlVel*Capacity 0586
in2Vel*inlTemp 0963
Conductiity 553 inZvelConductivity ~ 0.838
inZangle¥inl Temp 0811
018 in2vel*in?Temp 0771
inlVe*Conductivity 0759
Capacity 5.0 . inZangletConductiity 0752
o007 inZangle¥inlVel 0744
inangle¥in\Ve 0564
inZzangle  4.88 . Conductivity*in2Temp 0.538
inlTemp®in2Temp 0.501
013 Capadity*inl Temp 0457
in2angle*Capadty 0472
nlTemp  4.73 . Conductivity*inl Temp 0476
006 I Totsl Effect Capadity*in?Temp 0457
B Msin Effect Capadty*Conductivity 0405
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Multidisciplinary Analysis and Optimization

Design Optimization and Probabilistic Simulation

Input Distributions Output Distributions

H H H H inlradius in2angle MeanQutTemp
Design Optimization s e -
Design goal: minimize the out
temperature to get the optimal e e ft
design point in the design space . . -
(Table: optimal design parameters
with manufacturing tolerances) 606 014 00459
£-] Design Parameters [=[=]s=] Co7eu0s 084 0BTISIST memz 26 :mess Capazsom e 2959755
Mame Mominal | Toleran... | Unit Comment hean Q838158 | Skewness | QUO0735013( | Mean 325725 Skewnesz | 00130126 Meain 254021 Skewness | -0132671
inlradius 0.8381008... 0.1 mm inl radius Std-Deviatio) 00166118 | Kurtosis 301386 Std-Deviatio] 066411 Kurbosis 258103 Std-Deviatic 181727 Kurtosis 2 10073
inZangle  |32.5715075 |4 deg in2 angle Warance | QuD0ZT5S5, Variance | 0441042 Varznce | 330246
in1Vel 1.54504689 (0.2 ms"-1 inl velocity
in2vel 316437001 0.2 ms*1 in2 velocity in1Vel in2vel DiffOutTemp
Capacity |41817  |41817 |Jkg"-1 K-l |specific heat capacity el 115 0935
Conductivity| 0.6069 0.006069 W m*-1 K*-1|thermal conductivity
inlTemp 315 315 K inl temperature 206 831 0oL
in2Temp 285 285 K in2 temperature

_ 604 534 0468
Design Robustness
Tolerances of design parameters 202 257 024
cause variability of the out . _
temperature: quality and reliability | 17 1= L s 0450173 0799 14205026
in batch production Std-Deviti 00332673 | Kurtoss Sta-Deviatic 00333381 | Kurtosis ;tn;utc 1455;11 Comors c—?::—ig

Wariznce | QO0L1DE63E Wariznoe | 000111143 Variance | 0LB95E2

EZﬁ?g/lz Virtual Sample Size: 100.000 Points www.optiy.eu



-
Opt’ Y Multidisciplinary Analysis and Optimization

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

Fast Robust Design Optimization

Nominal Design Robust Design

MeanDutTemp MeanQutTemp

Minimizing the variance
of the out temperature:

0138 166

The mean temperature
and its variance conflict
aos1s 1 each other. The extreme
cases are nominal design
and robust design:

oodss 552
* Low mean temperature
versus high variance
288 b 154 7 b=kl 283 e = 253
Mezn 4009 Skewness -0.118471 Mezn Seewness -0E081T4
Std-Deviation LELET4 Kurtosis 210653 Sta-Deviation noLrs Kurtes's 1 * High mean temperature
arisncs 3307EL Waranoe ]
. ) versus low variance
E Design Parameters EI@ B Design Parameters EI@
MNarme Maminal | Toleran... | Unit Comment Mame Mominal | Toleran... | Unit Comment . . . .
inlradius  |0.8381008...(0.1 mm inl radius inlradius  |0.3040532390.1 mm inl radius Multi _ObJ ective Desi gn
inZangle  |32.5715075 |4 deg in2 angle inZangle  |50.165564 (4 deg in2 angle Opti mization
inlVel 1.84504689 (0.2 ms"-1 inl velocity inlVel 1.51153931 |0.2 ms"-1 inl velocity
in2Vel 316437001 (0.2 ms™-1 in2 velocity in2Vel 4.41115449 |0.2 ms”-1 in2 velocity
Capacity 41817 41817 |Jkg"-1K*-1 |specific heat capacity Capacity 41817 41817 |Jkg*-1K"-1 |specific heat capacity
Conductivity|0.6069 0.006069 |W m*-1 K*-1|thermal conductivity Conductivity | 0.6069 0.006063 |W m*-1 K*-1 |thermal conductivity
inlTemp  |315 315 K inl temperature inlTemp  |315 315 K inl temperature WWW.O pt|y eu
indTemp | 285 2,85 K in2 temperature in2Temp  |285 285 K in2 temperature




Multidisciplinary Analysis and Optimization

Code-Export of Surrogate Model for System Simulation

. Automatic Code-Export in C, Modelica or Matlab - .
. Fast surrogate model for total system simulation (e.g. gouble Tldmuble i double =)
Matlab/Simulink, Circuit- or MBS-Simulator) Pl rlils
. Development of controller, circuit or mechanical
system in case of co-simulation with fluid dynamics

double xEZ[Z];

double v = —-46_ T2TZ056;

v = 10 SE6SGEE2Tpomal i, 1]
v = v SE05147VFpoml=,1];
plo]l = 0. 161295212;

pll] = o Fz5272124;

ElBuck_PWM/DC-DC Converter x1[0] = i;
File Edit View Simulation Format Tools Help w1[1l] = =;
DSE& ¢ @ s b oo Nems  ~| DRSS  pERES =Z[0] = 5.01;
x=E2[1] = 2.0&;
o = w-182 S8 *ovariance(xl, xE,pl;
x=E2[0] = 0.01;
x=E[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 yields 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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