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Designh Optimization: Necessity

- Demands & Markets of Design optimization increases gradually
- Inthe other hands, DO based on CFD analysis cannot follow the trends

30

25

Global Computer Aided Engineering Market ™ ComPationaliuid bynamics (CF0)
B Finite Element Analysis (FEA)

Optimization & simulation
¥ Multibody dynamics

Size, by Type, 2023-2033 (USD Billion)

2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033

The Market will G The Forecasted Market
\3 :he(::rAngolf: b 10'6% Size for 2033 in USD: $26-o B ml m

https://market.us/report/computer-aided-engineering-market/

Trends: CAE and Design optimization markets

DO with CFD

DO with OpenFOAM

134/3061

Design
optimization

(Result of dbpia paper search
Filters: Design optimization / Design optimization CFD / Design optimization openfoam)

Domestic papers related to design optimization on Recent 5 yrs*



Design Optimization: prerequisites

- Base knowledge of CAE process & Design optimization theories
- Difficult to catch both items..

Computational Fluid Dynamics Design optimization
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Al-Aided Design Optimization

- Al covers the region of design optimization
- Can focus on computational fluid dynamic regions

Computational Fluid Dynamics Design optimization

3 - dimensional -
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Al-Aided Design Optimization: Process

Pre-requisites

Formulation
Determine what to improve
Set the rule of shape changing

Process integration(Pl)

Integrate whole process of CAE analysis
Get simulation results with unified rules

Process integration

Find:SetB, Camf
Setp For maximize: n;

Subject to:

2000 < P, < 2400

Rif

Parametric
Analysis

Al covers the region of design optimization
Can focus computational fluid dynamic regions

Al- Aided design optimization

Well balanced
Screening

“”L”UIH

Filters less important parameters
Suggests the parameter ranges

Autonomous
Metamodeling

4 Acquires data M

y

- until Error<5%

-‘ﬁgesu/ts e ///,
0bj1 = 85.7 ==

Sequential sampling by Al
Competitive modeling

Rule-based
Optimizer

HMA g
MOGA e = 76.46
PADO H; = 10.00

Select optimizer by determined
optimization problem




Al-Aided design optimization: Pros

Screening & metamodeling saves the time for CAE analysis on complicated design optimization problems
Al model supports to reduce CAE simulation time for proper data selection

Problem definition

Problem definition
Process integration

Process integration

Global optimizatiop
Postprocessing

+Al

Al-Aided Design
Optimization

Metamodel based
Design Optimization

1
I
I

\
\

-

——————
-

Save M/H \ N
\
Save simulation time\\

Metamodeling

+Al

Metamodeling

Global optimization

m Man-Hour on process

CPU solving time







Analysis domain

Large axial fan

- Large axial fan with high flow rate(5400RPM) and low pressure rise(2000Pa)
- Simplified inlet shape applied(bellmouth not applied)

Rotate

Flow

Flow rate (CMM) 5400
Rotational velocity (RPM) 1200

Axial fan
Target pressure rise(Pa) 2000

Design specification of axial fan
10



Solution info.

Simplification on turbomachinery

Periodic and rotor-stator interface for domain
MREF for timescale

R table sh 1
epeatable shape Repeatable shape 2

To simplify..

Full component

Domain simplification

Cyclic+Ggi W)

[ 11
1

Different surface mesh

I

Rotational periodic

J
N

Mixing plan

master i
€ slave

Data transfer
Rotor-stator interface /

Timescale simplification

Rotate

Lsmtionary frame




Solution info.

Version : foam-extend

- Mixing plane applicable

Repeatable shape 1

Repeatable shape 2

Simplify

Foundation ESI foam-Extend
Periodic 0 0 °
(cyclicAMI) (cyclicAMI) (cyclicGgi)
Frozen rotor 0 0 0
(cyclicAMI) (cyclicAMI) (overlapGgi)
. A
Mixing plane X X (mixingPlane)
A
. 0] 0] (steadyCompres
Compressible-MRF (rhoSimple) (rhoSimple) sibleMRF/steady

UniversalMRF)

Solver : steadyCompressibleMRFFoam

Steady state compressible solver with MRF
Thermal issues are resolved on foam-extend 5.0

U,e; = 131m/s -> Ma = 0.38

— compressible ef fect cannot
be neglected

Compressibility on axial fan nearby shroud

; oam — extend 5.0
Rothalpy issues on foam-extend 4.1 and 5.0

12



Solution info.

Schemes & Solutions:

- Second order upwind for P, U, and T
- First order upwind for k and omega

div(phi, U) linearUpwindV
(iliivv((ir;\ii', Fi))) linearUpwind
j::{g::,’ :))) Upwind

ccllii\\//((s: ii" _:_)) linearUpwind

Relaxation
factor

p smoothSolver 0.7

U 0.4
BiCGStab

ik w 0.7

Convergence

- Residuals: Below 10™% scale on Pressure and velocity x
- Coefficients: 0.1% scale on Torque (Basis: final value)

Scaled residuals

1E+00

1E04

1E-D6

1E-08
0 500 1000 1500 2000

—_—p ——Ux ——Uy Uz ——i ——k ——omega

. T 1.01
Normalized convergence of coefficients

1.005

Scale up nearby 1

0.995

0 0 500 1000 1500 2000
0 500 1000 1500 2000

—P1 —— Torgue ul

—p1

Torque rhol

u1 uz

rho2 u2 rhol rho2

13



Solution info.

€ Analysis condition:

* Turbulence modeling: k — w SST
= Steady state analysis with MRF on Impeller
€ Initial & Boundary condition:

= Fixed velocity inlet & static pressure outlet

= Stage(Mixing plane) for rotor-stator interface

Rotate (1200RPM)

Boundary conditions

Initial conditions

Type Value
P zeroGradient -
Inlet V | flowRatelnletVelocity 12.92
T fixedValue 300
P fixedValue 101325
Outtle v inletOutlet -
T zeroGradient -

Mixing plane

CyclicGgi(periodic)

Inlet/Outlet

14



Surface meshing automation

I. Update parameters: FanDAS lll. Generate analysis domain: FreeCAD macro

Fomecanors - s ox

wae-@+ DEBEIBE N B OHE
e AHEARE R LAY

L Sr-2R emER-n VO HWTES BB ALV RE
SANALYSIS
e LT s LE Setp 570 SD0F ELSHENT COTATES o]+
6.613906
SETAG3 = 35.953125
ree RADIAL LOCATION INDEX[J]= 1
SETAGL = 35.27765625 CENTER OF GRAVITY[Xc,¥c]=  55.68341  103.0213
SETAGS = 34.5875 N\ SECTION BRER= 5421.096 mm2
. FanDAS

SETAGE = 33.28265625 \3 P LOHER, SUREACE
SETAGT = 33.163125 \ ( ) xc8 s zc XIONER  YLOER 2
SETAGE = 32.42890625 \\ geomEtry
SETAGS = 31.68 N
SETAG10 = 30.91640625 N
SETAG11 = 30.138125 S
SETAGL2 = 29.34515625 B E.e

-es.0531
SETAG13 = 28.5375 Cam -64.5541
SETAG14 = 27.71515625 TE e
SETAGLS = 26.878125 caler s 2851 ;
SETAG1é = 26.02640625 -s2.5545 -s0.323L -106.4288

SETAGLT = 25.16

Il. Get points of shape data: in-house code

s =7 o

> WpC > IrsHA » work > Cix > GEOM > FCM

Q- DOEOBEO S e @ =)

~ 0=
* =AE7 \L:Kulun_)vm\lwlas( R BB Bt HOev) X UlS BNt BLPVVAS
[ E ] » [ RoTOR_sPANDO2.25¢
3 oe=c . [ RoTOR_SPANDO3.asc i
24 . ['] ROTOR_SPAN0O4.asc Hf
—_— . [} ROTOR_SPANQOS asc X
= [] ROTOR_SPANOO6 asc
4. 7t QR [ ROTOR_SPANOO7.asc
APump_Full_dthvr [] ROTOR_SPAN0OB 25¢
GEOM [7] ROTOR_SPANDO.2sc
5 [} ROTOR_SPANO10.as¢
[] ROTOR_SPANO11.asc
& OneDrive [] ROTOR_SPANO12.3sc o ..
0y pC [ ROTOR SPAND13.a5¢
B0 HE [] ROTOR_SPANO14.asc
$ oesc [ ROTOR_SPAND15.as¢
PN [] ROTOR_SPANO16.asc
=2 [} ROTOR_SPANO17.as¢c
=4 [] ROTOR_SPANO18.35¢
B ['] ROTOR_SPANOD19.as¢
= A [7] ROTOR_SPANO20.25¢
gor [ ROTOR_SPAND21.asc
P [ ROTOR_SPANOD22 asc 2 BEEREE B8

« [ ROTOR_SPAN023 asc

=2 A ma
137 ES

Prostctc Urnamed e Foce] (51 (4 . 4158085 v KO e BB 280 a0 00
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Unstructured mesh automation

Volume meshing: cfMesh

=
S
i

cfMesh

Surface mesh(.stl)
Generated by Freecad

Snap for meshing

Mesh information

o
5 B E

Mesh of impeller and diffuser

1l

Baseline Range

#Cells: S1 0.34 M

#Cells: R1 0.39M 0.36M-0.4M
Sizing #Cells: S2 0.50M | 0.49M-0.50M

First layer

thickness 4e-5(m)

Vax-non- | 7505 75-80
Quality | orthogonality

Skewness 2.97 2.7-3.5

Cross section on midspan

16



Validation

Solver and Mesher validation

- Solver: Has similar pressure distribution but not identical
- Mesher: Same blade loading except trailing edge

Validation: mesher Validation: solver
108000 108000
105000 |
L 105000
3
.l
'I
102000 L. 102000
i
1. Solver: Ansys CFX 93000 99000
Mesher: Ansys meshing
96000 96000
-0.08 -0.04 0 0.04 0.08 -0.08 -0.04 0 0.04 0.08
* FE50-cfMesh = FES0-AnsysMesh = FE50-AnsyshMesh  « CFX-A h

Blade loading by flow direction on midspan

2. Solver: foam-extend 5.0

Solver Total Efficiency
pressure (Pa) (%)

Ansys CFX 1802.8 15.96 84.72
Ansys
meshing
1785.2 15.26 87.73
3. Solver: foam-extend 5.0 c :oarcrl\; 0
) xtend 5.
Mesher: cfMesh cfMesh 1804.1 15.61 86.68

Pressure contour on midspan
17



Summary: CFD analysis

/Solver selection

N

~

Selected solver with satisfying
all simplification conditions

o=
II 1L

| Different surface mesh

Cyclic+Ggi

+

o

Mixing plane

steadyCompressibIMRFF
on foam-extend

oay

ﬁonvergence evaluation \

- Scaled residual dropped under
le-4 scale
- Coefficients are well convergend

Scaled residuals

LE06

0 500 1000 1500 2000

—p —Ux —Uy Uz —i ——k ——omega

Scaled residuals

1895

0.001 scale

053

o] 500

1000 1500 2000

—P1 ——Torgue ul

\ Coefficients convergence /

/Meshing \

- Mesh constructed by cfMesh
- Boundary layer generated,
acceptable quality acqured

Surface mesh(.stl)
Generated by FreeCAD

cfMesh

Volume mesh: nearwall

il ﬂ N\
i
i
i

y1=4%x1075 (m)

Volume mesh: quality

Baseline Range
nonOrtho. 78.05 75-80
Skew 2.97 2.7-3.5

. %

/\lalidation

108000

105000

102000

99000

o

= FES0-A h

Validation: solver

-0.04 o

. CFX-A

004

- Pressure distribution slightly
differs - > performance differs
each other

Pressure contour on midspan

on midspan

Blade loading by flow direction

~

008

/

18






AADO tool: AlDesigner sim

@ AlDesigner sim
Powered by PIDOTECH

Pre-requisites Al- Aided design optimization

Formulation
Determine what to improve
Set the rule of shape changing

Well balanced
777777777777777777777 Find:SetfB, Camf Screenlng

Setp For maximize: n;
Subject to:
2000 < P, < 2400

Autonomous
Metamodeling

Rule-based

Optimizer

Process integration(Pl)
Integrate whole process of CAE analysis
Get simulation results with unified rules

Process integration

Acquires data M

¥

- until Error<5% > h:l‘gn(?A
-.éesults = i PADO
0bj1 = 85.7 5

Parametric
CAD
= =
Meshing
= =
Analysis

< =
Post-
process

Filters less important parameters
Suggests the parameter ranges

Sequential sampling by Al

Select optimizer by determined
Competitive modeling

optimization problem

20



Problem definition

Parametrization

- For design optimization, the shape of impeller is parametrized, 12 design variables acquired by parametrized CAD

- To get global optima with less execution of CAE, global optimizer using metamodel is selected

]
/ Set
Ca N
)
LE TE

Find:Set, Cam, Chd
on impeller & DV
For maximize: ¢, Py
For minimize: Pwr
Subject to:

2000 < P < 2400

No. of design variables:
No. of objectives: 3
No. of constraints: 1

12

Problem definition

Design variables on blade

Variables Minimum Nominal Maximum
SetH_R 38.26 41.26 44.26
SetM_R 24.68 27.68 30.68
SetS_R 20.16 23.16 26.16
CamH_R 28.00 31.00 34.00
CamM_R 12.09 15.09 18.09
CamS_R 16.61 19.61 22.61
ChdH_R 270.00 290.00 310.00

ChdM_R* 0 0.5 1
ChdS_R 219.50 239.50 259.50
ChdH_S 255.00 270.00 285.00
ChdM_S 255.00 270.00 285.00
ChdS_S 255.00 270.00 285.00

Range of design variables

* ChdM_Ryeq = ChdH_R * (1 — CRdM_R) + ChdS_R * CRdM_R

21



Result: Screening

Summary

- DOE data which is acquired by OA with L34(3'3), 5 design variables selected by screening process
- Design variables(DVs) of rotor midspan are all selected, DVs on diffuser vane are all screened

L] L]
L] L]
[ ®
s -

~_ DOE: 3Lv Orthogonal array
L36(3")

232" §4:

AHETL K| (40%) LARNRE £ET “é'llllf;i FEEe
Pwr Pt Efft e
st R setna_R sett R SetM_R T8.6%
+5ets_R +5et5_R +5et5_R +5ets R 91.2%
= SetH_R = 5etH_R +5etH_R +5etH R | 93.2%
+Cam R +Cama R +Cam R +CamM_R 96.3%
for Efft YRS +Chdbd_R +ChdM_R +ChdM_R 97.2%
5 / 1 2 3 chdM_S | for Efft | +chdms = chdna_s = chdw_s +ChdM_S 97.7%
7 camH R | for Efft |+GamH= +camH_R +CamH_A +CamH_R 98.1%
3 ChdH S | for Eft | *Chdns +chde s +chdH_s +ThdH_S 98.3%
9 Chds R | for Efft | *“MeSR #chds = chds R +Chds R 99.1%
10 chds.s | forEfft | *OMES +chds s +chds s *nds s 99.3%
1 cﬂl’l’ﬁ_n for Efft +Cams_R +Cams_R +Cams_R +Cam5_R 99.8%
12 hdHR | for Efft +ChaH_R +ehaH_R +EhdH_R +ChdH_R 100.0%

Selected design variables

Rotor shroud(1/3):
Cam; Set;Chd

Rotor midspan(3/3):
Cam, Set, Chd

Rotor hub(1/3):
Cam; Set;Chd

Stator(0/3)

Selected design variables

22



Result: Screening

Nominal value selection by sensitivity analysis

- Confliction between objective functions: Pwr(minimize) vs Efft(maximize)
- Nominal values cannot be changed by conflicted objective functions

Direction of improvement direction: Pwr(Minimize) <-> Efft (Maximize)
(Pt: constraint)

ES= Variables Nominal
(BoeY SetH_R | SetM_R | Sets R | CamH_R| CamM_R|camM_s| chdH_R| ChdM_R | ChdS_R | ChdH_S | ChdM_S | Chds_s

S | HTHZt | 4426 | 30.68 | 2616 3400 | 18.09 | 22.61 | 310.00 1.00 | 259.50 | 285.00 | 285.00 | 285.00 CamH_R 31.00

‘.\g}lg:;;liﬁ HAa | 41.26 27.68 | 23.16 31.00 15.09 19.61 | 290.00 | 0.50 ; 239.50 | 270.00 { 270.00 | 270.00

CamM_S 19.61
247t | 3826 | 2468 | 2016 | 28.00 | 1209 | 1661 | 270.00 | 000 | 219.50 | 255.00 | 255.00 | 255.00 -

o B —p

Pwr 129% y@‘i BT% | 197% | -86% | A% 98% | M5T | =24% | =t5%  2¥% ChdS_R 239.50
ChdH_S 270.00

2 Pt 122% y@i 4% | 198% | 82% | “H6% | .B9% | 106% | =2t% | =24% | =34%
ChdM_S 270.00
e 2% 452% | A% | 2MW% | TI% | TA% T55% EI% | BO% | 3N T0% Chds_s 570.00
Sensitivity analysis result on screening process Nominal values of screened DVs

23



Metamodeling

Competitive metamodeling

Generate various metamodels using acquired data by sequential sampling
The models which have least error are selected when any model reached target error.

It can save the time of CAE analysis using small amount of time with constructing metamodels
Competitive metamodeling: P1

Model 2

15 \/ Converged
5

1 2 3 4 5 & 7 B 95 10 11 12 13 14 153 16

MNormalized CV {3%)

metamodeling!
To get metamodel of..

Iteration

Spend some time on
—e—Modell —e—Model2 Model3 Target metamodeling
P1=f(x1,x2)

fis unknown

Metamodeling: modell only

Additional CAE analysis:

2 spent more time..

Model 1 not
15

/onverged
10

1 2 3 4 5 6 7 & 5 10 11 12 13 14 15 16

Iteration

Normalized CV %)

—e—Modell —Target

24



Metamodeling

Result

- Normalized CV error converged normally on 7t iterations, Polynomial regression is selected for all performances
- Metamodels can predict the tendencies with predicted vs actual chart

Normalized CVe of best metamodel

RA

0.0% T

1 2 3 4 5 ]
Iteration

2

Normalized CV Error

wn
=1
®

B-pwr =Pt --Efft —Target

Normalized CVe on final iteration (unit: %)

Pwr Pt Efft

Kriging 5.19 5.07 4.61
RBFi 4.04 4.08 4.56
RBFr 3.99 3.94 4.01
PR 2.40 2.37 3.04
MLP 3.26 3.87 6.84
EDT 6.39 6.10 5.62
Target 5.00 5.00 5.00

Predicted

Predicted

250 ﬁ&p
210 M
170 Gﬁ
130 j

90 130 170 210 250

Actual
2500
2100
o
1700
1300
S00
S00 1300 1700 2100 2500
Actual
a0
86 ‘&
k-
g Wl
5 B2
v
-9
78
74

74 7B B2 85 20
Actual

O Train

Predicted vs Actual chart

Ideal

1896 7T
T
nsar
138 1 -
w5+
w7

100

X

Response surfaces of generated
metamodels
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Design optimization

Pareto optimization: NSGA-II

- Metamodel based design optimization spents less time -> Global design optimizer& Multi-objective optimizer available
- Can analyse the relation of objectives or objectives vs design variables by pareto sets

Acceptable if well-constructed

\ metamodel acquired

@)bal optimizer using metamodel | gca| optimizer using CAE mc&
/

Error by metamodeling Risk of finding local optima

v

Global + MM

Local + CAE

CAE cases
(Estimated)

68 (36 for screening, 32 for MM)

> 1 3 7 (for optimizer,

0.75*%(n+1)(n+2))

Error Lv. (from global

optima) Metamodel error Unknown
Optimum Global Local
Analyze tendency 0] X
Re-use acquired data 0] X

_/

Analysis time: metamodel based vs CFD based

-

Initial —_—
Population

OBJ2 best

0OBJ 2

Evaluation
ac

Selection

)

lﬂl.---iﬂ H
EEEC e
e ey
K o ST
. H 1.95 6.44 915 H H
i S -
\ Crossover
812
- 6.36 [
— |
11 o
.
ERFR
®: Reference Point
®: Pareto Point
OBJ 1 best

\_

Compromised sol. |

OBJ1
Converged pareto front

J

Process: multi-objective design optimization, NSGA--II
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Design optimization

Overall results

- Design optimization is successfully finished, Pwr is worsened on whole pareto sets for satisfy constraints
- Compromised solution has similar tendencies to the ideal solution of Efft

Convergence of MOGA
100

PF distance

#Generation 250
Pareto front: Efft vs Pt
2500
__2150
o
E .
x 1800 ¢
s O
ey
[~
1450 .
1100 Constraint violated
79 815 84 365 89

Efft (Maximize)

All data Pareto set @ Initial ® Pareto front

* |deal solution: the pareto point which provides the best improvement of specific objective

Improvement of objectives (larger: improved)

Efft
150%

O Initial
O Opt1

Opt2
Oo0pt3

100% Slightly improved

O Best compromised

¥ Worsen

Pt « ’.llmproved "Pwr

Design variables and performances: Initial-optimum

Initial Eff Pt Pwr
(Opt1) | (Opt2) | (Opt3)
SetH_R 41.26 42.92 44.09 38.50 42.89
SetM_R 27.68 29.08 3035 30.32 29.09
SetS_R 23.16 26.16 25.73 20.25 26.16
CamM_R 15.09 14.24 18.05 18.05 14.20
ChdM_R 0.50 1.00 0.77 0.60 1.00
Eff 86.00 88.05 86.85 86.27 88.05
Pwr 180.94 227.61 247.41 205.41 227.58
Pt 1,722.55 | 2,213.03 | 2,407.20 | 1,994.01 2,212.58
Pt const. | violated | Satisfied | Satisfied in tolerance Satisfied

27



Pt (Maximize)

Design optimization

Pareto fronts: Efft vs Pt

Efft decreases and Pt increases when SetM_R increases by parallel plot
The confliction between Efft and Pt is mainly dependent on SetM_R by contribution analysis

Pareto front
2500
2150
' 4
1800 — 4
@
1450
Constraint violated
1100
79 81.5 84 86.5 89
Efft (Maximize)
All data » Pareto set @ Initial ® Pareto front

Parallel plot

SetH R SetM R SetS R CamM R ChdM R Efft Pwr Pt

Contribution analysis
Opt2

Efft Pt

Pt
Improved (Maximize) Improved (Maximize)

Improved (Maximize)

E-2 86.003 ¥/ 1722.554 E- 86,003 Z70% 1722.554
=g 86.85 S S Ay 2407.2 =gk 88.049 =g 2213.025
Hat ™ 0.847 Hopg A 684646 HokF B 2.046 Hopk @ 490471
0 1 2 3 0 200 400 600 800 0 1 2 3 0 200 400 600 800
Change at the Change at the Change at the Change at the
optimum optimum optimum optimum
camM_R SetM_R SetS_R I SetM_R I
SetH_R SetS_R | SetM_R SetS_R
SetM_R CamM_R I ChdM_R . ChdM_R
L L
chdm_R chdM_R I SetH_R ! SetH_R
i
Sets R SetH_R I CamM_R I : CamM_R [ i
i i

Dotted: OPT#1 data 28



Design optimization

Pareto fronts: Efft vs Pwr

- Pareto front has two regions: less worsen Pwr(blue, max SetS_R) and improve Efft(green, min. SetS_R)
- The contribution of SetS_R has completely opposite between two optimum

Parallel plot

[ =
4 ~ =
. ~ 7 N
\ <\ \
W 4// ”\,_7\ X “F/a
Pareto front \ 7
260 \ A
- a4
225
m
R
E |
£ 190
S SetH R SetM R SetS R CamM R Chdm R Efft Pwr Pt
':.- . - - 0
2 Contribution analysis
155 | Opt3 Optl
Efft Pwr
Improved (Maximize) Worsen (Minimize)
£71% 86.003 EPJ 180.937 EF A 86.003 E20% 180.937
120 A 86.274 HH 205.414 A=zt 88.049 AU 227.579
79 81.5 84 86.5 g9 HoHE H 0.271 ot h 24.477 HoF h 2.046 ok * 46.642
0 1 2 3]0 20 40 60 0 1 2 310 20 40 60
Efft (Maximize ‘ N L L
( ) Change at the Change at the | Change at the Change at the
. optimum optimum optimum optimum
All data - Pareto set @ Initial ® Pareto front
SetM_R SetM_R SetS_R SetM_R
CamM_R I I CamM_R SetM_R SetS_R
SetH_R ‘ | ChdM_R ChdM_R ChdM_R
ChdM_R I I SetH_R SetH_R SetH_R
SetS_R - . SetS_R CamM_R CamM_R
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Shape & Performance comparison: Initial vs Optimal

Comparing shape between initial vs Optimal

Setting angle(Set*) changes are significant by span increases

- Midspan chord length increased

Initial

SetH_R 4126 42.89

SetM_R 27.68 29.09

SetS_R 23.16 26.16

CamM_R 15.09 14.20

ChdM_R 0.50 1.00

Eff 86.00 88.05

Pwr 180.94 227.58
Pt 1,722.55 2,212.58

Midspan

Spanwise view

Front view

Side view
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Summary: Optimization

/Problem definition

- 3 DVs on each span

- 1 DV on each span of DV

- MOGA is selected as optimizer

Find:SetB, Camp, Chd
on impeller & DV
For maximize: n, P,
For minimize: Pwr
Subject to:

2000 < P, < 2400

No. of design variables: 12
No. of objectives: 3
No. of constraints: 1

» Multiobjective optimization
MOGA

/Well balanced screening\

/

o

Rotor shroud(1/3):
Cam; Set;Chd

Rotor midspan [
Cam, Set, Chd |

Rotor hub(1/3):
Cam; Set;Chd

5 DVs are selected by DOE &
sensitivity analysis
Nominal values are not changed

. DOE: 3Lv Orthogonal array
L36(3')

5/12

J

/Metamodeling

o

- 7 iteration to converge
- Predict the tendencies
(predicted vs actual chart)

I
Al
\

N \\\‘\-:'—'—'—T

Normalized CV Error
s
£

Iteration

|-pwr Pt =-Efft —Target

Normalized CVe on final
iteration (unit: %)

|

B
8

Predicted
B
8

jof

N

Predicted
g

&
8

N

Predicted
[

S 7 = = 0
Actual

Predicted by actual

\

/ Pareto optimization \

- Design optimization is
successfully finished

- Pwr is worsened for satisfy
constraints

=
o

0

PF distance

o

#Generation 250

of objectives (larger: i

Efft
150% -

Oinitial
Copt1
opt2
oopt3
DOBest compromised

100% A Sty improved

<
o
a

1100

1450 —

Coneraint violated

79 81.5 84 86.5 89

Efft (Maximize)
Alldata » Pareto set @ Initial ® Pareto front

/
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Pressure increased by

Shape & Performance comparison: Initial vs Optimal

Comparing flow contours

- Increased midspan chord length and optimized setting angles induce the pressure rise of impeller blade
- Recovers more pressure on diffuser vane with less loss

Blade loading(midspan): initial vs optimal

106000 -
Gain pressures at MRF Zone
103500 | ¢
E‘ a
104325 &
> Lw—w
S 101000 ./
[ o
oo —_— o
(] © o *
a o &
@ (3
o g 98500 *
2
b Diffuser recovers pressure
S e ey
a
95000 More than initial
01 0 0.1 02 03 0.4 05
96325 streamwise coordinate, Z (m)
Pressure contour on midspan = [nitial ¢ Optimal
40 I 103500
- _
% £
z 5
> a
Initial Optimal 0 100500

Initial Optimal

Distribution of mixing plane(rotor outlet)
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Shape & Performance comparison: Initial vs Optimal

Validation: initial and optimal

- It tends to underestimate near initial and overestimate nearby optimum
- The errors are acceptable: CFD result follows the tendency of metamodel

P:r::;:n Metamodel ::taer:;i Error (%)

Eff 86.00 85.93 0.08

Initial Pwr 180.94 183.08 117
Pt 172255 1748.03 146

Eff 88.05 87.29 0.87

c:"i's':? Pwr 22758 224.97 116
Pt 221258 2181.83 141

Eff 88.05 87.33 0.82

Opt1 Pwr 22761 22478 126
Pt 2,213.03 2181.10 149

Eff 86.85 87.20 04

Opt2 Pwr 24741 250.34 117
Pt 2,407.20 2425.41 075

Eff 86.27 86.72 052

Opt3 Pwr 205.41 208.79 162
Pt 1,994.01 2011.67 -0.88

Predicted

Predicted

260

220

180

140

100

2500

2100

1700

1300

900

90

86

82

Predicted

78

74

7

6@5@ r / g "
100 140 180 220 260
Actual
o /
M’ / Pt
900 1300 1700 2100 2500
Actual
/
‘/A“’ Efft
?l"' TO0 o oC alal
0 Train ee|deal Init/Opt

Predicted by Actual graphs
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Conclusion

CFD analysis

- steadyCompressibleMRFFoam of Foam-extend 5.0 is selected to apply simplifications
- Validation with CFX result has errors within 3%

Optimization

- Design optimization with AADO processes are executed
- NSGA-Il with metamodeling is applied to optimization
- Proper optimum are acquired, the objective Pwr worsened to satisfy the constraints

Validation

- Increased midspan chord length and optimized setting angles induce the pressure rise of impeller blade
- Tends to underestimate near initial and overestimate nearby optimum but CFD result follows the tendency of metamodel
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