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This paper attempts to evaluate the accuracy and efficiency of a design optimization procedure by combining
wavelets-based multi resolution analysis method and proper orthogonal decomposition (POD) technique. Aerodynamic
design procedure calls for high fidelity computational fluid dynamic (CFD) simulations and the consideration of
large number of flow conditions and design constraints. Thus, even with significant computing power advancement,
current level of integrated design process requires substantial computing time and resources. POD reduces the
degree of freedom of full system by conducting singular value decomposition for various field simulations. In this
research, POD combined Design Optimization model is proposed and its efficiency and accuracy are to be
evaluated. For additional efficiency improvement of the procedure, multi resolution analysis method is also being
employed during snapshot constructions (POD training period). The proposed design procedure was applied to the
optimization of wing aerodynamic performance. Throughout the research, it was confirmed that the POD/MRA design
procedure could significantly reduce the total design turnaround time and also capture all detailed complex flow

features as in full order analysis.
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Fig. 2 Surface pressure coefficient of the ONERA M6 wing
(m : experimental data[23], — : computational data)
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Table 1 MRA validation

Original MRA
Lift coefficient 0.292329 0.291456(0.3%)
Drag coefficient 1.2609E-2 1.2553E-2(0.4%)
CPU time (sec) 4924.88 1328.44
Time ratio 3.706 1
Iteration 3728 1264
CPU_Time/iteration 1.32 1.05
L2 error - 5.712E-7
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e AEEE S8l 18712 Snapshots AHE-SFSITE. Table 2
9l AFHIEE 12 emor, Lift coefficient(C;) 123 Drag
coefficient( C,) & &3l A8tk
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k=] 5053%8] Algte] AQEY, 353 basisE )8}

FEAS AN = 9.09522] A7to] AQHTh FOAS
22 sjA A7k vlwahd oF 8oule) CPU timel# FE-&Z¢1
AXAZES golsigin) AdH 07 ROMS Q- accuracy o}
efficiency S ¥Hght),

31 AR FASH Y AT

DOE®] &+ FAl Random Error7} EAISH=  Real
experimentE $]¥F Conventional DOES} computer experiments
I8t space filling DOEZ U™, OAL space filling DOE®]
Eoh= 7w AR AdiEe] Aude grst
wA L =A wiRIsks Z1Holu2s). wiEkEe] Fi= A
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Table 2 Snapshots and validation case

Snapshot
No.| span | sweep |dihedral|No.| span | sweep |dihedral
1 | 1400 | 25.0 -1.0 [ 10 | 1.400 | 27.0 1.0
2 | 1475 | 26.0 0.0 [11] 1475 | 25.0 -1.0
3 | 1.550 | 27.0 1.0 |12 | 1.550 | 26.0 0.0
4 | 1400 | 25.0 0.0 [13 ] 1.400 | 26.0 1.0
5 | 1475 | 26.0 1.0 |14 | 1475 | 27.0 -1.0
6 | 1.550 | 27.0 -1.0 |15 ] 1.550 | 25.0 0.0
7 | 1400 | 26.0 -1.0 |16 | 1.400 | 27.0 0.0
8 | 1475 | 270 0.0 [17 ] 1475 | 25.0 1.0
9 | 1.550 | 25.0 1.0 |18 ] 1.550 | 26.0 -1.0
Validation case
No.| span | sweep |dihedral No.| span | sweep |dihedral
1| 1460 | 257 1.0 4 | 1480 | 26.7 0.7
2 | 1450 | 245 0.6 5 11520 | 27.0 -0.5
3 | 1430 | 260 0.0 6 | 1485 | 250 0.0
Table 3 Validation case of ROM

N Full order analysis

o G G L/D

1 0.29263 0.012939 22.616

2 0.29176 0.013072 22.320

3 0.28606 0.012461 22.956

4 0.29360 0.012751 23.026

5 0.29654 0.012666 23.413

6 0.29533 0.013093 22.556
N Reduced order model

0 G (%) L/D L2 error
1 [0.29114(0.5%) 0.012564(2.9%)| 23.173(2.5%) | 1.782E-5
2 [0.29568(1.3%) [0.012859(1.6%)| 22.994(3.0%) | 4.441E-5
3 10.29405(2.8%) 10.012574(0.9%)| 23.385(1.9%) | 3.918E-5
4 10.29139(0.8%) 10.012418(2.6%)| 23.465(1.9%) | 1.798E-5
5 10.29081(1.9%) [0.012254(3.2%)| 23.731(1.4%) | 1.325E-6
6 10.29634(0.3%) [0.012916(0.1%)| 22.943(0.1%) | 1.764E-5
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B A ola= ONERA M6 WingS Base line®.Z, Mach
number”} 0.8395, AOA®] 3.06°%1 frgZ27AoA 3714 AW
“~(Half span, Sweep angle, Dihedral angle)ol] thal wlEF= 2 7]
W& ol g3 #2147 SSick Orthogonal Armay(OA)E &3l 3
7HA AR, 55 (Level) o] 2571 AP AIEH(DOE)EE 2
38113 Polynomial Regression(PR)[24]S ©]4-5}] wE}E
S AAJSISITE T8 Regression Model 5 Full quadratic
polynomial regressions AE3H2AT}E DOE 314 MRAS} FOA
2 747 sl dERae FEsgon ¢, ool e
R*F2 MRACIA 99.9603%, 99.9203%, FOASIA] 99.9699%,
99.9381%ZH FE3 oS FLeE Sl

AREE HAAAA YRS PQRSM(Progressive  Quadratic
Response  Surface Method)[26,27]2. %  Sequential Approximate
Optimization 7|WE5 & stz H2rso] 44 w0 =7}
AT W maERl ZYolrk. AAEAE A2E sk 2

(149} o] vepd 4= 9l

Find Half span, Sweep, Dihedral
tominimize Cp (14)
st c, > Cy

Wing Size < Wing Sizey X 1.3

371 AARTEl thet g o)el A7 Table 40 v
ERRIT}. Half span, Sweep angle, Dihedral angleS AAMFZ
AAstol CpE FATTEA Hidlelgld Aldzrow
C,°] Base linecllA9] #HT}F =55 319 0H, Wing®] F7]
7} Base line®] 78T} 30% oAt #AA 5 QuE Atz
& A7ssich

3.2 EEMA 2t 3 H|w
321 EEMEAZAD L ROMO| FEM
MRA$} PODS At ROMY HAAA Y &3 e

Optimal wing

Initial wing

Fig. 7 Geometry comparison of ROM and FOA

1.535750°.%, Sweep angleS 25704 282502°F, Dihedral
angle 3.5°°A 5.80486°% WAL FH 2 ARG w}
& 75732 PODE o]g3te] AW sH3leH, Table 55 &
3 AT B4R FEe] eIt HHERR
AR op7F el U ARAs e WA
Base line®. U} 2%744:5137, /D Base line®.th 2.058% 57}t
stk oE Al Wing  sizedEst WSS
MRAS} PODE ZA3st ROMS] A7 A7el FOATHS: ©]
£33t AAE] 8w} Table 691 YERT ek
e d#E Fal A7 HA0]9ld ROMe| FOAS] #A
AAATS] AFEE w5 AT e s #31F
4 itk Dihedral angle®] 7% FEEAJETE vy kg
F AN FESAFAA N oA AR
QEE mA=], ROMS o83t FHZAA QlojxE FOASH
2o AES Wl o]F F3) FOA 2F ROM| iAol ot
7o) xS &5 Fig 700 Initial wing2} Optimal

Table 5 Result of design optimization with ROM

2 2] Sla) FOAS ol 8¢ HXAAG WY U vlwst ROM
otk ROME ©18-8F A A= Half span®] Zo|7} 1.50)4] Initial Optimal | % of change
Half span| 1.50000 1.53575 2.38%
Find | Sweep 25.0000 28.2502 13.00%
Table 4 Range and definition of design variables Dihedral 3.50000 5.80486 65.85%
Obj G 0.01240 0.01215 -2.00%
Design Variable| Half span | Sweep angle |Dihedral angle c, 0.28120 0.28120 0.00%
, St [Wing size] 107215 1.06412 0.75%
Definition :: : Table 6 Comparison of ROM and FOA
ROM FOA % Error
‘ Half span| 1.535750 1.533710 0.133%
1/4 Chord Find | Sweep 28.25020 28.18110 0.245%
Range [1.2, 1.8] [15, 35] [-7, +7] Dihedral | 5.804860 5.968760 2.727%
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3.2.2 ROMQ E84

olg} o] =2 HEFLE Zh= ROM HAEA o st &
£/30] Table 75 53l &l & 4 Utk

ROMS E3F H#A7= DOE Chats 23l QlojA
oF 3.74) HH}— AIZE bl JAJo] Thsatm, HAAdA] dist
oS ol HHsle AAHSFE Ut A HHTEES
A g we] 12 oJule AlRte] AQEY] wite] W
Computing costE& 8Fe 4= Qltt Fgk QA DOE chart 2
A P 43 f58S @l g wlo] MRA, PODS}
FOAS A¥Aoz A & ¢ gtk HAghd AANTE
st Zull error= 2.82%, A& oF 3.84] WE AAATIO R
M, 718 FOAS &8 HAAARD G821 7IHs AAl
Eii=8

&
My

=
[

= Reduced Order Model?] MRAS} PODE ©]-&3t
*é A 71HE AASSIEE HEek= D 7S S8
OAE AHE3ISIoH, ZAF7e] MRA 3l|4]
190}, PQRSMS HAAA otg|Zos A8
A4497 § 578 AgAlel pODE F-E3lSich
AlelA] ROM2-2 FOAS Agjdoz 88 4 9tk
Buler 7204 MRA 814 71 719 FOARTE
Tterationd CPU Times 30% H% 7]——)—.‘“—3}930131 A4 CPU
Times °F 3791 WE A £EE AFeTE 58 84S
A5 A Modified threshold value®] 2402 3X} A=
AL, 1 dF 12 erors 5712E-78 §A3eH O3
Cpi= A7 03%, 04%°] ek =345k A9 7& &Edt
AekeiAl BARE = olvh AAMS e A9 f5ES
PODZ A4S 1) oF 9529 ARko 7)% FOART oF
8ol =9 whE AXF £EE HolEth O 0,9 23t
= 3% oUe AFEHES Rt AW CPU Time>
snapshot®] 7l YERSG, ARFY] 4 Sol] Y-S W=tk
MRAS} PODE F38t HAd71= A Computing times <F
38l EE&Aow 7T F 9low, FOATFS] HIEE
Ak Az HAEAZES AET WM FSI(Fluid
Structure Interaction)’s-2] AT o] 7[HES HE A4 ¢

gtk
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Table 7 Efficiency of ROM

FOA ROM

Time (min) 2134.12 555.12
Iteration/case (average) 3678 1140
% Error of DVs (average) - 1.066%
Efficiency 1 0.2601

7l

ot

® ATE 2015d% *WJ?RHE—J Aoz o=
EW7MAKETEP)S] A& wob gk vt Aueiynt
(No. 20133010031751)

References

[1] 2009, Ball, D., "Recent Applications of CFD to the Design
of Boeing Commercial Transports," HPC User Forum,
Roanoke, VA.

[2] 1988, Berger, M.J. and Colella, P., "Local adaptive mesh
refinement  for shock  hydrodynamics," Jowrnal of
Computational Physics, Vol.82, pp.64-84.

[3] 1988, Harten, A., Enquist, B., Osher, S. and Chakravarthy,
SR, "Uniformly  high order
non-oscillatory schemes," Journal of Computational Physics,
Vol.71, pp.239-303.

[4] 1988, Berger, M.J. and Colella, P., "Local adaptive mesh

Journal  of

accurate  essentially

refinement for shock  hydrodynamics,"
Computational Physics, Vol.82, pp.64-84.

[5] 1994, Harten, A.,
shock computation," Journal of Computational ~Physics,
Vol.115, pp.319-338.

[6] 1997, Bihari, B.L. and Harten, A., "Multiresolution schemes
for the numerical solution of 2-D conservation laws L"
SIAM Journal on Scientific Computing, Vol.18.2, pp.315-354.

[71 1999, Holmstrom, M. "Solving hyperbolic PDEs using
interpolation ~ wavelets," SIAM  Jowrnal on  Scientific
Computation, Vol.21, pp.405-420.

[8] 1995, Sjogreen, B,
multiresolution scheme for the compressible Euler equations,"
Journal of Computational Physics, Vol.117, pp.251-261.

[9] 2001, Chiavassa, G. and Donat, R., "Point-value multiscale
algorithms for 2D compressible flows," SIAM Journal on
Scientific Computation, Vol.23, pp.805-823.

[10] 2003, Chiavassa, G. and Donat, R., "Shock vortex
interactions at high mach numbers," Jowrnal of Scientific
Computing, Vol.19, pp.347-371.

[11] 2003, Cohen, A., Kaber, S.M., Miiller, S. and Postel, M.,
"Fully adaptive multiresolution finite volume schemes for

"Adaptive multiresolution schemes for

"Numerical experiments with the

conservation laws," Mathematics of Computation, Vol.72,
pp.183-2250.

[12] 2007, Muller S, Stiriba Y., "Fully adaptive multiscale



MRA AND POD APPLICATION FOR AERODYNAMIC DESIGN OPTIMIZATION

Vol.20, No.2, 2015. 6 / 15

schemes for conservation laws employing locally varying
time stepping," Jowrnal of Scientific Computing, Vol.30,
pp.493-531.

[13] 2008, Kang, H., Kim, K, Lee, D. and Lee, D,
"Improvement in computational efficiency of Euler equations
via a modified Sparse Point Representation method," Compu.
and Fluids, Vol.37, pp.265-280.

[14] 2008, Kang, H., Kim, K., Lee, D. and Lee, D., "Improved
computational efficiency of unsteady flow problems via the
modified wavelet method," AIAA  Jowrnal, Vol.46,
pp-1191-1203.

[15] 2014. Kang, H., Park, K, Kim, K. and Lee, D., "Multi
resolution analysis for high accuracy and efficiency of Euler
computation,”" International Journal for Numerical Methods
in Fluids, Vol.74.9, pp.661-683.

[16] 2014. Jo, D.U., Park, KH.,, Kang, HM. and Lee, D.H,
"IMPLEMENTATION  OF  ADAPTIVE = WAVELET
METHOD FOR ENHANCEMENT OF COMPUTATIONAL
EFFICIENCY FOR THREE DIMENSIONAL EULER
EQUATION," J. Comput. Fluids Eng., Vol.19.2, pp.58-65.

[17] 2004, Lucia, DJ., Beran, P.S. and Silva, WA,
"Reduced-Order ~ Modeling: ~ New  Approaches  for
Computational Physics," Progress in Aerospace Science,
Vol.40.1, pp.51-117.

[18] 2001, Lucia, DJ. "Reduced Order Modelling for High
Speed Flows With Moving Shocks," Ph.D. Dissertation, Air
Force Inst. of Technology School of Engineering and
Management.

[19] 1996. Holmes, P., Lumley, JL. and Berkooz, G.,
"Turbulence, Coherent Structures, Dynamical Systems and

Symmetry," Cambridge University Press.

[20] 2005, Kim, T.,, "Efficient Reduced-Order
Identification for Linear Systems with Multiple Inputs,"
AIAA Journal, Vol.43.7, pp.1455-1464.

[21] 2010, Jun, S.O., Park, KH., Kang, HM, Lee, D.H. and
Cho, M.H., "Reduced Order Model of Three Dimensional
Euler Equations Using Proper Orthogonal Decomposition

System

Basis," Journal of Mechanical Science and Technology,
Vol.24.2, pp.601-608.

[22] 2013, Park, K.H., Jun, S.O., Back, SM., Cho, MH.,, Yee,
K.J. and Lee, D.H., "Reduced-order model with an artificial
neural network for aerostructural design optimization,"
Journal of Aircraft, Vol.50.4, pp.1106-1116.

[23] 1979, Schmitt, V. and Charpin, F., "Pressure distributions on
the ONERA-M6-Wing at transonic Mach numbers,"
Experimental data base for computer program assessment 4.

[24] 1995, Myers, RH. and Montgomery, D.C., "Response
Surface Methodology - Process and Product Optimization
Using Designed Experiments Vol.705," John Wiley & Sons.

[25] 1999, Hedayat, A.S., Sloane, NJA. and Stufken, J.,
"Orthogonal ~arrays: theory and applications," Springer
Science & Business Media.

[26] 2004, Lee, Y., Hong, KJ. and Choi, D.H.,, "An efficient
robust optimal design method for engineering systems with
numerical noise," In Proceedings of the 10th AIAA/ISSMO
multidisciplinary analysis and optimization conference.

[27] 2001, Hong, K.J., Kim, M.S. and Choi, D.H., "Efficient
approximation method for constructing quadratic response
surface model," KSME international journal, Vol.15.7,
pp.876-888.



