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In real world problems, aerodynamics design takes several costs and
computational time. Efficient Global Optimization is applied to create a surrogate model
and improve optimization process. In addition, multi-fidelity data and hypervolume
expected improvement are developed for increasing additional sampling for enhancing
surrogate model. There is not relevant research that perform experiment method as
high-fidelity data and adding multi-additional sampling in aerodynamic field. This
research is purposed to apply efficient global optimization for airfoil design problem.
Methodology was divided into 2 procedures. The first procedure, hybrid surrogate model
was constructed by using wind tunnel experiment as high-fidelity data and
computational panel method as low-fidelity data to design NACA 4-digit airfoil series.
Reynolds number is 360000 with minimizing Cy at C, = 0.5 and 1/C? at aoi = 5 degree.
Second procedure, multi-additional sampling with efficient global optimization was
applied to airfoil design from Class-Shape Transformation function under condition
1000000 of Reynolds number including minimizing Cy4 at C, = 0.5 and 1/C? at aoi = 5
degree. The first result section showed that optimum airfoil shape had decreased and
increased of Cy and C were 8.5732% and 14.9402%, respectively. The second result
section showed that optimum airfoil shape had decreased and increased of C, and C,
were 8.3197% and 6.3511%, respectively. Multi-fidelity and multi-additional sampling
can enhance the accuracy of surrogate model. Both results indicated that an optimum
airfoil shape could be constructed for wing of unmanned aircraft vehicle or flap that

located at the trailing edge of airfoil under conditions design of this thesis.
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AOA = Angle of Attack

AQ| = Angle of Incidence

BLX = Blend Crossover Operator

CFD = Computational Fluid Dynamics

CST = Class-Shape Transformation Equation
C, = Lift coefficient in 3D

Co = Drag coefficient in 3D

C = Lift coefficient in 2D

Cq = Drag coefficient in 2D

El = Expected Improvement

EGO = Efficient Global Optimization

EHVI = Expected Hypervolume Improvement
FDM 3 Finite Difference Method

FEM = Finite Element Method

FVM p Finite Volume Method

GA = Genetic Algorithm

LHS = Latin Hypercube Sampling

MAs 3 Multi-Additional Sampling

MAE = Mean Absolute Error

MSE = Mean Square Error

NACA = National Advisory Committee for Aeronautics
NSGA-II = Non-Dominated Sorting Genetic Algorithm-lI
PDE = Partial Differential Equation

RBF = Radial Basis Function

RMSE = Root Mean Square Error

TAT = Thin Airfoil Theory
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(Experimental solution) L mﬁmﬂaﬂuqimﬁam (Wind tunnel experiment) 1013597
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AUN1TINADINALNU (Optimization with a surrogate model) 1) AWIunsadrsiuudianmis
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5. AOUfl 2 PONLUUWNLEINARIEANNNS Class Shape Transformation
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7. mouil 1 waz 2 zlTngUsvasAluniseanwuumilouiufe Minimize: Cy 7ic =
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Choi et al., 2008 vIMN15MUBYAAIUKLUTINAIETEAUNIUNITAT1IENNTTTNED
NARVLLAZNTIANLZANAARUUagIng UstasiinunUsegndldiuniseanwuueinia
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seiusfulusunsuiiugudmsunsinsiziaiestu (the Program for Aircraft Synthesis
Studies: PASS) waglddoyaniuuiugiszavgwuadudn 3 Ussianfe 1. Linearized
supersonic panel code (A502/Panair), 2. Euler/Navier-Stokes solver AirplanePlus Coarse

mesh, 3. Euler/Navier-Stokes solver AirplanePlus Fine mesh.
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Toyarmeifidaiuarie Auedsiavsdluaiuaunisuiisdalade (the Reynolds-averaged
Navier-Strokes: RANs) waglddayanmutugiindenisuidamuazifudonanisid
fatavfe aunsguiiunisivauuuTmmudea (Potential Flow) 9antuvinisasteannis
funugnuaslagldisla-a3nAs (Cokriging method) tlemAngusefivanzangnvosena
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Leon et al,, 2014 Uszendldvaganinuiiugnaigseay aun1s3naneamaLnugn
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N LUaALEA LYY Lt ud Y (Blade Element Momentum Theory: BEMT) @141158
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ax ° . Yad a a e o P a
FBsAuInKUL loose-coupling 1438A3NMAY (Kriging method) Tun1sassaunisiiteaiune

1 1 aa i I [ g.JI o
AIANUARIATENINNID HOST Uag loose-coupling iuaunisinasmaunugnnas 3
MIMAMUITANEAUDIAINITUTUUTIAIUAIANTR (Expected Improvement: EI) ivelidu
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Fusi et al., 2015 lavinn1suszgndlddoyannuusiudigeaiuniseaniuuluinves
oAy Tnedvateiaguazasdluniseenuuy suidedldlidoyannuusiugigs
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Kishi et al,, 2019 T&inslénszuunisifiadssansnmusanisma eIz augn
o901 wlng (Efficient Global Optimization: EGO) AU 03 @A 1N WN UTINA18TEAY
fnqusvasdifion moanuuudnvesenimuiituseausviiodss nuitedlideya
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auwugldauns linealized compressible potential flow ﬁﬂzLLﬁammiuuﬁuﬁ’maﬂ
Tonwiniu neld3538 s Ussanmenlurisieflsddugundnuundaiadsaunissass
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Improvement: E1) 910359 unouideiugnssu (Genetics Algorithm: GA) denalst léund
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Ariyarit et al,, 2020 l¢¥n1sAnuuagnaaeudnsnavesnsiiinsiegsteyanans
Alnglitoyanarsnuusiud1iuis EGO smfinnnivesdninsginvesnisidiusiedng
vanedeyaanmsmAtmnzange 39438 unsaiisaunsfiunuganauSeuie iy
senIisla-asnAaiuismsuseanaalugss e lsidugunanuuideil/asnisuuug nua
(Hybrid Radial basis function/Kriging method: RBF/Kriging) i oUsTid uAI WL U1 V04
ammaé’hLmuqﬂwauﬁwmﬂ%ﬂmﬁuﬁ’;aﬂwﬁayjawmsm'ﬁ TagiumageunuNeATunNIg
ANAFAANSAIIY) NANITNAFBUNUINITNNTATINAUNTTHIUNUGNNANAIETS RBF/Kriging 3
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Lﬁmé’hashai’fagawmaﬁﬂumzmumi EGO

1nUITgNna Ty Galddauidelalddeyaniuudugiseaugainnis

neaeegglusAkagldnsiaund ooy aiiauisbuuratgA11Useend liunis

£
Y

@@ﬂuUUVHﬂﬁﬂuaﬂﬂﬂﬁwaﬂﬂﬁmgQWU%%

¥ o

gUAILAUINITATIUUUTIADIMARVIULU U NH ALY
ToyanaeAuLiug 1a1eIngUIEasn N1SNAIeE 1 TRLARUUNANEANHIUNTEUIUNTT

\inUsEaEANYRIN IIA TMINEaNanvesn iy aUseendldiunisesnikuuknueINIA

VNBDINAYY



2.2 vufiigIves

v
(Y IS

nquiiiAedodlunuideldd 2 dnldud 1. msvoniuuwnueINIATEIINFETTY
9IFBNANNITNAIUDINIANAAIAAT TINDITNITUATYNINNAIUDINANAANERT LTU 3D
waraniveslnaiduan Buuawazmmeaedugludan Wudu 2. in3eslefldlunis
ganuuUkNueINAlagldIsN1TmAMNILEANEA N1TRBNKUUNITNAGDY NITATINENNTT
Frasmauny MsUsuUseyauaznszUINMiLUTE A A MBI T AITINEANER VDY

Anlagy

2.2.1  uwuainrAvia NACA 4-digits
f5003UN 2.1 Ynveseinisenuningnineglunulseauwazgnineiy
seuluwnfAwnuldiudunnatsd1ia (Center line) vat01n1Aeu JUAIAGAvINTLAAY
a

YN “UNUBINA (Airfoil)” LLaméﬁgUﬁ 2.2 Feanansalantnveseniaenudunuuay

17 druunuanieduluvasstifvesdnoinimenu

Trailing edge .~
/ /

/

Airfoil

\th perpendicular

to wing
/ (o

'gﬂﬁ X, ?Jﬂmaﬂmmﬂmuﬁgﬂﬁm’m (Abbott et al., 2012)

Thickness

Mean camber line

Leading edge Fradling edge

————
————
——
—

Camber Chond line

| «Chord ¢ = —

SUN 2.2 unweniAguuazdIuUsENaU (Abbott et al., 2012)
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drulsENaUUBILNUDINALIRAIL
<41gvi (Leading edge) ABYAYBUMINGAYDILNUBINA
“418nas (Trailing edge) ABINVBUNAIAAYBIUNLDINA
4 A 3 v 1 ¥ (%
-A9$A (Chord) ABTrE¥NILTUEUNTITENINVDUNT LAY YO UNAIVDILNLY
9InA
-1@UADIA (Chord line) ABLAUATIANLATIAINAINVIUNINDIVOUNAIVDILNL
9InA
Y] s . a8 v ad 1 2 a v
“LEULANLUDY (Mean camber line) ABtEUANNATILUIATIRIAIUUULAS
AUANTRIL NN ABIULELYIN AU
| 6 A 1 1 LY 1% & ¥ [
-AANLUDS (Camber) AaArAalnifvoddulALUaSInNIEULALLUDS
= ¥ 6 1 & @ 1 £ 1 LY
fudumeia mnaAauuasiduuan anulnsvesnwusiniAazlnidaly
AUUEENT Positive camber wnewauiuasidugud unweinimazlid]
v o | " . ! ¢ & " W
n3lAsiasenit Symmetry airfoil mnALALLUBSIIUAY ANULAIRITDS
unueInrazlAealuAIUa1938n 31 Negative camber
-AUNRLILANLUDS (Camber position) ADTE¥NILAUNTININVIUNLNDY
RN T I FRTGP R R ERET)
AU (Thickness) ABAITURUIVBILWUDINA
-AWALIALNLN (Position of thickness) ABIZEZNINEUNTIANVBUNIEN
AunanA1AINEiANgaEa (Abbott et al., 2012)
YAYOIUNUDINATEATUAMUTENLIDDNLUUNATUDINIANAAIERNS A
NACA 4-digits & 911210 National Advisory Committee for Aeronautics
du d-digits LudnavdmSunssunTounuenniauia NACA tius dnideou
Tuanwaz NACA aualelay 4 6 A9 NACA ABXY
dlo A el Awesiduduanivesgianiieisuiuaueninein
B viungfie Arvumrisialiuesaandiuduilieiguiuainugninein
X wag Y vianeds Anvesidudanuvunasgadiefieuiuanuen
L3
AN
Mog1au NACA 2412 uanasiaguin 2.3
2 visneil fAupauesaani 2% Welilguiumiugninesin
4 31889 AUMLIUBILALLUBSEIEAT 40% YBIAINUETIABIA

12 91804 AMURUIYBINUBINAYINAY 12% Y8IANNEIABSA
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SUT 2.3 uwuornawiln NACA 2412 (Airfoil Tools, 2022)

2.2.2 #@un19 Class Shape Transformation (CST)
auns CST iuaunsiidesldlunsainagusisisgiienisesnuuy sads
nsafagussveaunuenalusruandn Jofvesnsliauntsifoanunsamugugling
FrefauUsaasinidn (Weisht factor) Feazdsznauludaetleiduszedu (Class function)
flaf¥u3U319 (Shape function) wazdIUUTH AIUANENYALYOIVBUTEYBIUNUBINAA

(Ariyarit et al., 2016) wanafIaun1ST 2.1

x V[ x) x
Yoo X gl X )4+ X AZe (2.1)
C c)lc) c ¢
We vy Al ANUAUIVDILWUBINA
c A9 ANUYIIADSAVBILNUDINA
X A9 AUl uwIUDY

W  AZ, A9 AIUNUIVDIVBUTIELNUDINGA

aun sl tuszAuLar il dugUIuUanIfsaunsn 2.2 uag 2.3 audiu

X x x N2 X
clZl=zl2] [1=2| de 0521 (2.2)
C c C C

We  N; wag N, Ao ANAINVITINTUTEAY

s(éng b -Km[g -[1—3“_1 (2.3)
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faudststhmiin
Kin  AB MuIuves Berstein

i fio SuauiuUsTiazmuny
uar  n fa dAUNYUINVRY Berstein

gﬁ'w%mmaq Berstein Wﬂfﬁmﬂaumaﬁ 2.4 (Kulfan et al, 2006)

n!
K, = ——— (2.9)

il(n—i)!

aun1s CST anunsomuaulacmeduls Ny uag N, wansiiagdl N A1)

WaunuAndluluaung CST wanaisgun 2.4

4 '.-\1 - N2 _
zroon (x| x )
X =1 |1 e | ol X — = =
N1=05 N2=1.0 = |_ = |]__‘ Sn| |_1. NHi=05 N2=05
- . c e/ e c € 4 - Round Nese / Round Atbody
- Round Nose / Pointed Aftbody N~ \ /J = B ik
s m s - Eliptic Airfoi
- NACA Airfoil

- Eliptic B ody

16 T

A I
N1~1.0 HN2~0.+ 12—ty —_ N1~0+ N2~0.+
-Wedge - Rectangle Square

1 | °

ere USRS I - Cireular Duct

v - Solid Circular Red
08 [— e

02| 1]

N |

N1=075" N2=0.25

-Seas-Haack nose’ Blunt aftbady

- Low Drag Projectle

N1=10 HN2=1.0
= Pointad Nosze /F ointed Aftbody
= Bioonwex Airioil

- Ogive Body

H1=075 N2=0.75
- Sears-Haaok Body
[5 upersonic Minimum Wawve Drag Body]

U7 2.4 5US19999v09amns CST dsulumue N, wag N, (Kulfan et al,, 2007)

o/

2.2.3  Wanduinguszasaluniseanuuuainidgnu

o a a ¥ s

ANNSUNNTEBNLUUNINAIUDINALIUALL FUUTEANTN1IP 1 UDINANAANENS

v
[

P N D Y ¢ = s o s 1 =1 a
Whnifgteduilaiduingusvasd Failsiduingusvasddeluiiazasounsuniseiarie e

9

'
% 1 =

91A1ALIUTINRINTHN AT TR UsEasATININNITMTseg19senteniseia (Wickramasinghe

U. K., 2010)
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feen1sirenmdgtuanunsatulaszeslnaniiavadiua 4x10° waziavin

0.3 ziiflenfuinguszasdiiomadingaisaunisn 2.5

f,=C, at C, =0.5, Re=4x10°,Ma=0.3 (2.5)

ABINT ILNUDINIATBIDINIALIUEILITOAS 19D AT IAIUYDIAUUTLANT 159

vaa

saussAuvelitudulnedinsarusasnenlunistulaidiavadlua 4x10° waztaviia 0.3

v

iflantuingussasdiiemAndnanaaaunisi 2.6

f,=C,/C"” at Re=4x10°,Ma=0.3 (2.6)

soamslioniAeundounlaegaduadiaganansaniuauls a1nsani

Y

manvedlauudlilagiiavadlua dx10° waziavdin 0.3 Awiiflanduingusvasdsaunsi

9

2.7

f,=C? at Re=4x10°,Ma=0.3 2.7)

mo

ADINTUNUDINIAVBIBINIAYTUAINNTOAT SN AN gR e uNusen
FLANAY ANNITONIAEIAAVDILTIUNT Havtadlua 4x10° uagiavdna 0.3 Agdl il i du

MOUITANARIANNISA 2.8

fp=1/C; _at Re=4dx10°,Ma=0.3 (2.8)

ABINTAALTIAUmMTENN VUL IMAYIUMAIILAIIEA @1NNTANIANEIEN

Yo seeniiauadlua 2x10° waziavdn 0.15 ediflaituingUssasAnsaunisin 2.9

f,=1/C at =5, Re=2x10°,Ma=0.15 (2.9)
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AoansnsnwnuNvesnsluaseugUnuesenniderulidaiusiuissunin
Vg0 A09aATEENNVBINITAANT IMALUULENAILANITIAGIEAYDITN A IUTTEENY
NAANISIUA sUN U neuEnIsivan daviaglua 2x10° wagviavdna 0.15 agdWendu

[

noUsEaIARsaunIT 2.10

f,=1/x, at .=0.5, Re =2x10°,Ma=0.15 (2.10)

2.2.4  MsUsBEuMeRIUaINANaA1d@n3 (Aerodynamics Evaluation)
WoonAlnanIuEINAYI9ZIAALT e THLLUALTDIINAMUAULAZ LTS
\HouUnseefmTou i ingiinar1ueInIa HaTINYeIANUAULATLTUZRUNINTEYINUURTING

gnsuiumeuiugilunadnsvensuazlumuduanidisgui 2.5 (Anderson J., 2011)

JUN 2.5 HAGHEUDILTINIAUBINIANAFANARS (Anderson J., 2011)

93UV e pnusivesenianiveveduingiain wssen (L) Faduwasiy
AUVDILTINATNS (R) NAIRINAUANULEIV9991INALAZLSIA1U (D) FuTunasIuiuva s
NadNS (R) Mvuuiuauiiizesa1nia louwsidnsgnuenaunulanue1vesing Judu
d' [ a [y (Y] a I cl' 5 [y & A
srggAugneglulufgiuiuLvesulsng azfadulsiinainduneiafe N uaz
w59N9UUIUAUADTARAD A FIFIUITOMIANMUFTUNUS VDTS N WAL A ADLSIUNLAZLIIAIULN

Feaunns? 2.11 uag 2.12 audeu (RA et al., 1959)

L=Ncosa—-Asina (2.11)
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D=Nsinag+Acosa (2.12)

[

TogUussinndnduinaaiudd wssluwuiwnuiiinazunududyanual

q 9

Awsangualugiay L, N, D uay A 10udu Fefimedu “dasu” wamniluinguszan
unueIna awduingaesiin uwsslunuunuiiinazunuddnualanudnguiudni | n,
d woe a Wudy Fedmhedu “Sidudemieauenn” Weminumueniadulideuen
TusnuiAfiany uinsAnusssnvieussiuazivileutiunmsAnussaninganufifivu In 1u
Fu uanInsMIAIUsINUazLsIiuYesTRgaosdifity unuoinia 1dudu Fsaunsd 2.13

LAy 2.14 MUAIAUY

| =ncosa —asina (2.13)

d =ncosa +asina (2.14)

W nua AL UNANINAMULS IV AT UANUFUNAT R AL SOV

laanaunsi 2.15

qu%p V& (2.15)

We  p, A9 AURWILUUYDIDINIA

= <
e V AD AINULIIVDIDINA

o0

A0S0 AUUSEANT VDIRINIANAFAIERNS LT U AUUSEANT SIuNwAY

[y

1USLANTWIIANUVDIUNBALLNUDINAN LAANNANNNST 2.16 2.17 2.18 way 2.19 Aud1su

L
C.=— 2.1
=S (2.16)
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L
C.=—
=S (2.16)
L
C,=— )
D 0.5 (2.17)
L
C=— (2.18)
q.c
L
Cd = (2.19)
q.c

dlo S e fungedeninggnenusiveteiniavzng Tunsdivedunueinie

smAldarnannisi 2.20 (Corke, 2003)

(2.20)

w
1
o

Slo ¢ fe mmemeeda uay | #e Aauenvesiin

nsluanuudadalilaniuunueinialazdn (Incompressible flow over an
airfoil and wing) 81@ENaNN15Y84 Elementary flow L4u Uniform flow, Sink/Source flow,
Doublet flow wag Vortex flow Lﬁammﬂﬂm’quwﬁ Elementary flow 81@guann15984
msduiivguanvedlvalnanvuiusadmlalduaznisivalifiauvie §99¢14 Elementary
flow Tun1sasrenisluanisdiueinianasans ngues Kutta-Joukowski na1991 “n1s
Aawssenvesingaeadifianuduiusiunssiunisyuau (Circulation) Frduniaiausaen
YaUNUDINAILEALA BRI U Elementary flow vliafidin1susuiuvesvesivade
Vortex flow wazgnitawundu Vortex sheet Uszendiugusnaesunueiniesidnmie) way
Foulvves Kutta nd191 “s3suvidvesnisivaszduisfueyniavesvedivalslnaniu
SUIUDIUNLDINAFUUULALAUA19TUTTIUA YD S50 FuAndunguifiugiuves

WUINIAUNY (Classical Thin Airfoil Theory) Tolunsviiuneaussenanmguilagizuain
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N3N TuYes Vortex strength 58UTUTINUNUBINIA INUUYIINITAIUIUNIAINITNLY

Juuazwsten Iaduunasudsaunisi 2.21

dc,

— =27 (2.21)
da

U [

Weo  dC, A® ayususdNUTzANSLIEN

9

v 6§

Wy  da Ao auNuUsYRINUNE

q

-

NNEuASA 2.21 ‘W‘U’N@Gli?ﬂﬁL‘U?ﬂlBuLLUaﬂﬂadﬁuﬂizaﬂ‘éLLiwﬂﬁialqliu‘dz Y
firwihduassguamne 19lFfusUssdnvazunuenaiiinuuisiesndt 15 Wesldud
YDIANUYTIABTA MINAUAUIVDILNUDINIANINNTD 15 WesiFusvesruennese szl
ansoldaunis 2.21 lumsiuneadulssavdussenldlummgud Wesnldansom
flefFuwes Vortex strength ¢ dadugoddnsduandiaumu Sanuua Wudu Prandtl
IvinnsUsegnd Classical Thin Airfoil Theory Lilanmguiifioviiuisnsiinusisnvestn
Jufio Prandtl’s Classical Lifting -Line Theory Imﬂaﬁﬁaﬂg 3 98 Ao 1. Vortex Filament 2.
Biot-Savart Law I8¢ 3. Helmholtz’s theorems L‘fJumi‘Uizsmﬁw Vortex filament 711y
lifting line ¥11N152191lUU Horseshoe vortex 1UAUNINGDU AU YINREIL150%AT Vortex
strength ViavuauuTnld anduisinsmuiamiainimyuiutasussenivioutunis
Aummmguivesunusinia iesanUniduingaufidfiianugnuidaiisanum
pnAfiinnuemdniduszeveiiud fafuuinadastnazgrusaduga shliauduiigs
MnFuaUnasadouiituluduuin viliAansmuauvesenmaiivaiuuinaaisdn
Fonin nmavspnuuinUateTn (Wing Tip Vortex) §asingnisaiiadmalmannismiea
yosmAvesUnyilrAduyssansusisnuestnagiosnitunusiniaiase wansaaudusiug

2998UUTEANTHIIUNVDIUNADVDILNUDINARAAIAIANNITA 2.22 hay 2.23 ANUa1IAU

L =a= % (2.22)
da-a,_,) 1+(a,/ 7AR)(1+7)
dc,
a, (2.23)

d@—a.,)
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&
©
K
)

U

ee

N

ee

a yu tag

(% &

4 LSIENINAUALY

Y

0 yuy
0 yuy

o))

U

ee

N

ee

X

war AR fp 9ns1d@IuANNEMUNABnBsA
a1 7 Juaasil Aldluaunsi 2.22 i ewianuduiusvesmnudunes
FuuszAnsuseen 2 dfveunuoiniAtuauTuresdulsyaniusien 3 davesdn Tne
1115091 A INANLF LR WSV D NTNEIUTTIINNERTIE@IUAINLIUNABABSA (AR) NUAINY
FuvesduuszAniusion 2 iR () Fadudn ¢ vesdnuingudimasuiiuii (Rectangular

Wing) uazajuen uansfssui 2.6 uagguil 2.7 muadu

Rectangular Aerofoils
0-3
-
011t >
/
’8//
2 05 1-0 15 2.0
Aoy
U1 2.6 N 7 siD AR/a, VesUngUAMALRuN
Rectangular aerofoils.
Aflay, | A,/pa | Ayfpa | Ag/pa | A,;/pa afa, Ala T 8

-25 ‘543 ‘025 ‘003 ‘0004 426 0-58 05 .007
-5 748 -060 -009 ‘0014 5687 0-85 -10 -019
‘75 ‘8569 -090 ‘016 -0027 ‘675 1-11 ‘14 ‘034
0 928 -115 <023 <0041 729 1-37 17 -049
26 ‘976 -136 <030 ‘00565 ‘767 1-63 20 ‘063
5 1-011] ‘154 ‘036 <0070 ‘794 1-89 -22 ‘076
‘76 | 1-038 -169 ‘042 -0084 8156 216 24 -088

JUN 2.7 Jeyaasudn ¢ #ia AR/a, YesUngUAmALLHUNN

Y Y

NMIMAENUTEENT USRI ILNUDINALaUNLARINANT AL LU ALY

nile elun1sdnaesaunismengullaensddaansarila Janlaainnisiinisveasavse
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I1aDIAUNITAAAIANS N D LTI D NITAILIALTIANATTUNITHAANNTT WSIATUYDILNUDIN A
1 I I~ < = = v [ a

wUeanJu 2 Usznn indunisiranigluminusidesns 1. wsafIuannAuauLinann

anwaizgUsesnueInelumdn 2. ussinuainusadeanuinanyinvesiunueinia

undn wansseaunisa 2.24

Cd = Cd ,pressure + Cd, friction (2.24)

ANUN50MNANEUUTEANTHIIAULEIANIUINNAUNITA 2.25

S

_ wet

Ca, friction = Cr S (2.25)
e G, fio duuszAnsusainu

¥
v A A

P s P P °
War Syt AP NUNTILSIAIUNTZYINAUNUR
AULTIAUVDITNUUILT 09A USLNDULMN UL 1U1D NN I9819AD LIIAU
wiletd (Induced Drag) LHisnAnNITVLNILUSRAUa18UN U090 N AYITIANATIN V963

ANUVDIUNLARIAIAUNITN 2.26

CD = CD, pressure + CD, friction + CD,induced (2.26)

A130MANENUTEAVBUL IR UUTE1NENN1ST 2.27

CZ
_ L
CD,induced - eAR (2.27)
e e Ao AUaduUsEaNSAIMYDe Oswald (Anderson J., 2011)

2.2.5 1Jswnsy JavaFoilwagdsnauwua (Panel method)
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TWsunsy JavaFoil WWulusunsureudreiesensldnuiianunseldauls
wanMaNEE NS UNNIAINALUUR ARfieRasanLaznszinislnaresonewuulls s
fiflarudasiinindesihuunuenia faeuszadudnresnislilusunsuiide nsvuseen
(Lift force), 591U (Drag force) hagluiuud (Moment) Y090INIAT NTEVA BN LDINA

PANNI5YUlUIHASY JavaFoil 9815421NANUIINITNTE18FIUDIAMULSI VSISO

a0

wnuanadaldlunavesnisimsizinistualninulea (Potential flow analysis) WUUNAY
nInszaedInsyuseuknueIn e duilsiduidunse anuiuazanuduaniziiszgn
AulIlagaun1siuayad (Bernoulli equation) INUUIEANNIAMEUYTEANT USIENUAE
TULIUAAIENITBUTINTANITNTZANBVDIAMINAUTOULNUDINA LazlUshnTy JavaFoil 9y
[ a Al Yo & a a A g &
uengAnssunisivailnadutudaiavesunueinianidutuseulws (Boundary layer)
A o v = & ., o ad Y & ad ° a
WBAUIUNILIIAIY Feiugiuedlusingy JavaFoil Uh3swwuauly 1uAsnsAuInas
FLaT0E 19918 NTUNITUATIZNNIAIUOINIANAAIENS (Hepperle M., 2017)
F5n1uua (Panel method) LIw3snsuuagusrsasgeanunduniuuag
(panel) wazUszendldanuaenisiva (Elementary flow) NUSHAEINEATIMUINTTUANTT
TyalrmBureun aunsautdlaeenidu 2 35uanqde source panel wag vortex panel
TUsunsu JavaFoil 91438 Vortex panel {uiSdwmsunmsmanusniiie
mduUsyandiinedeamiseinianarans Vortex panel Wunssiudituvesdnwauznis
Iyawilouiuuarn1sIakuunLuIY WaRwsaunIsi 2.6 IagisuaINn1TkuesusIavaduny
& . ) a ] = o ]
91NN jth WILUA LERIAIENNITY 2.6 uazLAasNILUazilAIANLLIILTIUDIBLTIA
(Vortex strength) LanaaagUN 2.6 Vortex panel tdun1ssausafuvesdnwuznisivg

WiHlouiUKAENT IMARUUNYUIY LARIRIANNISN 2.28

Px, y)

/
/

Boundary /.

points

Control n
points n

JUN 2.8 N13N5286I04 vortex panel 0URIYB3UII (Anderson J., 2011)

¥; =constant (2.28)
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ie Ao AIAILLDIILTIVEY Vortex
way fio SrurumuuaTignuUs
Qp =V, cos(Q) + Vg, sin(QL) Z '[5 J ds, (2.29)
N

dlo  Q,  fim mnwuswund
= <
WAy Ve A9 AUINANNSEIVRIRINA
= v a v ° N I3 .
W BUAENNT 2.29 A B9YI1N15U1YANgAilavaanNus (Stagnation
point) 1uusnafianuiudrvsngduinueiniadiavinduaue agldaunisaniuanng

gun1g 2.30

v = Vag cos(Bi) Lds, = (2.30)

Sl

1191175 vortex panel ¥1Uszyne 14 AUTUT1998IUNUBINTA FEH B
Usvendldidouluves Kutta 1iolin1sluarede1nAn veuyingyeunueIN1ANIUII Ui

WAAIAIANNTTN 2,31 uazgun 2.7

Y1+Yn Y (231)

e y, wag y, A® A1 Vortex strength 984 wkualaquaznILLAgAYINY

SUT 2.9 Lﬁlaubl,wad Kutta (Anderson J., 2011)

Y
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NAUNTTN 2.30 Az 2.31 AADIWINNITNIANAIULTILTS Vortex UDILsaz
WILUBNDY INUUDILAINITANIANUSWNRRNIEAVDIAaE NI UA LA HE TN

anAgnudasenilu n wwua ssladunuvdnduansdsaunisi 2.32 (Anderson, J., 2011)

0 K o Koy —Ki, Yi —Veo ZnCOS(Bi)
Kt 0 K-y TKton || Vik —Vp 2T COS(BM)
. . . . . Cl 232)
Ko Ko 0 “Kipmon || Vo1 | [ =V 2Tcos(B_,)
1 0 o 0 1 Y, 0
dle =) K =0 K:J'%ds
RN £ A j ani j

2.26 wWaA@ansvaelnal¥sA1uan (Computational Fluid Dynamics: CFD)
wazlusunsu ANSYS Fluent
warmansvaslnaldsmwaniunszuiunisdsiiaeiiinseiiisituves
Inafidnisindoud lneld3Suassduiiies (Finite Difference Method: FOM) 351w ludied
WUV (Finite Element Method: FEM) w38 35U3u1n58uiil 03 (Finite Volume Method:
FvM) lunsiBsuauniseyiudiduaunsfivade Sdureundng 3 dunou téud 1. funeu
rioun15Us£a9a (Pre-processor) HUNsEUILMIIMUA YuIn vouln Reuluuagauufsiu
Aagldlunsuddam mndurhnisudsdauusunlngldnarsdulauaurundnuas
UszgnddsAuiandeiaiauiioaunisauny 2. Funounisium (Calculation) ifuduney
NSLAANAITUUYINYUIALANTI D I ANYUIALaE N TLUSeALNuieslgm wanglunis
wAauN1TausNYIIE aun1TeusNEluLUAYN aun15aUTNYNE LA ANN1TI1ARIAY
Jutu Judu 3. Fumeundinisuszaiana (Post-processor) Dudumeuveanislinadns
99N1SUATYNT NITLAAAAUNTEIAN NITLAAILAUE (Contour) NTUAAINTINLAZAITUERS
NNROIVIVUIAANC) (Malalasekera W., 1995) %aﬁiﬂmﬂiuﬁgﬂﬁmﬁuéﬁumLﬁaé’wmamm

azmantunsundamniesiu CFD wu Tusinsu ANSYS Wulusunsudmsunisiasgiau
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m3mnssuiesntouifideiay deanunsausegndldiuaunainvatganaiuiis
M19fUIMINTIH ANSYS Fluent 1 unilslulugaveslusunsu ANSYS Aidszyndldiunis
witgmnsinadedsusunsdudes nudainissassaunisanuduthudiondtamnis
nadifianumiln Snvisdsanansodumaniifesns wansmaluguuusegld wu naaudy
uwaud (Pressure contour) 13a1IntmasANML5 (Velocity vector) 1u@u (ANSYS Inc.,
2020)

aumsmuaueyiusgosiiliesuresngmsalvesmsinaiivdng 3 aunis
laun aun1seysnyaia (Conservation of Mass) aun1seusnyluwuudy (Conservation of
Momentum) a1n150Y3N¥Na91U (Conservation of Energy) LERIEUNITIN 3 gULLUUﬁW
TunsudtlanisinalusUeuiusiGedonsaaunisil 2.33 2.3¢ 235 236 uag 2.37 mMudIAU

AuN15eUINYIA

o(pu)  9(pv)  o(pW) _

ox Py P (2.33)
aun1seusnuluuudlutwIuny X
a(puu)+a(pvu)+a(pwu) :—a—p+i(,ua—uJ+i ,ua—u +g(ﬂ8_uj (2.34)
1) oy 07 ox ox\' ox) oy\' oy) oz\' oz
aunseusnulauudlubwIwny Y
a(puv)+a(pw)+8(pwv) =—a—p+£( @j+£ ﬂ@ +£(#@j (2.35)
OoX oy oz oy ox\' ox) oyl oy) oL\’ oz
aunisoysndluuudiluwu Z
o(puw) . o(pw) . o(pww) =_5_P+ﬁ(ﬂ8_w) of,om ﬁ(ua—wj (2.36)
OX oy o4 oz ox\' ox) oy\' oy) o\’ or
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AUNITOUSNUNFIY
o(puc. T) 0J(puc.T) oJ(puc. T
(pue,T) | olpue,T) | a(puc, ):Q[kﬁj ofar +2(kﬂj (237)
ox oy oz ox\ ox) oyl oy) az\ @

aun1sanassautduuiinnnuneliiden wilsluaunismdundenldlunis
ravsnsivasuuiudiuiiuunuene fie @unis Spalart-Allmaras Useneulusieaunisi

NET09 1 aNn157191a8952Us Turbulence (eddy) Kinematics Viscosity Lansfiagaunisa

2.38
d 6 1|0 o7 ov )
|4 14
o)+ (piu) =G, +—| = 7 I S R A ) VA .
P (pV)+aXi (pv;) =G, +Uﬁ o {(AHPV) o }+ bzp[anJ LS, (2.38)
hi v Ao Turbulence (eddy) Kinematic Viscosity
v Ao Molecular Kinematic Viscosity
G, Ao Production of Turbulent Viscosity
way Y, #o Destruction of Turbulent Viscosity (Wilcox D.C., 1998)

2.27 FBn1maaesiigglasAas (Wind Tunnel Experiment)
olasdan (Wind tunnel) 1ugunsaliildluns@nundnwaznisinavesves
vaidevedlvaluariuiagiiduasinyng agldatunionsiididuassluniouduvesva el
AudAgeg1anlunaiainssu Tnslamgaansnisdiuenniananans Aazionld
90NLUUANBAUZIUI 10 IUNIMUE JUSNBIwNUINIAnTaTnvesenAe1y Dudu
uenaniiolusdaudsannsnfingunsaiifieTnnnudian Anufusasussiinssyheetagléan
3 A

aae glusdaugnasniuudialdiuaniziatgaslunutuguaridvednins oayiaves

Aus Inevhludnazuisriinvesglindanaunnusuassiinvewelva Jauanidiogns

a

alusAReIUN 2.8 wag 2.9 1Judiu (NASA, 2022)
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gﬂﬁ 2.11 Q‘EmﬁaummL%fﬁﬁﬂ’j%ﬁsmwm% (NASA, 2022)

glusAaneIdendnnisuagnguyuesaunisaliud el eq (Continuity
equation) WagauMsWBYaa (Bernoulli’s equation) L OAIUINMIAIIULS TLALAIIUA

neluglusdan uanafaannsil 2.39 wag 2.40 sudayu (White F. M., 1994)

AV, = AV, (2.39)
Py A A A v oo
LD A AD NUNKUIRR
~ <
bLbe V ABD AINULID

1 1
P+ 5 AV + gy = P+ 5 PV + pgh, (2.40)
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A9 AUAU
A9 AMURULULYDBILVA

Ao wsluuaetan

O v O

Ay g AIMEY

AUUITOMIAINUAUTIULALBUAIAIIU LA NANTERINIAUAUSIUAUAINNA U
a I~ [ [ dl' [ d' I3 (v 4:4'
adadumnudunadng wWemausvewwesailvaneluglusday uansfsaunisn 2.41

LAy 2.42 MUAINU

I:)Total = I:)Dynamic + PStatic (2.41)
V= /M (2.42)
Ps
P a & 12
LB V A8 mmLiaﬁuawaﬂwamﬂiudmmm

py Ao AnEVWILUUYeatlvaneluvasnuueiine
ps B AvamwLUuYeIvasinanisluglufay

Wag.  Ah A9 ANKANARIAEINeluvaent el

Tunsneassmesnuresivaluldimnssuaglemudslsan (Dimensionless

. . . v 1 o v P~ o I o Y & Gl
and Similarity) i1unaaglun1svilasuenunldlunisinimeassinisiauinlildnainse
anunsausuAIfLU e iiAg T ona i U SIS HRTUG AL AY nsiduUslSNAT
AU EANLINENIZYRINSNAARIN VAN IS s Tuan ety Wi lavsdlua

LaziauslA LanaRaaNns 2.43 wag 2.44 muandu (Barlow J. et al., 1999)

_ Inertia force _ p,V.cC
~ Viscous force

_ Speed of Fluid V, V_,
" Speed of Sound  a  yRT (2.44)

(2.43)

o0
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We  p, Ae AnuvuwLuvesadlya

w, A9 ANunilnvewwedlua

V. A9 ANU5IVBIDINA

c Ag ANNEITNNTVRITNY
y Ao AUtluBLALURN

R Ao mpsiivosuia

Wy Ao Angaumgiiduysallunilinaiy

—

\Hesanmslvanigluglusdautudnuniiaauingeinalnanuvinliiog
agfnvsabnalAeaiuingiaulasuniunisiva vilidsdednaulaluingyuiug Jadedinig
! & oA va a A P A | ¢ a o P
wilvanvaniivelidnsnandwaden1viaulamely lunmsivaduglusdauriinlnazune
Blockage FUYUTAITIEIUTEWINIUSIUN URIA 1 UNT W 8 U UNUANIMUAVDIEIUR AGS
gunsalnaaau lnavialua Blockage ratio arsazluiiiu 10 Wesidus dvdnwavewnisazly
' T A o a | v v ¢ ¢ a Yo
deasior1fiaulannnidn 8961 Blockage ratio 1 lndeud nsvaassluglusdnazdslndiv
anmeaiannviiunas Wall interference udvswavesntisidouingiignnaaosluglasd

Al LWARIRIENNTST 2.45 2.46 uay 2.47 auasu (Shindo S., 1995)

Oc =0a (1"‘5)2 (2.45)

o S 1 S
WA IR T Coune ~Clunc m‘@v[@]

way 5,  Ae Ammsunluves downwash windu 0.435 Weniinnved

drunaaewiinNgIarAINENNTY (Theodorsen T., 1933)

C (cosAa)-C

b.unc (SINAa) (2.46)

L,cor — L unc

(cosAa)+C_ . (sinAa) (2.47)

D,cor — D unc

LD Aa =0, CCLunc
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Cl O SuUsT AV SN TN
Cow FO USE AV LTINS
C... #eduuseavduseniidsluliuden
Com FO Fudszavsusenuiisslalauien
uay 4, Ao Amsfives Uft interference Wiy 0.15 (Ewald B. F.,

1998)

2.2.8 N1399NLUUNITNARBINNABUNLADIAITHugnurAnatelfwuuafu

(Latin Hypercube Sampling)
N1599NLUUNI5NAABY (Design of Experiment) Wu3gn1sas1anguvesys

ToyasuiudmiuaiuuuiaemaLnuiien1TInTIEiLazeankuY JduanuiAivatedia

a . . & ad Aa = a a
wuvan@u (Latin Hypercube Sampling) 1JuAgn1500nkuun1snaassiieuuasiussansnin
fausaeausuld N3zUIUNITATI9YALSURIUIINNITL UITBULIATBIRILUTEDNLUULAAE
[y <) 1 1 1 [ d‘ gj o 14 1 1 :j v
Aaanidulaggos M 439 kanansaun1sn 2.48 31nUuN1as19galug g oayianunmie

o

ANNTEUVRNITUOURAISTA UanefaunIsn 2.49 (§3u6 YITniuazane, 2556)

L,=L +(-)(U,-L)/M<X, <L, +jU -L)/ M=U, (2.48)
x; =L +(U; -L;)-rand (2.49)
k) L AD VDUIRATISYDIAIRLUT
U A9 VDULIAUUYDIAFILUT
X A9 AWUSIUNNSNLUY
M AD BINSHUIVDIFILUS

ith Ao FwUsean? |
jth Ao 990N j

rand € [0,1] Aip MiavduAnszeMLUULeNIY

LaneiI8e19NTINNWTRISdNgNUIATIAMEIRkUUAAURIgUT 2.10 B
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lenanwalvesIslAen sNusazuvesdgesdmsudulseenuuulngasianisuduegn

LAY

10

08

06

Parameter 2
*

04

02

0.0
-

00 02 04 06 08 10

Parameter 1

JUN 2.12 M3dusieg1avedisduanuiaivatedfuuuaiiu (Camell R, 2022)

2.29 AszUUMIIANMINTaNgaRIunWng) (Efficient Global
Optimization)
2.2.9.1 YayavangnNUwiug1dmMIUNITATILUUTIAIMNAUNUGNNES
(Multi-fidelity for hybrid surrogate model)
A1N1591809NALNY (Surrogate model) L0 UN15ES 198UN1S

v )

AAAIANTAINAMUFUNUSVOIToYAUIT T (Input) tazuaaws (Output) Iasld35n19

Y

v s 1 a

adlarnanslunisainannuduiusidu 35nsasiei uianevaussuuudlsddunsunm
(Response Surface Methodology) 33n15UssunauAlugemeilsndugiunansall (Radial
Basis Function) 15lassu1sUszaviiie (Artificial Neural Network) Wag A5uuudnansnsn
Aa (Kriging method) 1UusL NM3a5198un7 3L UUTIa8MALN UG NNENTITLAIINN1TUTZUAT
A5 sUsEInuAlug IR eflaAtug U nuuISAluarATN AMUURNNAN KAAINITUN

AUNTHUUINADINABNUAIALNITA 2.50

Y(X) = u(x) + £(x) (2.50)

e e(x) Ao AndeauuwanizanandeyanuuiiugTeiugs
#(X) A9 aun15vievun (Global model) FaUszanaiA1un
INTBASNNY
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dusunsuszunuAIaun1sRanan wleainaunisn 2.51

H1(X) = pr+ foge (X) (2.51)
=~ = ! ~ Y ~
e u Ao ANAINYRIANNIS MlAannaunish 2.52
_1"R7F (2.52)
1ITR11
Wio n Ao IUIUMIBLNTOBNLUUVBITBYAAIULLILEN
YAV
Y
war R Aa TAwnsn n x nlagdnng (i, j)é’uﬂ’uﬁ‘ﬁuﬁqﬁ%’u

Corr[Z(x), Z(x;)] anunsafeuldmuaunisi 2.53

Corr[Z(x;), Z(x;)]=exp[-d (X, X;)] (2.53)

P = 6 o 1
LD d (%, X;) Ao MIATUTEEEN TN X, ke X, Welna

AFUNITN 2.54

d(xi,xj)zéeklxik—xl.k & (2.54)

'
=

Wa 6% fienlugae (0<6* <oo)fe k™ ffvesmnudunus
YOUINADTAINUS
nsvlsitunsUszanaalugsmelaidugiunanwua el
(f o ) MlSANALNNST 255

fRBF =a,ta, f| (X) (2.55)

f, A feidunisuszunaanlngisnisussunaanlug e
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Handugrumanuuiialiaddiudeyannuuliugseaun wanawiaaunsn 2.56

=S 0x,) (2.56)

g @(x) o MandunisuseanaalutIeneendy
FIUNENRUITAL

w, (i=12,..,N) Ao Slesdudmin

war N Mg TIUIUAIBELNTOBNLULYDITBYAAIY
wsiugrsgdu

Handunyunumasasazgninanldluieidunisyseanaanlugiwig
Heddugumanuuwlsedl danunsamflenduiinin w =[w, w,,w,,...,w, I Wanaun1si
2.57

Aw =F (2.57)
WMk An
e a. a DO}
-l 9\ \JS
al,k ~ (D(XI _Xk)
1=12,...N
k=12,....N

o A

war R =[f (X, X,,..X )] A dlenduainuddugiseaus
X =X, X,, .. Xy
INAUNTTN 2.51 FMUT £(X) wanIdeaunITHuAY

LAAIPIANNITA 2.58

() =r"R(F, — st Fog ) (2.58)
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o F =[f,(X,X,,..X,)] Ao Arvesilsiduainy
WUEITEAUEW X =X, X,, .. X,
war I A9 LNWash i wawud manuduiusla

NEUNIIT 2.59
i (X) = Corr[Z(x;), Z(x j )] (2.59)

AT ANTLUUTIRINALNUNNANINAT 19U TUTEIMUA

AgTEM Uz luY el AtugIUManL L SATLAZAS NN WUV NHANLARIAIALNITT

2.60

Y(x) =[x(X) + frge (O] + r’ R_l(Fh -1u-F) (2.60)

LL@SLL?IGNLLNuﬁ\‘i“UEN‘EJJEIJJUaMmEJﬂ’NEJLLﬂJUEj’]ﬁWM%JUmiﬁ%’NLL‘U“URT’]@EN

mmmuqﬂmauﬁqgﬂﬁ 2.11 (Ariyarit et al., 2017)

A RN Single-fidelity function
Multi-fidelity function
Sample of low-fidelity function

| |

sk A sample of high-fidelity function
= Low-Fidelity Function

Real function

U 2.13 unudauuudasmaunugnaa (Aryarit et al,, 2017)

2.2.9.2 Msguiegruiuiuratgamazaun1IvatgingUssasndmiy
nsrUIuM T uUsEdnSanvesn1smiA mnzanaavesnning (Multi-additional

Sampling and Multi-Objective for Efficient Global Optimization)
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nspvIuNsindsEAnS mwesnsmaIzaNgavesn g
wuaRuduarssymsduiegadeyaiufuuuuanieadonsiuumissey Siuns
ponuuUIgdadlfsrernailumsdunaifintunudshmafufoyafutusdldaruuiug,
vosaumsiunuiint ez dnton G’hsJLwﬁﬂfﬁajméf’;a&JW’fayjaLﬁmLamwwmaﬁwiawﬁq
seumsAadmiuteyanuwiugmatsadegnihunldiunisesnuuuly EGO uans
SnuaznisvinueinsduiiegedeyaiiiuAunuunateAfagufl 2.12 (Aryarit et al,
2020)

Node 1 Node 2 Node 3 Node 4

Node 1 Node 2 Node 3 Node4 |... sampling
Sampling

ation2 | | Evalua EI(1)
El Maximization

Maximization

El(n)
Unused Unused Unused Maximization
El 7

Maximization

@ (b)
(N) Myduseg A NFNLUUALAYT () MsguiagatayalisnAuuuuaIea

JUT 2.14 unuRan13vinauveInsguimeg1atayaiituiau (Ariyarit et al., 2020)

dwsuannisanenguszasdvasnszuumiinUssavEaimues
nsMAMNIZaNgAvaInINIngITaNIsaMI AL gaNgalaeeIE AN sUSUU s lewWesae
quanumands Fududivseniimsiivdiauiiodisteyadmivaunisiasmauny
Usenaulumeilanduratainisusulslaesiedusiuiuiuauliuuueurenssuiuns

Y 1

ajmmaa'mLﬁmﬁummmmeéﬁ’aammsﬁ 2.61 (Ariyarit et al., 2017)

EHVI,00), £, (0, Ty (0] =[5 [1.0 = HVI

[,00: 00, fu (] XA (R4, (F)-.-d (R )R dF,dF,..dF,, 260

44' a | W s
LB F 3] ﬂ'ﬁqu@nLLU?U@QLﬂ']ﬁ

N {fi(x),si2 (x)}.qﬁ,(ﬁ) Ao Herdumnuurandu

wae e Ao Adndedwiumsdnamealawesiequ

ref;
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2.2.10 FBmamAnvzaNga (Optimization)
2.2.10.1 T1BaugnITU (Genetic Algorithm)

JuismeamammnzangaUsznnnsmanmnsaugnaieisany
Ef’lﬁﬂ‘(f:uq& (Meta-Heuristics Optimization) T @ s uilsdduinaUseasrined (Single
Objective Function) lnedidnuagnsmanmnyauanuuudy Tndnnisvhauiiugiuanain
NuNITITNUINITANSTINYIRVRY ¥1ad 15iddn A1 Ae udwnsendndeudlonialy
msegsonunniuwagilonadlunisdenendnuasindauniafulugiiudaly dunsuvedis
Fewugnssuiuduanmsvuasunuueslasiuley (Chromosome) alaslulaufoane
s eunudnuaurvosdneu lasluleunieq asusznevlusenguuessia 1Sondn fu
(Gene) Taefduwilsq awiliumisoguulastulauiiuiuey 3onin lada (Locus) wagudnils
fudarilanusidululdvansan Sondn Sadia (Allele) Fafummundnuasvomamney
dnwagvaaduiiusnglulasluluisendt STulnd (Genotype) Feiimsimumdhsiaguuuy
Iastuley 335 A9 1. N1sLUnsiakuUeYgIUass (Binary Encoding) 2. NSNS WakuuLaY
$ruanfiy (Integer Encoding) 3. MadsWaR LAY LIS (Real Encoding) Wlednsia
dundnvedlasiulauialazisenin Mulnd (Phenotype)

Reunavasagaulsernsisudy (Population Initialization) e
T 9ugaisudurosnisifauins udimunileidugauszasd (Objective Function Value)
iieldlunsmeranumanzanveslasiuleuuazinisuseifiudianumangay (Fitness

Evaluation) tJuduneulunisusefiulasluleasiug iumuiguvs o lnsiflaisuiulasiulew

I~ 1

duq Afeglunguuszing 4eamnsanysisnsussiliveenidu 235 Ae 1. faddy
TngUszasd (Objective Function) Tdd msulszifiunadineuanddsnis 2. Heaidurinny
winza (Fitness Function) lddmnsudszdiulasluleunonisiflonagnidenluilulasiuley
Tusudnaly
m'iﬁi’wLﬁumsﬁﬁgumau'i%@qﬁuqmiu (Genetic Operation) (31271

mMssndumsdnidenateiug (Selection) 1unsidenlwamdnfifianumuizanvesy
HaqUugndsludagudnludsdl 238 fe 1. madmdenlngldrsdedndruinnumunzay
(Roulette Wheel Selection) laslulsuiinzauiianiiloniaiiagldunisdaidenuinnii
Tnslalsuiidosnitawaiiuiive nedodndiu Ao dndiuvesranumnzauiivanzaues
ylaslulsaslofinnsmyuasde Tastulvnfifdnuumsnzaunnazilenmagnidensnnay
LUaag 2. MsAnianiuuNIsKYIt (Tournament Selection) @1unsavilalagivuans

W TUTENINNGUTUN A8 9ATY FIUALATIANNTNVDIUTEVINTALONAALTBNLUUFLLTDU
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ey gidnamaseglunisudadunlidanuvansauangaredgniden deu1agyiinis

Y 9
s

aduaneiug (Crossover) Wunisihaundnvesuszvinsiiiiunisanidenundug vinis

9

fvualiduaindniuieuazual (Parent Individual) msuaniUdeuBussninsandngumio
fuandniuusidsgnimuslagAinmsinaziulunisaduanesiug (Crossover Probability)
iliinaun@ngugn (Offspring Individual) @67 %aamw%ﬂjuqﬂﬁazgﬂﬁwiﬂL“ﬂuam%ﬂju
daly Plumsaduaneiug 3 35 Ao 1. nsadumeiuduuunilsdau (One-Point Crossover)
2. MIaduaeRugLuUaasdiu (Two-Point Crossover) 3. MyaduaneiuguuunatgdIu (N-
Point Crossover) tiatfosfunmaiindivesdudlulaslulsuurouasuu niolaslulsugy
roumii FedfesiinisiAnnisnaneiug (Mutation) Jaduisnmsuaniudsududanelulasiulay
wiagilneduogfunuiiasduresnisnanswus (Mutation Probability) wisiin1snans

Wwugeanidu 4 35 Ae 1. msnaneugwuue (Bit-Flipped Mutation) 2. n1snatBNUGHUY

s

WAL (Inversion Mutation) 3. N13naeRugwuuLNsn (Insertion Mutation) 4. N13NA1ERUT
wuusanlmi (Re-generation V.1l dupeugaingveansduiumstuneuitidaiugnssufe
MsuNUTiUsEEIng (Population Replacement) uismsiAulaslalanyalusinielasluls
JUgn Favefiwaden uiilunsquiedislutuneunisdaden uudsnsunuiivszens

panlu 2 35Ae 1. nsununUsernnsmuuiniinvua (Regular) 1u3sNlastulousune

9

asd o

] i v a 1y =
wazguliszgnunuimelastuloy 2. nsunuiuseynsuuuvenes (Enlarge) {WuITNEA
lastulgusunanazuaililunsdndenaswinly wantunaunIsynauYeisidamugnssy

ﬁqgﬂﬁ 2.13 (1@, 2012)
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h J

Initialize Populations

e
I

Compute Fitness Funetlon Value

:

Selcetion

!

Crossover

|

Mutation

Terminating

Condition

gﬂﬁ 2.15 %umaumsﬁwmusuaﬁ%L%aﬁuqﬂiiu (WN137, 2012)

2.2.10.2 WFaiugnssuLuunsdnasuliasaud1 (Non-dominated Sorting
Genetic Algorithm) t{JudsnismanuzauanUssamnsmeAmszaugasiedsinwdin
“i?u’qa (Meta-Heuristics Optimization) 1dd@msuilenduingraiayuseasn (Multi Objective

a o a

Function) 8435n159gadne 9 fuABiITeiugnssissuineuUsliuA AT ANz
ponuu 2 flsdduinnlavasd G4 2 fledduiaedarudaudsiu (Trade O 1ok
nszuIunsdLiunstunouiBidsiugnas agldlaslulsuiudaluniodugn Samadnsdldae
fuuvszrnaunnnidauUssansdeiy lisndursdosinng unainasuisdan
gonly Feazldndnnisvesnisdaaifunuulilaseud (Non-dominated Sorting) wazldan

izazﬁmmﬂawmmmﬁqgﬂﬁ 2.14 way 2.15 snua1au (Deb et al., 2002)
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Non-dominated Crowding
sorting distance
sorting
|
B, F,
b, Fo |
- (e
o T (2l
Q. = n
IIl-'-linajlzlr:l;&l:l
j -4
R, -

JUN 2.16 msdaamusuulinseuivesUssansudinall (Deb et al, 2002)

gﬂﬁ 2.17 msAuIusresaruYamalagUssyng (Deb et al., 2002)

HAGNEEAYIIEYBINTUIAIABUVBIUTEYINTVRIITLTIRUGNITUUUY
nmsdnddivldaseuiasuansuunsnadius eI vaesilaituing Ussasdilond nsm
wadmeusuMiInLsle (Pareto Front) Laganunsadlunseazideavesinuussuduild
Judreanuuudmsulymnismanmnganganniznismanswiinaguuiu (Parallel
Coordinate Plot) LLamﬁ'ﬂgﬂ‘ﬁ' 2.16 way 2.17 a1uaau (Inselberg, A., 1985), (Kishi et al.,
2019)
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0.8

0.6

fz

0.4

0.2

0.0

T T T T T T
oo 0.2 0.4 0.6 0.8 10
fi

U7l 2.18 wadneuveuntimisle (pymoo, 2022)

60 4000.-]
o V ‘oj J

of 2000~ o~

\

1
VY VI YYN YNNN 1N

SU 2.19 nswiiiAnguuy (PCP, 2022)

2.2.11 n15USSHIULATASIFIUAIANNAAINLARDUVDINITNEINT
dwsunisadaunismeadamansndayafignifuluiganegnedu
JAINTTY AUNITAMAAIANS NI BAUNITIIADINALNIUN bA LA DIU N1TNAFBUAITLNING
AMUAINNTOLUNITNYINTAIVDIFUNTITINADINANULAL AT TSI TnAANUAGauUls 5 35
o X
f191l
2.2.11.1 Aanupaand euanysaiiade (Mean Absolute Error: MAE) 1Uu

| Ay Yo d' L3 a 14 gj v =
mvﬂﬁnmmmmmLﬂaauamjmaaaﬁuawaaﬂamwm LEAAIANANNITN 2.62

MAE = 12 Yaersar =Y (2.62)
n

actual ~ ' predicted
i=1
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Ao AN954

actual

o A9 ATNEINTAIIINAUNITINIABINALNIY

predicte

n Ao I1uteya

2.2.11.2 aeuadouadefidades (Mean Square Error: MSE) 1uenitld

A1AUAIALATOULNINGIADIVRITOLATIIVINA UAAIAIANNTTN 2.63

2

1&
MSE = HZ(Yactual _Ypredicted ) (2.63)
i=1
d‘ = U a
W Y AB AN
Y Ao ﬂI'TWEJ']ﬂﬁﬂjﬂqﬂamﬂqiﬁﬁﬁ@ﬂW@LLV]u

predicted
n fg 31uteya

2.2.11.3 Snfideweiniadennunainaiousidsaes (Root Mean Square

Error: RMSE) Lﬁuﬁﬂ%ﬂ'ﬁwﬂﬁaawaqmLaﬁl‘amwmmmLﬂﬁlauﬁwé’qaawaa%’agaﬁmm 6N

AIFUNITN 2.64

2
=1
RMSE = _(Yactual _Ypredicted ) (2.64)
iz N
A Y = A
SY] actual B AT
= 1 L4 o
Ypredicted A ATNYINIEUITINFNUNTITINADINALLNU
n Ao Fuudeya

2.2.11.4 duuszaninsandula (R Square: RY) Wuafiuansdndiudiinls

dAsraINananNISIUAIULUAIUDIAUTAY WERIAEUNISA 2.65
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2

(Yi _Ypredicted )

-

R?=1- 5 (2.65)
n
Z(YI _Yaverage)
i=1
e Y, A ANDINAIUN i

Y prediced 18 ANNEINTAINNANNTTNRDINALINY

Yaerage A8 AN93ARAETDITINUTRYAVIOVA

n e Fuudeya

2.2.11.5 duusgananisanaulafignuiu (Adjust R Square: Adjust R?) \Ju
AN LAPIFRAIUAILUTD ATTAINAMN BN UA 8 ULUAIUDIR ILUTANUEINSUA108 199 bl

;4 o 1 ¥ U dl
dNARBINUNQUUBIER WERINIENNTIN 2.66

n-1 (2.66)
2 2 .
Radjust :1_(1_ R )
n-K-1
We  n Ao dwuteya
K Ao NUIUFILUTIasE (Uselnds way wadutiy,

2551)
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ad o a a v a
5N1TAUUNITIYADUN 1

[ a

FBnsaniunsideseud 1 unslditmameanmunzangaiudoyaniuuiugn
waneszRudmsuaunIsTaemawnugnua lngldnisvaassainnisnaaeuglusdamdy
o AAINNLNUEITEA UGS UIBBNLUULNUDINIALIUYTA NACA d-digit wansdunauns

9UVRINTITEROUN 1 AegUR 3.1

3.1 NSOULULIAAVDINISANLEUINUIRY

Start Assigning
-Design variable
A 4 \ 4 -Condition
Design of Experiment Design of Experiment for Lo
-Objective
for low-fidelity sample high-fidelity sample
Gathering data by Gathering data by
Computational Panel Method Wind Tunnel Experiment
Constructing hybrid

] surrogate model by

RBF/Kriging method

A 4

Optimizing by NSGA-IT

¥

Validating hybrid surrogate

model against Experiment

>

End

1%
Y

JUN 3.1 JumaunsAiuadeneui 1



3.2 msmruasuuseanuuy Reulvuasianduinguszesa

3.21  MSRUARILUTENLUU

AOUTl 1 L0BNLUULNUBINAYHEA NACA d-digit Taadifauusi lolunns
DONLUUNINUA 3 AU LVDULVATDIAILUSHEAINNTIN 3.1 LEAIEIUUTENDUVBIAILYS

ponuuululnueinAvin NACA 4-digit LLﬁZ‘U@‘UL‘ZJG]E‘LJiI’NUUEjﬂLLaZﬁ’]\‘iq{ﬂ‘UaﬂﬂWi@@ﬂLL‘U‘U

WNUOINARIIUN 3.2 U 3.3 Anudndu

A15199 3.1 AunsnevesaLUslunIsoaALUULNLEINA

AUs AUNUNY YBULYA
WS usasanvamALALLUDS
X1 W 0% -5%
(%Maximum Camber)
WS uRAIanY 9 ILNLIALALLUDS
X2 v . 10 % - 50 %
(%Maximum Camber Position)
oS g uAANNNUNVDILNUBIN A
X3 ) B 10 9% - 30 %
(%Thickness of Airfoil)

Chord

X2

A J

U 3.2 shudsilglunisesnuuudmiuunueiniaviin NACA d-digit
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Lowest NACA
Highest NACA

0.2 1

ylc

x/c

JUT 3.3 Y0ULUAluNTOBNKUULNURINAABUT 1

3.2.2  Wauludnsun1saanuUULNUBINA
a v Ao 2 o ' <
AU 1 LDDNLUULNUBINIANEIAZN1IZNSIMANTAMUSIAININIAIIULS?
W81 (Sub-sonic Flow) nistvadianiugsiuiseu (Laminar Flow) wazwadlvaiidaiugnisiva
lignUudasa (Incompressible Flow) fifliavsia (Mach Number) #1011 0.3 uagiavisdlua
(Reynolds Number) 191111u 360000 (Winslow et al., 2018)
3.23  Wanduinguseaialun1seenkuuLnueIna
Weswnunueiniatulududiluglandifivesln wnazeenuuueinie

(%
LYY

g1unadn AzResimanisesnkuuLnueInanlalusiniunisesnuuulnluguauds dedu

=

NNRNLUUWNLDIN AT leTuIngUsEasieauNTaanuUeINALIUINETLS &

luaAdeiiaglonsnduingUssasdasilesnduniinnudaundeiuyaansidoanis wandng

aun1sfl 3.1 uaz 3.2 ANEIFU (Wickramasinghe U. K., 2010)

Minimize (f1): C4at C = 0.5 (3.1)

s
a a

C, AD FUUSTAVSUSIBNVBILNUDINA

Minimize (f2): 1/ C{ at aoi = 5 deg (3.2)



a4

Wo  CAp dUUIEENDLS®NURILNUEINTA

aoi A9 YUTENINUFUABIATULAULNULLIUDUYDIDIN ALY

a

aun1si 3.1 PTnguszasAlun1seenuuuLnLINAlYAINITINIDIN ALY

a £ £ 1

Julsszazn1antnadunaunludionasnilasau nsandulssansussanuazaigliennifenu
THUTaiuenioyatillodnnvuiansgaanadaz i e ldeankuuIzeanuy
AANFUUTLANT WSIUNVBILNUBINAYI AU 0.5 8ONLUUT bAULTE LUALN AU 360000
(Wickramasinghe U. K., 2010)
a =gy v & a a
aun15¥ 3.2 TIngUszasAliunueINIAtUaINN TN TNV DN A

8930 (Landing) +l1anusseniAnuduiusiuuwsagawmtedn (Induced Drag) wuuwUsiiu

[ (%
o 1

n3e Manansadiansslunisgaeineeulivazamen Faliiduingussariazaaryy

[
v (=

A9Un (Angle of Incidence) 8¢l 5 BeANA DI UAULAUEIINUUUIUBUYBIBINIALIUNTD

1%

fuRuesnuuUausEluawiiu 360000 (Wickramasinghe U. K., 2010)

% < v
3.3 msaamm‘umuﬂﬂun"ﬁmwaga
33.1  mssenuuudilulslunisinudayaninuwiugnssaus
(2 < 4 ! o (Y ° Yad
n1788NLUUAILUTYBINISIAUT oY anNLl ugTEAUA1lEIS LHS 210
TUsuNTU MATLAB 8onuuusikusdnuiu 30 duus Fausaziiuusazgngulaeiiveuiunagi

a1

0§14 1 waeynAAsA1 gAY INTRIBUUAIANVOUIANINATTIT 3.1 LARIFINNTIN 3.2
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M139 3.2 Ardanklsildlunisesnuwuudmsuteyanuudugnseaun

AMUUAUSN T TUNITDINLUUNIVLA 30 A2

. fauUsaankuu X1, X2 waz X3
Gl')uﬂ.li ¢ @ I3 § < I3 f < I3
o wWasiaungagavag Wasaungegnvag WD UAAINUIUN
2INLUUN . . . o .
ATLLANLUDY (X1) ATUUIALLANLUDS (X2) | YadnUd1InN1f (X3)
1 2.1120 34.5320 11.1266
(0.4224) (0.6133) (0.0563)
5 0.3591 46.0699 29.3096
(0.0718) (0.9017) (0.9655)
3 3.8210 14.2975 12.6901
(0.7642) (0.1074) (0.1345)
q 2.5257 20.1034 19.9564
(0.5051) (0.2526) (0.4978)
5 4.5740 45.6238 11.9758
(0.9148) (0.8906) (0.0988)
6 1.9754 13.2310 25.1152
(0.3951) (0.0808) (0.7558)
7 3.2350 15.9921 14.5298
(0.6470) (0.1498) (0.2265)
8 3.5580 28.1798 20.8789
(0.7116) (0.4545) (0.5439)
9 3.3334 25.3141 15.6549
(0.6667) (0.3829) (0.2827)
3.1082 24.3741 24.1056
10
(0.6216) (0.3594) (0.7053)
1 4.3553 18.8025 15.3214
(0.8711) (0.2201) (0.2661)
1.1694 48.4109 18.0573
12
(0.2339) (0.9603) (0.4029)
1.4186 10.9546 17.8522
13
(0.2837) (0.0239) (0.3926)
14 1.6931 33.6885 23.2266
(0.3386) (0.5922) (0.6613)
2.4310 31.6070 16.2710
15
(0.4862) (0.5402) (0.3135)




a6

P399 3.2 Ardafnlsildlunisesnuuudmsuteyaniuudugisyaun ()

AMUUAUSN T TUNITDINLUUNIVLA 30 A2

. fauUsaankuu X1, X2 waz X3
GI'JLLUi ¢ @ I3 § < I3 f < I3
o wWasiaungagavag Wasaungegnvag WD UAAINUIUN
2INLUUN . . . o .
ATLLANLUDY (X1) ATUUIALLANLUDS (X2) | YBewUd1IN1A (X3)
4.2687 29.9992 20.4190
16
(0.8537) (0.5000) (0.5210)
17 4.0098 17.4816 23.7048
(0.8020) (0.1870) (0.6852)
18 0.2064 39.7383 26.5841
(0.0413) (0.7435) (0.8292)
19 49744 27.3182 21.8857
(0.9949) (0.4330) (0.5943)
20 4.8097 35.8690 12.3633
(0.9619) (0.6467) (0.1182)
1.5328 20.8955 226113
21
(0.3066) (0.2724) (0.6306)
0.0484 39.1514 10.2821
22
(0.0097) (0.7288) (0.0141)
23 0.8032 a43.0747 29.7322
(0.1606) (0.8269) (0.9866)
2.1741 36.9961 18.6819
24
(0.4348) (0.6749) (0.4341)
1.0581 48.6828 25.9299
25
(0.2116) (0.9671) (0.7965)
2 3.9580 437438 27.0523
(0.7916) (0.8436) (0.8526)
2.8067 30.9083 28.2556
27
(0.5613) (0.5227) (0.9128)
2.9661 23.2243 17.0023
28
(0.5932) (0.3306) (0.3501)
29 0.9542 41.7642 13.9531
(0.1908) (0.7941) (0.1977)
30 0.5956 11.6225 27.9300
(0.1191) (0.0406) (0.8965)

wARIgUIvBINUDINIAT 30 f Fadugusissnisuildlunisesnuuy

wnWUINARD LY éﬁ’qgﬂﬁ 3.4 4ay 3.5 #NUaIAU
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3.3.2  nseanuuudlnlslumsiiudeyaninuusiugszaugs
mseenkuuikUsveamsiiudeyanuuiugseauadldds LHS 21n
1UsuNTU MATLAB 8ankuuiiwlsdnuau 4 fmuds Jausagsmiiusazgnaulaeiiveuiunagi 0

1%
a1 o

89 1 wagynAtagdA g iy NTUITLUAIANYOULAAINATTINN 3.1 LARIAINNT1IN 3.3

M1399 3.3 andanulsildlunisesnwuudmsuteyannuudugnseaugs

SuUFUSTlUNToRNUUUTISINA 4 6
. AauwlIaaNLUY X1, X2 uaz X3
G"JLLUi ¢ < I ¢ < '3 ¢ < I
4 Wastgungegnvag Wastgungegnvag WS UAAINUIAUN
2INLUUN . . | o .
ATLLANLUDY (X1) ATLUUIALLANLUDT (X2) | YdgtwUd1IN1A (X3)
1 1.3370 37.3755 13.2037
(0.2674) (0.6844) (0.1602)
) 0.7706 22.3780 18.7648
(0.1541) (0.3095) (0.4382)
5 4.1826 42.4664 27.5674
(0.8365) (0.8117) (0.8784)
q 3.6664 10.9079 20.7692
(0.7333) (0.0227) (0.5385)

uARIFUTIVRIMNUDINIAYA 4 67 Fadugusrausnisuildlunisesnuuuuny

a1Afely uanRagun 3.6

ot NACA 1313 o= NACA 4427
005 0.1
0.05
o 1 1 1 I =

o
0.2 [ 05 0.8 s L y L L
02 0.4 0.8 LX) 1
005
-0.05
xle 0.1
0.1

No.1 xle No.3

NACA 0218 NACA 3120
0.1 0.15
0.1
0.05
o 0.05
El 1 1 L L =
0.2 0.4 0.6 08 { 0 1 1 L L

0

0.2 0.4 0.6 0.8 1
0.05 005
0.1

01

2
>

xle No.2 xlc Mo.d|

5UT 3.6 JUTuNUeINIAYeIdayan LU SEAUgmINeaui 1 - 4
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3.4 ﬂﬂiLﬁU%@Qaﬂ’NﬁJLLﬂju%jﬂ%a’]EJiSéfU

3.4.1 mnﬁu%’agammLszué’ﬁzﬁ’Uﬁﬂ

< v 1 o LY ° a v dy . .
mimwa;ﬂammLLmumszmumﬂummwﬂﬁﬂmﬂsu JavaFoil version

[

1.8.0 291 NHNUFIUNITAIUINNIAINIG Vortex Panel TaaiiAn vortex strength Tuumas

o9

o A

panel aziduilanduiludsunlasuuuidunss 35 Vortex panel LIugnsAmuinidadiaay

=

Har1naU ez lunamnaULUULTIUS s s auR P aalinnsnsdautas i lideuailnu

Y

gneies (Verification & Validation) 35#ldlunisiiudeyaninuwiugiseduaniineufiannes

a8 TunIsAILINUS o TUNISRAANNISLUNS A (Matrix) azA1ulsesauldsEezLIan

[
o I o

' v v a ) o A & v ) o o A 5y
ADUVNNUBY 37U E’Juf\]qLa@ﬂ";\]q‘U'ﬂu@]LLU?WI#ﬂUﬂqﬁLﬂUGUa%aﬂﬁqNLLﬂJUSqigﬂumqm 30 M1

wus

[y

3.4.1.1 M3nvdeukazIibivedaiinugnABIayan Nk TEAUM
HANTSWIBULTgUSENINSUBYaN1TVIARD LAY UaYaM e IBL I WIN

9nlUsunsH JavaFoil 483 NACA0012 itauiseluawintu 360000 uansfaguil 3.7 uag 3.8

AUAIAU
1.2
1=
0.8
O 06
04
0.2 —@— C,_JavaFoil
- A C,_EXP
2PI Slope
0 L L L I L L I L L I L L L I L L I
5 10 15 20 25
Angle of Attack (deg)

dl L4 U [ ! ! o/ a Q‘ ! o
E‘U‘Vl 3.7 f"’n’]llﬁNWUﬁi%%’J’NﬂWﬁNUi%ﬁWﬁLLNEJﬂG]@S;IlI‘USVI%‘UQﬁwaﬂﬂiﬂﬂu’ﬂm‘ﬂﬂﬂI‘UiLLﬂill

JavaFoil kagnan19nnandvad Sheldahl (Sheldahl, 1981)



50

| |—@— C,_JavaFoil
A C,_EXP
04
o |
02
! A A
O“"A‘A"'4-+_$"\-if—lff [ [ 1
0 5 10 15 20 25
Angle of Attack (deg)

JUN 3.8 ANuALNUSTEnIAdUUTEANEUIT IR R oL L UENEYBINANTAILINRINIUTUATY

JavaFoil Lagnan15nnaaswad Sheldahl (Sheldahl, 1981)

INFUN 3.7 LAAIAINFURUS T¥MI1uanIANUFUR U TEndnemn
duuseAnsuseensioyuuenyvas NACA0012 nlusunsu JavaFoil AMAIUTUNImg ¥ ves

Thin Airfoil Theory: TAT kasHaN1INAABIYBI Sheldahl Wudﬁﬁ'uuﬂzm 0 241 §19 10

¥
ISP

94 A1 C, NLUIUNTH JavaFoil AfifiuguanaInds Numerical Vortex Panel fiAlndlAsa
fuAANudu 27 warAWan1TRaes Fellmaunaiaindeuganliiiu 10 wWesidud uavdl
muduiusidudunsaiosnnsinaludiivansenureseuniniinadeudiaten e
ynUgnedlA1I1AnIT 10 031 NACA0012 Iinannesaavau (Stall) ilesannislvauen
(Flow separation) vesemaiilsianunsainglufufiaunueinials awngunainndsamaay
gasandlalaunsaie1vurnislasefuauiuildmungay (Adverse Pressure Gradient)
LaESIRIBENAveIAUMinveInisirasnde dwmalien C anas setulsunsy Javafoil
Jeldlannsavwenaves C lalndiAesiunanismaaessiutananudunmamguves TAT
¢e \esnniiunves TAT uag JavaFoil 1191091 Elementary flow snlglunisundeym

4 Elementary flow fpaaudfinisnisivadie nslvaliinnumia (Inviscid flow) n1slva
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[

TJudasalile (Incompressible flow) wagnsiualaiiinisuyuiu (Irrotational flow) @11759)

v o o

aguléin anunsoldlusunsy Javafoil men C Turasiifianuduiusiuguvenesdudunse
wazvayludasiilddmsuinguszasdlunisesnuuuresuideinuannisi 3.1 uay 3.2
ALEIRAY

1N3UR 3.8 wanamnuduiusszuinsuansaduiussEvined
FuUszans used1ud oy uUsnzues NACA0012 91nTUsUNTH JavaFoil KANTNAABIVEY
Sheldahl Wudwﬁlgmﬂsm 0 831 63 10 04¢ TWsKNIY JavaFoil @13150YUIERaTee Cy ke
TndiAstunanismaaeausliinnidn uazilleyudemzannnit 0 osen Tusunsu JavaFoil laan
wshuerares C, Melndisstunanisnaassiiaaanuseinueinie (Drag force) lhsu
NANTENULNAINALAULERY (Shear Stress) 1uduann FsnsiAneanduidouunainnis
Inawvudiaumia (Viscous flow) e?fqﬂuamﬁgmﬁmﬁmﬁu Elementary flow o813l5f
aulUsunsa JavaFoll flfleanesensyiuiean C,fieglusuuznzsening 0 aae fa 10
03 adurasiinseuaguluntseenuuurenuiseinuaunisil 3.1 way 3.2 sy

3.4.1.2 GﬁgumaumstﬁuﬁamuammLL;JusTﬁxé’w?ﬁ

msiiudeyasziumaziiusinulusunsa JavaFoil version 1.8.0 291
Tnoifudoyaveaunueiniadiuiu 30 fMnunssi 3.3 uanadoulvsingg fansied 3.4
uazuansgUntienslusunsa Javaroil faguil 3.9

A15199 3.4 [Wauly Fruazrenlvluldswasy JavaFoil

FUNUTLIFNAYDIUNUDINA 101 qn
wusdlua / 1auiin 360000 / 0.01546
Aspect Ratio / A1NE1IADIA % /1m
ALY / QNI 1atm / 15°C
AUAUILUL/AUNLA 1.225 kg/m? - 1.7895x10” kg/ms




B JavaFoil — - O ®

U7 3.9 wihsnalusingu JavaFoil version 1.8.0 291
< ‘ | o |
Cansui 39 ﬁﬁﬁaﬁiﬂums@%@ﬁhndw n13n (Card) @4l
Wevae 9 card Lm‘LumsLﬁ{%JQ&lhﬁm[H{»ﬁ% 3 card fio Geometry card, Polar
card way Option card Ssazdiiimafutoyadselui
1. fapauaniifvesormauazdnuasnisivalu Option card Tagld

ToYaNATIN 3.4 Lanaraguin 3.10



B JavaFoil - O b

JUN 3.10 nsldnaautfvesennisuwazanyazuainsivalulusunsy JavaFoil

1
° o

6}5 TPYIUWIUTTEE RN YD IUNUEIN ISR C wag Cy0

Geometry card Wangsiag Vglﬁ gin ﬂ‘U‘aaa‘



B JavaFeil — O w

I

0.903799 -0.00717

0.921540 -0.00609 Thickness: 7|

ki
vl
F

0.937633 -0.005102

0.99505 -0.001423
0.99803 -000123
0.999925 -0.001166

£

| | i P v fiew- |

U7 3.11 US1svesuNUIMAINeIaYTl 1 vesteyanuutiugszdudlulusungy
JavaFoil 7@
%25 Ny
V) P A
T R S ——
3. 98Uk ! ZITULNNIEMINYUULNEN Polar card

WaARaRaguT 3.12
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& JavaFoil

- -
Aol Potars

I first Reynokds Number:
I last Reynoids Number:

Reynolds number step:

Geometry | Modfy | Desgn | Velocty | Fiowfekd | BoundaryLayer | Polar | Arcrat | Options |

360000 H
H

O

360000

U [foe  ma
TL: 100 %)

O X

first Angle of Attack: |0 M
lnst Angle of Attack: |25 M
Angle of Attack step: |1 r

L__

I Surface Finsh NACA Standard w |
—_— —_— —_— —_— —_— —_— —_— _— —_— —_— —_— —_— —_— —_— —_— _— _— _—
clcdPiot | 380000 | un | moment | Upper | Lower |
15 "
tl HACA 0042 =0 R = 360000, & = 0 01538, r =
. o
7 = # iy
a ) A e
# | d r-"-dﬁn“‘:__
10 : i 10 d 8.
1]
I i =
4 I
4 I
ns ] 064 B
A
o | .
o R T I R R T T 00 [ o A0 oy
05
™ Add to plots Stal model: Epp:r Transition modei: iE_ppier standard A
y 4 - - -—
Analyzell | Copy (Teat) |y Save. Frint
- 'r‘ - >w Y

[eady

JUN 3.12 nemanuduiiugseningn C uay Cy siayuusnsvaaunueInIAmineseil 1 ves

UoyaAUUIUGITEAUN

4. \Auna C, waz Cy YaUNURINIATISNA 30 Mmmamaﬁayja
ANNLILEITERUMUAARGBNA1 Cy 1 C = 0.5 dmsuilanduingUszasdd 1 uag C 91 aoa
%39 aoi = 5 831 dmSuilestuingusvaddi 2 auaunisi 3.1 uag 3.2 MUa1U

'
[y [

3.4.1.3 waagUvesnisinudeyaninuniug1szausi
Han1sivdeyanuluswnsy JavaFoil version 1.8.0_291 vaasiuls
PONLUUINANTINN 3.1 wagilantuinguszasdnuaunisi 3.1 wag 3.2 Auaiy a1u13e

wansdudeyaasurestoyaninuwing1seAua et luas9aun1sI1aa NAUNLGNNANAS

AN519% 3.5



15197 3.5 waagunisiiudeyamnuuiugisziunvesmeui 1

56

fauuseaanuuu (Input) naaws (Output)
RUYLAY
%Maximum | %Maximum | %Thickness 5 )
WU L Cgat C = | 1/C{ at aoi
Camber Camber of Airfoil
2IN"f - 0.5 =5 deg
(X1) Position (X2) (X3)
1 2.1120 34.5320 11.1266 0.01730 1.3427
2 0.3591 46.0699 29.3096 0.03092 2.6787
3 3.8210 14.2975 12.6901 0.01984 0.9707
4 2.5257 20.1034 19.9564 0.02375 1.2653
5 4.5740 45.6238 11.9758 0.01836 0.7085
6 1.9754 13.2310 25.1152 0.02781 1.5055
7 3.2350 15.9921 14.5298 0.02022 1.0672
8 3.5580 28.1798 20.8789 0.02455 0.9463
9 3.3334 25.3141 15.6549 0.01899 1.0121
10 3.1082 24.3741 24.1056 0.02605 1.0498
11 4.3553 18.8025 15.3214 0.02040 0.8417
12 1.1694 48.4109 18.0573 0.02245 1.7222
13 1.4186 10.9546 17.8522 0.02347 1.6954
14 1.6931 33.6885 23.2266 0.02563 1.5204
15 2.4310 31.6070 16.2710 0.01885 1.2156




15197 3.5 uansraasumsiiudeyanuuludsziuiaewmoud 1 (o)

57

fauuseaanuuu (Input) naaws (Output)
wUYLAaY
WY %Maximum | %Maximum | %Thickness 5 )
Lo CqatC = | 1/ ataoi
27N Camber Camber of Airfoil
. 0.5 = 5 deg
(X1) Position (X2) (X3)

16 4.2687 29.9992 20.4190 0.02398 0.7818

17 4.0098 17.4816 23.7048 0.02748 0.9335

18 0.2064 39.7383 26.5841 0.02725 2.7141

19 4.9744 27.3182 21.8857 0.02625 0.6933

20 4.8097 35.8690 12.3633 0.01887 0.7158

21 1.5328 20.8955 22.6113 0.02597 1.6228

22 0.0484 39.1514 10.2821 0.01824 2.7964

23 0.8032 43.0747 29.7322 0.03139 2.0763

24 2.1741 36.9961 18.6819 0.02313 1.3212

25 1.0581 48.6828 25.9299 0.02707 1.7921

26 3.9580 43.7438 27.0523 0.02772 0.7628

27 2.8067 30.9083 28.2556 0.02919 1.1317

28 2.9661 23.2243 17.0023 0.01978 1.1034

29 0.9542 41.7642 13.9531 0.01967 1.9078

30 0.5956 11.6225 27-9300 0.03163 2.4187
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f2
N
—T

_.
3]
T
| }
[

. |
OUE.’OWS 0.02 0.025 0.03
f1

JUN 3.13 AnuduiusvesilanduingUseasd (aun1si 3.1 uay 3.2)

IN3UN 3.13 ile f1 Ae aun1sil 3.1 uag f2 Ae aun1sil 3.2 lagda
HanFuinguizasAunuuauLazas Muay wulrdeyaraessuinisnszaieiivesdeyad
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1. AARILNUDINIANIABINS AU UNITNAFIUNNUNELEY 1 11D
a 5 o & Y gj o 5 | [ Y] A
Anasdnsevslanaineay 2 Rntwinsaaayudenglivingu 0 Mvanewas 3

2. TUNNANLSIENLAZ LSIA LS UAULL DR A ILNUDINFILLAIT
PUNELAY 4

3. \UALBLMBINEAADINIATIVIANEIAY 5 9INIAALLATOUTINIY
yueway 6 (Diffuser) [Wgsvneas 7 (Nozzle)

gj 1 <@ ¥ v & dgl’ ¥ [ [

4. AIA1ANLLSIBNNIARIENISUSUINAIRLEDA I8N UMUELETY 8
wiouUTusunLInINg9YeN Pitot static tube Uag Total head tube vuneaYy 9 9NTY
IUAIAMUAUADALAEANUAUNATATN N8 10 [HDAILINMIAINNLSIVDIDINIAAIL
AUNNSN 2.42

5. DIUANMAIUALDLADSTNNTINVDWANINALITIUN AL LIIATUN
NUELaY 4 vesduUsng 0 831 NUWYINSWABUYNUsnEINTUNay 1 09/ U Yy
Ugng 15 99A7 NAUEEY 3

6. TuAnAILTIBNUAZUIINURIUALIUETE 0 B9p 9 15 B3

L.y .y 4 o z
PINUUTTIAILATUADUN 1. D9 5. 5IUAU 3 A3
7. MANARYLITIENUAZUTIAUYBINTNAGDIQLINAALTI 3 ATY

PATUINITUAATINLUTBUTA AT blockage wazA1 wall interference Aeaun159 2.45

2.46 uaz 2.47 pua1su wasiUasunuantfves C vesUnaudin Wi C veawnueIniAaes
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1A feaun1si 222 uag 2.23 awadu dauquantives G agldanduvesdnaruia
losnwunszuIunsIfisudeuiudn dainalndlfssiuna C  s1sBamuided 3.4.2.1

8. fimudenAn C, 7 C = 0.5 é”m%’uﬂqﬁ%’ui’mqﬂizmﬁﬁ 1 way C 7
aca %30 aoi = 5 pem dwduilaiduingUseasdn 2

3.4.2.3 waaguveinIsinudayannuuiug1seiugs

HANIAUTBYARNIUNITNAZOUAIELIAANTBIAIMUTOBNWUUAIN
31971 3.1 wazilaiduingUszasdnuannisi 3.1 wag 3.2 mudidu ansouanaduteya
ayUvesdeyanuusiudsEAugaiiet luadiaunssae auvugnNaNFIRs 9T 3.7

AN9197 3.7 maagunisiiuteyanuuiug sERUgeIneauil 1

fiauuseanuuu (Input) naaws (Output)
nuYLaY %Maximum
%Maximum %Thickness
LW Camber CqatC = 1/CL2 at aoi =
Camber of Airfoil
21n"e Position 0.5 5 deg
(X1) (X3)
(X2)
1 1.3370 37.3755 13.2037 0.047688 3.17515
2 0.7706 22.3780 18.7648 0.052953 5.69059
3 4.1826 42.4664 27.5674 0.066476 1.90881
4 3.6664 10.9079 20.7692 0.055071 2.66208

3.5 MTEIINLUUTIABIALNURNNENLAZNSUANUNNLHUER

3.5.1 msa%'mquﬁ'laaammmugnwam
msa%fml,umi"]aawmLmugﬂmau (Hybrid surrogate model) agiduadranay

MANFUNUSTINTUNALAAERTIZNINALUTAY (Input) waziwUsnu (Output) Vo4

[y o

Toyanuwiug1TEAUA AL sEAUEY Myasiilandunmuaunisi 3.1 uag 3.2 Yaslayaniny

Y
wilugszaumvilalagldizasniwindiwlsiulasfinusnuvenisnen 3.5 dudeyaniy

wiugseaugeilalauldisnsussanaanludiameilsidugiundnuunsatianmuusiunag

ALUIHNUYDIAISIT 3.7 L5UINANTUIAIHINTUS 1WA NWUISAT I NANNIST 2.56 tagly
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Joyannuuugsyaumsmiuiladumen dauvihinismen a, wag a, INNTNIAGER
AEN15UTEUIUAILUY Likelihood tieasnailsnduisn1sussunamlugremeiandugiu
wanuuasEdinuannisn 2.55 (foge ) 39 2 wae a, WWuAuanruduiussznindoyaniy

LUUEITEAUALAETEAUAY Aaluinmsmadudssuwanizyn e(x) lnenisldnism

=

ANEIEANI8N15UTEUNATLUY Likelihood 1A @ ieunuA1luaunsi 2.54 uag 2.58
NTUUIINTALINAIAINVBIANNTAMUA (£) AI8TBYAMNUUL UL TEAUFINANNTTT
2.52 4180 (foge ) wag (1) uuseneuluannisy 2.51 wazihan e(x) inusenouduaunis
a = v & ° g v o s o v 1o

# 2.60 Fazlaiduaunisdrasmaunugnuauilduwilduvesilsiduaindeyaninuuwsiug
seAuiuarldr1andeyannuuiugsgavgaisunuulduwuvasianduresdeyaniny
wiughsgAumandwlsanedsluitainis uanaduaunisgvsvesiinduingUszasdlunis

POALUUNANNTTT 3.1 Wag 3.2 G9aunIsT 3.3 uag 3.4 audsu
Cy (X) =[(X) + foge QI+ r" R7(F, —1u—F,)) (3.3)

Wle Cy(X) e aunsdnaeanaunugnEanvesain1si 3.1

LAy X Ae AILUTORNKUUMNUEINANILANTIT 3.1
11CH(X) =[u(X) + foge (X)]+r" R (F, —1u—F.) (3.4)

de  1/C/(X) Av ammﬁwaawmLmuqﬂmammammiﬁ 3.2

& Y d'
SY3H1 X A8 ANFILUIDDNLUULNUBINIANINATTIN 3.1

3.5.2  nsmAnmInzaugavasilidunate Ingusasd

N13IANMINgaNgAUITanTuN dnatedngussasdluauidedlg 151

WUFNITULUUNI5TAa1a Ul ATaud (Non-dominated Sorting Genetic Algorithm) 1

Aualiiiusey1nsisudu (Population) WU 200 wagdluveaUseyIng (Generation)

WiNAU 200 A5NYIUN1SAMEBNA1INUSURIUSLVINTAD N1SAMLADNLUULIITU (Tournament
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Selection) 31nWuYNMSATUAIEH YT (Crossover) 1aan1835 Blend Crossover Operator

6

(BLX) ddns1msaduaneiuseg 0.9 uazitn1snaesiug (Mutation) titedasiunisiingd

9

s | A

YBINAAADUVBIUTEYINTI UNBUNN Taeddnsinisnateiuged 0.1 WedA1uIumIHa

3

£
v

AMBUATU 200 Useanns narmeuazgninuluguiuuvesiuveseyng dalunuideidaed

FRUNISANINVDIIBTINUGNITULUUNTIRERUlATaUiITIvIA 40000 AT
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NANTISALLUNISIVYRALDNUS1ONANIUN 1

4.1  wan1sawdun1sIeY

nansAndunsisenoudl 1 aisaunisinasmaunugnaausiedoyanimusiue
vanesyAulaedeyanmududiszduslfunainlusunsy Javaroil uazdeyaninuusiug
seugeldnanmimaaeuluglusdan 193513 sugnssunuumsdaddiulsinseuiiilomen
wangaugaues 2 Maiduingusrasddmiumssenuuuinueiniauia NACA d-digit ilav

iseluaminiu 360000 wanNaveuntiMstafaguit 4.1

6
u A . Pareto Front
55 | Optimum Design
B A Initial Design
o SF
) B
© 5
n 45
Il - Optimum Direction
8 4F /
© -
N 35 —
Q : A
-
g °fF
= - A
E 25F
£ 5
E )
15
: | | Imr- | I | I | | | |
6.04 0.045 0.05 0.055 0.06 0.065 0.07
Minimize C,atC,=0.5

JUT 4.1 nansmALvINgaNanrauntimLsle
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NNFUN 4.1 dansrdinusiueaniuuwazAflanduingUssasdna 2 aun1svasiny
DINMATLANZANFANY 6 AR5 4.1

M139 4.1 Al Usiulas il tuing UseaenvaunueInAmazaugn

WU AauUseaanuuu (Input) naaws (Output)
BIMA | 95Maximum | %Maximum | %Thickness 5 .
L. Cqat C = | 1/ ataoi
MUNZEHY Camber Camber of Airfoil
. 0.5 =5 deg
40 (X1) Position (X2) (X3)
1 1.9532 26.5822 10.0759 0.0427 3.6376
2 2.7529 28.0438 12.3621 0.0432 2.7752
3 3.1945 28.5276 10.0492 0.0436 2.6337
4 4.9967 49.9875 10.0204 0.0436 1.3811
5 4.9994 49.9819 17.2308 0.0505 1.2006
6 4.9985 49.9998 24.0090 0.0578 1.1250

LaneALFuNUSAtenTINA VLI UTENI 1wl TR Nk UUIMINgaNdAR U e Fu

1
&

MOUITAIANT 2 @UNTT A9FUT 4.2 LargUseveaunueINIava 6 fingnideniianesnuuy

U ldl
U 4.3
-
5 e 24 = 0.058 o2
a8 - 35 o3
- 0,056
Mo.5
44 r 0.“_ _ 3
20 - — No.6
4 42 -
~0.052
40 o =25
3.5 38 - 05
36 4 16+
3 - = 0.04 -2
34
14 /
32 = = 0. g
2_ —
5 30 - - 1.5
5 SR~ >P
26 IUT' i |
X1 X2 X3 Cd Cl

'
o

JUN 4.2 n31l PCP vawhuUsimngangauasilanduningussasdnoun 1

9
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- — = = Optimum Shape No.1 = NACA 1210
-------- Optimum Shape No.2 = NACA 2212
———— Optimum Shape No.3 = NACA 3210
Optimum Shape No.4 = NACA 4410
Optimum Shape No.5 = NACA 4417
02T — — — — Optimum Shape No.6 = NACA 4424

0.15 4

0.1

0.05 1

ylc

-0.05 4

-0.1-

SUM 4.3 3UT1aunuenIAniinumsnyaganeui 1

Y q

(Y (3

LAASFUTNTBIUNUDINATIINEANEAVINERYN 3 uay 4 dwmSuilaiduingusvasd

9

4 2 gun1s Weuiugusiwnuenasuauigniunldlunisesnwuuns 4 fadagui 4.4 4.5

4.6 4.7 4.8 4.9 4.10 kay 4.11 MIUa1AU

Optimum Shape No.3 = NACA 3210
01T = = = = |Initial Shape No.1 = NACA 1313

0.05 4

SUN 4.4 SUSIUNUBINAWINZEANGAVNEIATT 3 WaE DRNKUULSTUAUVaNELaY 1
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Optimum Shape No.3 = NACA 3210
Initial Shape No.2 = NACA 0218

JUT 4.5 JUTUNUINAMINEANAAVNNEIAYT 3 LAy BENLUULTIAUNANEIATN 2

Optimum Shape No.3 = NACA 3210
Initial Shape No.3 = NACA 4427

JUN 4.6 SUSNUNUBINAMINZANEAVUNEIATN 3 LAY BRNLUULSUAUVANELAYT 3

Optimum Shape No.3 = NACA 3210
Initial Shape No.4 = NACA 3120

JUT 4.7 JUTNUNURINIAWINANGAMINEEUN 3 Lag 9RNkUUSHAUIaT8LaYN 4
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Optimum Shape No.4 = NACA 4410
- — = — Initial Shape No.1 = NACA 1313
0.1+
0.05+ TTe~o
0 . ] . ‘ ‘ ! e I ‘.—‘l:;-_-_ ]
N 0 04 0.6 08 _ _—=-" 1
= -
~o . =
_005 - N e, e e e e e e e, EmE_——=-—-— T
x/c
014

JUT 4.8 JUTUNUBINAMINEALAAVINEIATT 4 Uay BONLUULTUAUNANEIaTN 1

Optimum Shape No.4 = NACA 4410
— — — — Initial Shape No.2 = NACA 0218

——— =
e

SUN 4.9 SUSIUNUBINAMINZANEAVUNEIATN 4 WaZ DBNLUULSUAUVAELAYT 2

ylc

Optimum Shape No.4 = NACA 4410
— — — = Initial Shape No.3 = NACA 4427

0.15 4

0.1

0.05 4
]

0-

-0.05 A

-0.1 1

JUN 4.10 JUSTIUNURINAWIINEANAAVINGLAUTN 4 UAE BRNLUUSHAUNAEIAIN 3




ylc

Optimum Shape No.4 = NACA 4410
Initial Shape No.4 = NACA 3120

€aN

U7 4.11 SUSNUNUINAWINZANAVLNELaTT 4 Wag 9BNLUUSHAUVANELaYN 4

wanlasigudnisanasveAfianduinguszadil 1 wag 2 vosunueINIAmENZEY

AANUIBLEVN 3 WATNUBEUN 4 TEUAUAIYBIUNURINIAE UALTUNITOBNRUUAIAITIG

4.2
M7t 4.2 AdlsituingussasdunuomaEusuiisuiuuonmavsnzaa
Airfoil Cuat C =05 | Y a0l = C
5 deg

Initial Airfoil No.1 — Optimum No.3 8.5732% 17.0544% 8.9255%
Initial Airfoil No.2 — Optimum No.3 17.6622% 53.7192% 31.9700%
Initial Airfoil No.3 — Optimum No.3 34.4128% 37.9734% 17.4621%
Initial Airfoil No.4 — Optimum No.3 20.8291% 1.0679% 0.5354%
Initial Airfoil No.1 = Optimum No.4 8.5732% 56.5042% 34.0487%
Initial Airfoil No.2 — Optimum No.4 17.6622% 75.7309% 50.7363%
Initial Airfoil No.3 — Optimum No.4 34.4128% 27.6483% 14.9402%
Initial Airfoil No.4 — Optimum No.4 20.8291% 48.1211% 27.9730%

nslSeuiisuesidudaunaInAaeuTeIEuN 1IN eMARIUG NNANTUNANTS

= = o -
NAADIVDILNUBINIFAVINUS TN GANNIULEUN 3 ey 4 AR5 1NN 4.3
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Optimum CqatC =0.5 1/CL2 at aoi = 5 deg
Airfoil Exp. Predicted | %Error Exp. | Predicted | %eError
No.3 0.044438 | 0.0436 | 1.8857% | 1.64957 | 2.6337 | 59.6597%
No.4 0.043231 | 0.0436 | 0.8535% | 1.22204 | 1.3811 13.0159%
Optimum Cq G
Airfoil Exp. Predicted | %Error Exp. | Predicted | %eError
No.3 0.044438 | 0.0436 | 1.8857% | 0.7786 0.6162 | 20.8579%
No.4 0.043231 | 0.0436 | 0.8535% | 0.9046 0.8509 5.9363%
4.2  mMyBAUTIENE

NJUA 4.1 wansdIuIudszaIng 200 90 7 19lun1smA Nz a5
ugnssukuuNsinaulinseudl KalaLYINIIANTMNIzaNgATRUNTINLSInADFUT
Yoaunue ATl s ANARYRIUSTIINSUARsTEd AN wal anaNAR LA UL NAT
gnidenianeenuuudiniu 6 i Mnveuniwslauansedydnvaldindenduag uny
omafildunsesnuuuEIdulansnodydnvalaumasudiTen wuingeeenuuuEuduil
nsnszeivesdoyaluag e MniuAREusnIsILUUNIRddu linsoudvhn Uy
Foyalilvlufiamwasmsmesnzauaaitelilsveunimusin namneuvesoumtim
Lﬂmmmaaﬁaﬂﬁgﬂi'ﬂqsuaaLqummﬁﬁ'mmzamqmLLasmmsaﬁ%amm C,MC =05 uaz
1/C2 71 aoi = 5 09 ¥ Fseiddedlasidongnvevniinnsiow 6 90 iieldlunsoanuuy
wassuifisuuunueimaduuis 4 saililumsesnuuy anduthunueimemnya
anvsnelandl 3 uaz 4 hlvaiefeganmaassuaznnassiuglusdauiiioSsuiiiouna

v s 1 U

FT’]G]E]UﬁLMZJ']%ﬁ@J?iW LAAIAINANNUS T ILUTOONLUUVDILNUDINA NACA 4-digit

oA Adesiduduanues Wesidudiasanveswinunisriuauiuesuaziosidudninumnu
YaawnueINAfY 2 flanduinguszasaildluniseaniuusdunsmiinguuudansei 4.1
JUN 4.2 uazuansguunueiniaves NACA d-digit Mivisngaugaiia 6 9n Aagu 4.3

NFUN 4.3 LanIFUTIUNUDINIAT LNUIZANAATS 6 AAINVBUNUINLTLA

ISEIEPUINUNURINANLAT Cy 1 C = 0.5 Angauag 1/C2 1 aoi = 5 83A1 9dn Laginy
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mmmmmzamqwmmaﬁuﬁ 1 (Optimum shape airfoil No.1) laan Cq 7l C = 0.5 Wiy
0.0427 waz 1/C2 7 aoi = 5 03¢ WU 3.6376 wlawdue C winiu 0.5243 SAndesidus

< 13

LALLUBSIINAY 1.9532 WaslduddIqnvesiunianIuauuesvindy 26.5822 wWesidud
ALY 10,0759 Anledidudumuuesvesunuoinimmanzangaineiand 1 i
tfosfignuosveuniimsla villiilen ¢ desfign ilosanunnueddsmanodnvuya
LAUBIUNUDINIATIND VU IGIAAYDIALANUDT O UTEUNRL 1 d9U 4 1Y1Y8IAIUE7
aosa vilianuldsdannsnfiuniuiiveseniauinasuuuresiunueiniauazan
Araniaduans shlimuduiiifeduiiduawounuoinaiduiniy fennududugh
wUsndntunisiiaussen ag1alsiny A1UeSIduALANIUOS LA ALNUNEIgATDIATLALLUBS
flaisnnwefiagyilianuduiiAaduiuinnnindedisufuunueniefivanzauaaneiay
Buq wiknuemamzaugaraelatil 1 duddvesidudiarmunveumuetniaiiige
[Hesanmsiinuswinueiniavesunueinasdunissuiuvesusaiudenmu (Friction
Drag) WaZLSIR LAY (Form Drag) minfiansaliiavosunusiniasanunidnase
Aoty wssiusuvesunuondlunuddeiasiueg fuussiuaudy Sussiumiudy
wiutudnuasveaingiiinuiinisinavesvedluasuiianisusniuresnisiva aaned
Wosidudarumunvesunuainiasiiigavesneanil 1 duiilinsinussiusudesiigs
LNUBINALNNNZANEANLNBLAYA 2 (Optimum shape airfoil No.2) 11 Cy 7 C = 0.5
Winiu 0.0432 way 1/C2 7 aoi = 5 991 Wi 2.7752 wlaaduda C Wiy 0.6003 fian
Wesiduduauuasivindu 2.7529 Wosidusiaanvaasiunuia1uaNuesviniy 28.0438
Wesidudinamuintu 12,3621 aunusimemanzasaavineavil 2 sxdinuautindne
fuunuoIneminzangavaneiandl 1 ieadan Cq iutudssanafifudarumun
ity ¢ Wintudesaniesifuduauiveiiintunagiumisgaanveseuauueifinsvdiy
ponIMYEMTNUBIUNLINAANDY UWNUBINALINTaLgAMINELAYT 3 (Optimum shape
airfoil No.3) ler@n Cy i C = 0.5 11U 0.0436 waz 1/C2 7 aoi = 5 996 WU 2.6337
wlasduen C iy 0.6162 dAnUesiduduauiuasiviafy 3.1945 Wosidudgeanves
AR ANLUeSINAY 285276 Wesldudanumunyindy 10,0492 §aunueinia
wngaugavaneiandl 3 sududnwagmngauiiaziillesnuuudnorniaguaiiaciiag

v i a v

HewnmsiieuauiuasnldinnuagiiuiweAuauiuaiasgadieg iusianmentives
wnuona danalininanulasddanuiuliuazanununveunueinianilailnaifesiv
LWUDINAINEIAYT 1 NflA1 Cy fngn FedgranisasnegusaesinueInial unuenie

mmzamqwmmaﬁuﬁ 4 (Optimum shape airfoil No.4) lar1 Cq §l C = 0.5 Wiy 0.0436
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way 1/C2 9 aoi = 5 0eAn Wiy 1.3811 wlandudn ¢ v 0.8509 flanUesidudua
LWUsINAY 4.9967 LUasHUAFIdAU0IiUMLIAILANLUBS AU 49.9875 Wasidusiniy
MUY 10.0204 Az auaudAlndiAsaduunuoimAvIngaugannelavi 3 wiayd
Snwagaaldsiisnnnnindeosnindeuauivesuasiumisgeantesuauvesifinduliifeu
fevsuinuugavesniseeniuulueiddoneud 1 4 Samngdmiuiluain Flap diewdiy

(Y a 1%

wsenlifuernimeuld 3 Flap ANBYIUUIIAUTINEYBUNTTOUT AU ENAIVDIUNY
o1meilaannnsdnlfwesAuauiuesiiguaziumiesdueuesfiogiieuazianalg
YSUNLINIA uisAEEAIenslFINYes C Ty wueInEMITALdAANELaYT 5
(Optimum shape airfoil No.5) e Cy 7 €, = 0.5 Wiy 0.0505 waz 1/C2 7 aoi = 5 83ei
Wiy 1.2006 wiasduan C iy 0.9126 Talasifudiauuasiiiiu 4.9994 wWasidus
AIATDIRUIUIALANUOS VAU 49.9819 Wasidudaumuwiiy 17.2308 wnuenie
wngaugavaeianil 5 a1 Cy uay G Mfinduilosandduusoonifiudy unuainia
mmzamqwmmamﬁ 6 (Optimum shape airfoil No.6) léiA1 Cy 71 C = 0.5 Wiy 0.0578
way 1/C2 7 aoi = 5 9en Wity 1.125 wlaafudn ¢ wiiiu 0.9428 Salesifusuauiues
WINAU 4.9985 WosidufdIdaveIiuLIieA1LANLUBSINAY 49.9998 wWasidurai1umn
Winfu 24.0090 uwueIMAWINEANAAMINEIAYT 6 JA1 C, snnfian 1Wesndanumunves
uwugIMATsNnTigaud vl G iumsluseanuauuesiayiumisgignuenay
weslndlAssuunus N ANy aNAALNELaYT 4 Wag 5

SvswavesiuUsoRNuUUTY 3 ¢ Idud Wosiduduamues (x1) Wedidusigegavos
fumdsruasues (x2) Wedldudnnumun (x3) dudswasiotlerduinguszasdina 2 aunns
Tnewosidudumuuesnnmadiiunsifonoudl 1 nud Bvdnaodanndensifuliures
A1 C Fadulupamauivesnisdnyarnanenmeainue nafiin maunuenasia

6

LALLUBSNNNNTY o A sseniiaviiuaudasiyuUsnedosniiunuein1aAndALag

\wesey WosidudaianvewiunisAiLaues Tuninanon1siutuvea CLileusdl

¥ =

BvswareutaToy FINLTUTe YOS IUAIAR VDI ILNUIALANLUBS D19 T dNaRD C

EN

1 13

wuuldfdeezdrdnle WesidudaiununveaunueinAidsuanon1siiuduues C Ale

o

Wuiy widdvsnaisadnios feazdwmase Cy1duagieunn iosnaunuvesuny
omAarvIensiva Beiinnurunaniy Tenalunsiianisuenfiureswesivafayiiuan
ol %ﬂLﬁulﬂmmmwﬁmaammﬁﬂLLsaéhuﬁuaﬁmq 2 iR fidsflanumunlunsvitenisluauin
wilns nsiAnussdufasdanndumindy fufunanisoenuuunueInAve I Toneud
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913U 4.3 fv 4.6 uanensUTeuiousUTuRURINATENIN SN N AIT LT
T¥lunseonuuudvunueinamnzangavaieasil 3 3U 4.3 unuenireenuuUEudY
vanelaui 1 gniaunliilandesiduiuaniuesain 13370 1Ju 3.1945 Andesidusiqean
YOIFUAUIAMANLUDTAIN 37.3755 LU 28.5276 ANUBSIUAAINNUIVEILNUBINIARIN
13.2037 10w 10.0492 flf1 C, 71 C, = 0.5 anas 8.5732 Wosidus a1 1/C2 7 aoi = 5 93
anad 17.0544 Wesidud 3UT 4.4 unuoinimeenuuuisuduvatsiavd 2 gnwaunlwile
\Wesidudgeanuasruauiuasain 0.7706 1Uu 3.1945 A1UesduganvesiuniemnILaY
Wesen 22,3780 vu 28.5276 ANLUDS LG U AIIUNUITDIUNUDINIARIN 18.7648 LT
10.0492 A1 Cy 7 C, = 0.5 anas 17.6622 Wasidus A1 1/C2 91 aoi = 5 091 anas 53.7192
Wesidud JUfl 4.5 unuenmireenuuuBHFuManaLaYi 3 gnitmnlsiiiUesifusigianves
ALANLUBSIN 4.1826 1Tu 3.1945 ANUDSITUAZIAATRIIUALUIAILALLUBS N 42.4664
Ju 28.5276 Andasidudanumuivesunueiniaan 27.5674 Wy 10.0492 den C, 7 C, =
0.5 anas 34.4128 1Wasidud A 1/C7 i aoi = 5 84 anad 37.9734 Wesidud JUTl 4.6
unuoINIABenLUUS IR UvaBiandl 4 gawaunlviiddesidudgegavesduauiuedann
3.6664 \Uu 3.1945 AUDSHUAGIAAVBINLIALIATLANLUBIIIN 10.9079 1T 28.5276 A1
WesidusAumuivesunue1n1AaIn 20,7692 10U 10,0492 A1 C4 i C = 0.5 anas
20.8291 Wasidus A1 1/C2 71 aoi = 5 anas 1.0679 wWasidus

U7 4.7 fis 4.11 uanansSeulfioususiaunueiniase ity G U uAld
TunseenuuURUUNLEIMAWINAELAAMINEIAYT 4 WNUeINFDDNLUUISNAUANBIAYT 1
gnivulifidesiduduamiuesann 1.3370 U 4.9967 ALUBSHUAIEAT0IFUNLIAT
WANLDSAN 37.3755 WU 49.9875 AnasidudnuiuITeunueINIAIN 13.2037 1Uu
10.0204 A1 C4 91 C = 0.5 apas 8.5732 wWosidus A1 1/C2 7 aoi = 5 99A1ana8 56.5042
Wedldud 3Rl 4.4 uwuemaseniuuENFuMatelani 2 gnitaanlviiiiesidudigianves
ATLANLUOSRIN 0.7706 18U 4.9967 ANLUBSIGUAZIEATOIAIULILIAILANLUBSAIN 22.3780
Ju 49.9875 AnUesidusanuunvesunueiniAan 18.7648 W 10.0204 §if C, 7 C =
0.5 anad 17.6622 Wasidud A1 1/C2 71 aoi = 5 89rn amas 75.7309 Wasidud Ul 4.5
unueINABBNLUUSuFuMaelail 3 gritmunlildesidusigqavesauaniuasann
4.1826 U 4.9967 ANLUDIIUAGIAATBIRIUALIATLANLUBSIN 42.4664 LT 49.9875 A1
Wesdudanunuivesunueniaan 27.5674 1y 10,0204 A1 C4 7 C = 0.5 anas

[

34.4128 Wosiiud A1 1/C2 7 aol = 5 a9 anad 27.6483 Wasldus SUT 4.6 unueine

Y

poNLUUSAUMAIBAYT 4 gnimunliAnlesiduddeanvesratiuasann 3.6664 \u
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13 o

4.9967 AUD3 LT UAEIGATDIIUNUIAILANLUBSIN 10.9079 LT 49.9875 AnUasidus
AIINNUIYBIUNUDINIARIN 20.7692 LU 10.0204 F@1 Cy 7 C = 0.5 anas 208291
Wesidud fn 1/C2 7 aoi = 5 anas 48.1211 wWosldus wanalasifudinisanasvesai C, i
C = 0.5 uag 1/C2 7l aoi = 5 83r1 YBsUWUBIMABENLUUEIAUTBUULWDINAMLNE Al
APNANTT 4.2

nmsldteyaninuuiugvaneseaulaedeyaninuniugrseavgddidunisiv

a

dogavasrn Cy 71 C = 0.5 wag 1/C2 7 aoi = 5 peen sirunsvaassluglusdausuruumy
21NA 4 67 LLassﬁaiﬂaﬂ’n&JLLﬁuﬁﬁisﬁUﬁﬂ‘%miLﬁUﬂlﬁ C, 9 C =05 uay 1/C2 4 aoi = 5
839A1 HIUNTAILITIRLAYVAILTTNILUAINTUTUNTH JavaFoil T1uIULNUeINTA 30 67
Wiethdeyarnuusiug 2 sedu anldlunsadrsaunissiassmaunugnuan Ssanusaiia
AraiuglFfuannissaomannuznannty wialidoyanuuludssdugadios 4
foua usfiisanafiarlannisainisaondsuuvuuuilvuresteyanuusiugszdus
$1uau 30 Feya fignairsenudusiuslagdBnisusvanulurisieflaidugiundnuunied
lefinmermiunestoyanuusiugivesia 2 sy MniumamngaugavesaNnITIIaos
NAuNUg NNANA838 I eugnITILUUATIad s ulase U 1 evinnsihuwue naT
wanzaNgaIneiail 3 wag 4 luvhnsmeaesituglusdauiielSeuiisuesidusiai
ARLAR BUYDIHAAADUBEUMTILSTA WUTNUBIN AN AL AANeLavTl 3 den Cy
nnsnnassglusdauviniy 0044438 HaRIABULYNAY 0.0436 fA1NuAAIALAG B Y
1.8857% A1 C; 9INN1591A8098 119ARNLYINAY 0.7786 KAAIADUWINAY 0.6162 1AIUAAIN
\RoU 20.8579% UNuBIMAWINEANgAVENELaYTl 4 Hd1 C; innsmaasselusdauviiy
0.043231 wafABUWIAY 0.0436 A mAanALAABY 0.8535% A1 C, 3NATYIRABIRlAAN
Winfu 0.9046 nafABUWINAY 0.8509 HAuAAIRAABY 59363% uannanisiuTauliiey
Fannsn9fi 4.3 Fafannsavinlildgusamuemaiivsnzaugaaeliteulvveanisesnuuy

NN 1 dle
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35115 LUNISIENDUN 2

Wnsadunmsiveseui 2 Wunsldnszuiunisduiediaiinfiuwuuraia i
NszUIUMSNUTEANS A MMM IMANINEaNgavennlng IUTEendiunIToRNLUULIY
91NALIUYBENNTS Class-Shape Transformation WEAITUABUNITINIUYBINITITUABUT

2 Faguil 5.1

51  NSOULUIAAYBINISANEUIIUIRY

Start Assigning
J ! -Design variable
Design of Experiment fCondition
- . -Objective
for high-fidelity sample
Gathering data by
Baldwin Lomax model
Constructing surrogate
_
model by Kriging method

Adding multi-sample

Predict y for x. . .
¥ . per iteration

Data Improvement I

By maximizing via GA

No

Convergence

End

o
Y

U 5.1 duneunisaiuanuideneun 2
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52 msmuuasuuseanwuy Reulvuasilaiduinguszesa

52.1 NSNIRUAAILUSBaNWUY
ADUT 2 LDDNLUULNUBINALALTTEUN1S CST Laga1999a8un1sh 2.1
aunsh 2.2198A1 N, wag N, 31A1 0.5 uag 1 snuasu a@unisi 2.3 198 by \uduwdsilalu

N150BNHUULNUDINAA TVIVUA 6 A TIAT b, - bs IAIUANTUTINVBIUNUDINARIUUY

dIUA by - by IAIVANTUTNVBINUBINIARIUAN banITaUIAURIARILUSTILEIUNIS

'
a

DOALUUAIAITIN 5.1 LL@ZEU?INGU’EJ‘UL‘UWGI’N’Q@LLﬁZ‘U‘UE’jWU@Qﬂ?i@@ﬂLLUULLWU@Wﬂ’]ﬁﬁJ\TEU

52

R399 5.1 ANTNALUSLAZURULUAVDINITOBNLUULNUDINA

Fausiildlunmsesnuuy | vauwaluniseanuuy
b, 0.10 - 0.18
b, 0.05 - 0.15
b, 0.05 - 0.15
ba -0.18 - -0.01
bs 0.15 = -0.05
bg -0.18 = -0.02

Lowest Boundary Airfoil
0171 Highest Boundary Airfoil

xlc

JUN 5.2 vaulnlunISeaniuuwnLeINARDUN 2
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522 Reulvdmiuniseenuuuunueinia
poufl 2 sgoanuuuwnLeIANElFanznslvaiianuEinies
{Fe (Sub-sonic Flow) msluatianuzdutau (Turbulence Flow) wazwedlvaiianiugnns
valsignTusdnda (Incompressible Flow) Afftavsfa (Mach Number) o801 0.3 uay 1av
1591ua (Reynolds Number) infiu 1000000
523  Wenduinguszasalun1saaniuunuainig
desmnunuametuduiudnlusUassifvesdn mnazesnuuuainie

1%
[V

g.J/ o Ll ) PN ! % IS aa
gIUAaN %maqmwamiaamw‘uLqummmvaéchi’amumiaamLUUUﬂIugﬂmmm PNUU

'
=

NENLUUWNLDIN A Al duIngUIzasrfieaunIsaeniuueINAEIUETLs 3
U cal v v

luswddelaglifleiduingUszasrao sl dunianudnud i uveanad nsNfeans wane

AN 5.1 WAz 5.2 AUARU (Ariyarit et al., 2017)

Minimize (f1): C4 at C, = 0.5 (5.1)

We  Cy Ao duUse@ntusInnuyaanueIne

s
a a

C, AD FUUSTANTUSINVDIULNUDINA

Minimize (f2): 1/CL2 at aoi = 5 deg (5.2)

s
a a

d' A o
LB C AD AUUITEEANTULTIUNVDILNUDINA

Aol AB YHUTENINNFUADIANTULEUMNULIUBUYBIDINIALIY

~ A v P
aun1sh 5.1 TingUszasAlun1soankuuLNEeINALTAIN1ITaNI8IN ALY
JulATzoen1an lnaTusAeu L aINAINlesaU Nsandulsyansusiiuazsnglieinidmeu

IfUsanfueminiogaiisranvuintsmafanatuasiegeildeaniuuazeaniuy
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NANFUUTEEND WSIUNVBILWUDINIALYINAU 0.5 90AUWUUT LauLsd luatvianu 1000000
(Wickramasinghe U. K., 2010)
aun15i 5.2 TinguszaAlviunueINAtuaINN TN NUE DN ALY

8930 (Landing) tHiasannustenianuduiiusiuuwsagawmiledndn (Induced Drag) huuwdsiiu

n33 Manansadiausslunisaaeinmesulivuzaen Faliiduinguszasriiagaaryy

[
Y

740N (Angle of Incidence) 8¢l 5 BB TIEUAULEUEIINULLINBUYDIBINALTUNTD

(%

fupusonuuufiausfluamiafyu 1000000 (Wickramasinghe U. K., 2010
53 m3sansuudludslunisinudoya

N1509NkUUAIKUTIELEIS LHS 1nlusunsu MATLAB $1u3u 10 fauUs ausiazda
wUsazgndulaedveuiunagil 0 G 1 wazynaA1azdailigniu Mnduazulasdiveuunny

AN 5.1 WAAAIAISIN 5.2
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SrunuduUsillunseanuuuaun 10 §a
fuUaRNUUU by, by, bs, by, bs LAz by
fauus = — = =
AU TDDNLUUAINTU AU TDBNUUUAINSTU
NLUU . N . v .
r FUTUNURINIAAUUY FUTIUNUBINIAAIUES
b, b, b b, bs b
1 0.119027 | 0.072900 | 0.145603 | -0.107513 | -0.097300 | -0.135613
(0.2378) | (0.2290) | (0.9560) (0.4264) (0.5270) (0.0846)
5 0.132389 | 0.091300 | 0.069100 | -0.170419 | -0.105133 | -0.033400
(0.4049) | (0.4130) | (0.1910) (0.0564) (0.4487) (0.6859)
3 0.153999 | 0.143180 | 0.102727 | -0.060700 | -0.118907 | -0.112652
(0.6750) | (0.9318) | (0.5273) (0.7018) (0.3109) (0.2197)
q 0.176717 | 0.122583 | 0.130106 | -0.090500 | -0.057500 | -0.060100
(0.9590) | (0.7258) | (0.8011) (0.5265) (0.9250) (0.5288)
5 0.114950 | 0.085400 | 0.095100 | -0.014000 | -0.072100 | -0.068100
(0.1869) | (0.3540) | (0.4510) (0.9765) (0.7790) (0.4818)
6 0.166938 | 0.130834 | 0.079800 | -0.113542 | -0.080500 | -0.098200
(0.8367) | (0.8083) | (0.2980) (0.3909) (0.6950) (0.3047)
Z 0.100915 | 0.115607 | 0.117947 | -0.069600 | -0.138420 | -0.127071
(0.0114) | (0.6561) | (0.6795) (0.6494) (0.1158) (0.1349)
3 0.129077 | 0.057800 | 0.123836 | -0.035400 | -0.065500 | -0.001290
(0.3635) | (0.0780) | (0.7384) (0.8506) (0.8450) (0.8748)
9 0.142787 | 0.061800 | 0.053100 | -0.129851 | -0.148024 | -0.017300
(0.5348) | (0.1180) | (0.0310) | (0.2950) (0.0198) (0.9841)
10 0.161685 | 0.106808 | 0.084600 | -0.153896 | -0.120535 | -0.017500
(0.7711) | (0.5681) | (0.3460) (0.1536) (0.2947) (0.7794)

] o v o= g ' a  al
LLﬁﬂﬂEUi’]ﬂ“{J@ﬂLLWUQ"IﬂWﬂWQ 10 810 SZNL‘UUE‘UTNLLiﬂLiJJVlSL%SLUﬂ’ﬁEJEJﬂLL‘UULL‘W‘L!EJ’]ﬂ’]Fi

sioly wanssiagud 5.3
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a1 a1

JUN 5.3 UsNunueIN1AvastayanuudugsEA gAY 1

Y U

< 14 1 o o/
5.4 ﬂ’]iLﬂU"U’e]%ﬁﬂ’J’]ilLLQJ‘IJEI’]i%ﬂUQ\‘]

dmsunuideluneud 2 aglifeyauandsdlunisuilywimiseiudeyaveinadng
TiTendn deyamnuudug1seaugs Feasldmsmuiadanamansvesinanigisaiuay
U3u1059111 (Finite Volume Method: FVM) LAUNaR1uN155uA8lUTwN58 ANSYS Fluent
2022 R1
5.4.1  nsasiadeukaznsviideyalinnugneieaesioyaninuuiugnsyiugs
ad s a o v ad 2 °o v @ ad o a o
Fwamansveslnadeinumeltauguuinasiiaduisauinde
av v v ¢ ! o ¥ Y IS o Yas IS v 3
wunlanadnsiuuaUszana vilviseinsnTaaeulazyiliisnisiiaugndedunisiiu

ToyanuwiugszAugs tneasiiunaras NACAO012 9ntusunsa ANSYS Fluent 2022 R1
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Weuiunan1saaeswes Sheldahl Ailavisdlua 1000000 sauviansIaaeunsiludasyveae

dluun (Element independence) Uanasiaguil 5.4, 5.5 uagm15ei 5.3 anuladu

Pl
QU

U

=
N

A 2 a a ¢
A9 5.3 NSLUUDATLUBIDRLUUN

FTUIULDALUUN C Cq %Diff C, %Diff Cy
40000 0.52688 0.01343 0.12923 1.27388
160000 0.52686 0.01334 0.13117 0.60676
360000 0.52719 0.01329 0.06949 0.25513
640000 0.52743 0.01327 0.02385 0.08632
1000000 0.52756 0.01326 0 0

1.4

1.2

0.6

0.4

0.2

o
(0]
T I L ' LI I T I T I L I L I 1

A C _EXpP
—e— C,_CFD
| Il I Il | | I Il | | I | Il Il

10 15 20 25
Angle of Attack (deg)

5.4 wanspuduTusseninaAdulseansussensieyuUsnerama I CFD wasna

NIAae9Uade Sheldahl (Sheldahl, 1981)
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0.4

0.35

0.3

0.25

0.2

0.15

0.1

0.05

\\III\I\III\\I\II\IIIIII\\IIII\\II\\\\II\\

L l |
1 20 25

Angle of Attack (deg)

0O 5 10

JUN 5.5 LansmuduiussynieaduUsEansLssuseyUs neveHam I CFD uazHa

N3NAaR9UY Sheldahl (Sheldahl, 1981)

PNAITNT 5.2 WAASANUFUNUSTENINIUINLDRUTIAUAT C hay Cy 1iD
Wisudwueduindueduuinuniganuitandesidudnnnuwandnsues C wag Cy
laiAiu 2% silvannsaldduiuefiuuilun1sen 5.2 lonaue fedunuideddddinuau
AWUIWINAY 160000

INFUN 5.3 wAnIAMUFUNUSTENINAdUUsEANSUsIensay s neadng
A1 CFD Uaghan15vnasued Sheldahl wudnyiyasne 0 89pn 89 11 9961 Naves CFD
a0 Y a L% = d' I a 1 dll |
felnafeaiunanismeass Inamnueaiaedouldiiu 10% widleyudsvzainnan 11

[ 4 a A = a ] 1 Al
29 WWuAuly C vesman1smaaeuiniAianaailosa1niingn1aen1ss1mauilosainnis
InalinanzlenfAuaINRILNLDINIA Wi C 989 CFD daliudusnoiliosauielseuu 17
991 nouNl CFD azdungfnssunissismauvasainialaiiasaintunisAiuins CFD 989

nuideilldannis Sparlart Almaras Wuauniseyiusdesdmsunisivavesvedlvafianiie

uthudinguuuy uadlenisluaianisuenss @unis Sparlart Allmaras lyanunsaruio
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C lgndas demaliivrsaniizsimau naves CFD Aunanisvaaesiibwiltunazkalingaiu
oslsfinuninfudoyaain CrD deauntstutau Sparlart Almaras Suifissmalugasd
a1 ¢ aglutisannzidunsstsaenndesiunsainailsiduinguszasdanaunisi 5.1 uas
5.2 ANUEAU

9N3UT 5.4 uansruduiussinaAdy sy avisussiusonuUs g ueana
A0 CFD LAgHAN1IMAABIed Sheldahl wudnfiysdzngd 0 oam fa 15 pee Hanns
AN CFD danazuuiliulndiAssiunanisnnass yudsnesening 16 asen fis 20
93A7 AN Cy TBIWANTAUINDIN CFD 3ulAunnsneainnisvnaes wazyuUgnesEning 21

1Y
L3 U

9971 D9 25 8391 A1 Cy JuluulnalAsnuNan1sNAaed [HesINNISYILORUUNITUTAR?

(%
o [y

YouNUINIANUIAY vy Uszana 1.72 Yo a s uiifngudai 1 uunueIn1AeIN1 sadu

(%
a =

ngfnssunsinavesenidlududniald Gedswasion ¢y MiinduandnunesUstmouny
011 Fafulugreuaeneiiaunis Spalart Allmaras aunsnyiuneen Cy dlndiAssiuna
mwmaaaﬁ’lul,ﬁmwasfamﬂﬁueﬁmgmm CFD dsaonndasaonndastunisadailaddu
TngUsvasdaInaunIsi 5.1 uay 5.2 aaiadiy
5.4.2 %l'umaumilﬁu%'agammLLajua"ﬁzﬁ'UQﬂ
38m9vi CFD fivanun 3 Fumeundnaldud duneurounsusvanana (Pre-
processing) Funoun1sAIuIn (Calculation) wazd upoundsn1sUszutana (Post-
processing) ddlunsiazduneufziituneunsndesasnly
5.4.2.1 SupeuriounsUszanana
Sunnfvuarualan fvuadeulureun TIAANNEIVES

s wva v d‘ A o o
ﬂasml,azﬂmammmmmml,ammgﬂw 5.6 LagA1TIN 5.4 fnUaIny
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kL

JUN 5.6 Weulvvauwwn

A15197 5.4 GaulvildlunisAiuia CFD

ausglua/iavdn 1000000 / 0.04331
Aspect Ratio / A2181IAD3A o /1m
AU / QN 1 atm / 15°C
ANAUILUL/AIUNTR 1.225 kg/m? - 1.802x10” kg/ms

W oas19UIAlALILLATFUTVBIUINUDINIAESINAD YIIN1THUS
T lugliduruadnisenin wawud Ingldsuiueduunsiuiu 160000 wiated
wuiilusudeugudnaey (Quadrilateral Structured Element) lnefiuungsvosofiuuyii

v a =

WilRATURIWNLDINMALA y* = 1.72 Uanswiaguil 5.7

Ree
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JUN 5.7 ledurivadlauunagnaiivednue1niea

nsFuIuRaL CFD asfudnuarassiid annizafl nisluadudn
F i wasdunisinasuutudou a:umsmuauﬁhﬂumﬁﬁmamﬁ““aumﬁmm@iaLﬁaq
gunsluuusiulunuaunuueulazss wazaunssaesrudulay Spalart Almaras Tasn
Yaan1sAndlnuaudfmiousinie arusiiadszyduruiauaziiania neeen
fuaduanuduusseanie Avesnuermaduntafilifinisedeud (Stationary wall) 33
wAdNN15U9 Pressure-Velocity Coupling i utbuu Coupled n1suysaunisaruauld
Second order dviuaunsausietiieuas Second order upwind dwsuaunsluwudy
waraunssaeinuiuin auddu fuuasnauRnda (Residual) 7i 107

5.4.3.2 Fumpunsinon

mafutoyamiuuiugszdugslunoud 2 agldaumsnuguitomn
4 gunnsie dunseuseiios aunsluuustluwusnuueuLazss uavaunssansAIY
Judau mnddldaunssrassmuduluiiuty sseznarlunsiuinideuiuduany
saueRuanfuai Cluaz Cd vesunua1niaAns 10 fadaetu nsldaunissiassainy
Jutmdu sparlart Allmaras Faduaunisiissauniadeiilduddgymnsinawuududou
fufissnesoniafiver Cluay Cd 1MNMFIATIEslUUR 5.3 uay 5.4 auddy Faduns

AW CFD HRguAaun1sAIVANMINANNIT 2.33 2.34 2.35 Wag 2.38 Anuldfu
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5.4.3.3 tumpundsnisUszanana
Sovhmsdmnaansnuauidy a1 C uay Cy 3naunsi 2,13 uag
2.14 puddu anduriinisifua C uar C muilsiduingusvasdaunis? 5.1 uag 5.2
ALEIRAY
543  wadguvasnsinudayannuusiugnszaugs
wansmudNTuSTaf LY TRNLULT 6 Muasilafdutnguszasdna 2

AUNNTAINNSTIN 5.5

AN9197 5.5 Haagun1siiudeyanuwiug1seRugavenaui 2

fauuseanuuy (Input) Naaws (Output)
wu v
a
MA |, b, bs b, bs be 7 aoi=5
= 0.5
deg

1 0.1190 | 0.07290 | 0.1456 | 0.1075 | -0.0973 | -0.1356 | 0.012260 | 3.7969

2 0.1323 | 0.0913 | 0.0691 | -0.1704 | -0.1051 | -0.0334 | 0.012344 | 3.7500

3 0.1539 | 0.1431 | 0.1027 | -0.0607 | -0.1189 | -0.1126 | 0.011962 | 3.0628

4 0.1767 | 0.1225 | 0.1301 | -0.0905 | -0.0575 | -0.0601 | 0.011744 | 2.2437

5 0.1149 | 0.0854 | 0.0951 | -0.0140 | -0.0721 | -0.0681 | 0.011294 | 2.8708

6 0.1669 | 0.1308 | 0.0798 | -0.1135 | -0.0805 | -0.0982 | 0.012023 | 3.0383

7 0.1009 | 0.1156 | 0.1179 | -0.0696 | -0.1384 | -0.1270 | 0.011816 | 3.9509

8 0.1290 | 0.0578 | 0.1238 | -0.0354 | -0.0655 | -0.0012 | 0.011166 | 2.2552

9 0.1427 | 0.0618 | 0.0531 | -0.1298 | -0.1480 | -0.0173 | 0.011993 | 3.5346

10 0.1616 | 0.1068 | 0.0846 | -0.1538 | -0.1205 | -0.0175 | 0.012131 | 2.7796
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55  NMSE3NENNITUUUIIaBmALIULaTN1TUSuUTItaya
5.5.1  n13a519aUNSUUUIIABIAUNY

nsas1anUUIasmaLny (Surrogate model) avtluasauazmanuduius
Hefdunandnm1ans senIneianusay (Input) kagAauusaniu (Output) veItayanINy
wiud1seiusziugs dduniddenoui 2 [deyanuusiuduiissseiuiion msaieiladdu
PALn1ST 5.1 wag 5.2 vesteyamiuusiudiszdugainldlagliitainisnnduysiuuay
FuUsnursnIT9d 5.5 3uaann1smannIsianue u(x) ¥9sa3nAsanann1si 2.52
mﬂﬁ?uﬁwms‘mmqqqﬂé’aamiﬂismmmLLUU Likelihood A1 6 91naxn1si 2.54 uas
wnuanluaunisi 2.58 Lﬁlaﬁ’]ﬂ"lﬁl’mL‘ﬁlENL‘UHLQ‘WW%Q@ £(x) v03aun1s aglaaunns

WUUTIRBINALNUAL8ITATAAIIINNITUNUAT 1(X) kay e(X) asluluaun1si 2.50 agla

2 [l
a a (% )

flafduinguszasdvosannsi 5.1 wag 5.2 fMe3BA3nne faun1si 5.3 uae 5.4 muddy
Cs() = () +r"R7(F, -1u—F,)) (5.3)

44' & ° ‘:1'
do  Cy(X) Ao aun13INaeImnaARILgNAaNvesaun1sn 5.1

b1 X ﬁ@ ﬂlﬁghLL‘UﬁaaﬂLLUULLWU@Wﬂ’]ﬂGﬂNWﬁ’N‘ﬁI 5.1
1/C2(xX) = u(X) +r"R™(F, —1u—F,) (5.0)

e  1/CH(X) Ao aun153NaRImALIUgNNANYBIaNn1sH 5.2

a Y A
SY3H1 X A9 ANLUTDDALUULNUDINIANIUAITINN 3.1
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5.5.2 nsuiudgedaya

=2 1

n15UsUUseveya nU188e N1INIAEIEAYRIA1UTUUTIANUAIANTS

[

(Expected Improvement: El) vindlflsfduingussasauinnii 1 deanduagldds n1sm
A1gaanvedn1UsuUgeadtuatandewuulalesiea’y (Expected Hypervolume
improvement: EHVD) Tnsenddeiidfesdulumsosnuuu 2 feidu Sdden EHVI Gaazld
TNIMIANINEANgARUUITFUENTTY (Genetic Algorithm: GA) lagivualviduseyins
S (Population) WU 50 wagiifuresUszans (Generation) iy 50 35714 lun1s
fadenaeiusvesUszinsfie madaienuuundadu (Tounament Selection) a1ntiush

a o

n1sagualewug (Crossover) lngae35 Blend Crossover Operator (BLX) 4803101586U

a1euseg N 0.9 uavvin1snateus (Mutation) tieUasiun1siAing1veINaR N UYDY

3
Uszrnsguneuntin Tnefisnsinisnatewugedd 0.1 1l oA urnmnarinauAsy 50
Usens wafneuazgnifivluguuuuresiuresUssyng dutuauidedasiseumadiuon
Yo9iBideiugnIsuuuunsdadtuliiaseudtiamun 2500 A elduadmeusanuasu
uwug MAvsnelawd 11 aztheduusiuildlunsoonuuuluumudluaunisdasmauny
dielfaunissaomaunuyiuneafudsniui 11 nsusrduneunisiueafuls
puanduUssuitldanmsmAngaugaresaNnTTae AL AT une U ALY

[y

3389105UN 5.1 TU 1 $8UNISAIUIN NMUUALALANAAINBUVDIAILUSAUNINUA 4 T1UIU

Y

o w

nduthduusduis 4 Sruudlunuamuilsiduingussasdaunisi 5.1 waz 5.2 s
TUsN5 ANSYS Fluent kagyinnIsANUIMNMIENNISI1a0INa LN UL ALAUTUNDURITD 5.5.2
N1TIUTITUADUIUHAAINBUVBINTMANMIAUFALATU 20 I1UIU FIULNUDINA

PIIUUA 30 AILALLNYURNABNUDINIATIUIU 8 AINUANNITTIADINALNY WAAIANNTT EHVI

voslanduingUszasAnuaun1si 5.1 uag 5.2 Aeaunisn 5.5

EHVI| C,(x),1/C (%) | :Cf jlj; HVI[ C,,1/C} | X 4(C,)dC,4,(1/C7)d1/C}  (5.5)

—0

d' & ° c{'
do  Cy(X) Ao aunN1sianImaRIugNNaNTaIaNnIsi 5.1

waz  1/CE(X) e auNISTaemALNUgNHANYDIANNITH 5.2
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NANTISANLLUNISIVYRAZDNUS1ONANDUN 2

6.1  WanN1SALIUNITIY

wansAiunsideneudl 2 afrsaunsinaemaunumedeyamuusiug o
Wedlaedeyaninuuiug1seauaddauiainlusunsy ANSYS Fluent 2022 R1 1935184
fugnssuiemAgsaavesiUSuTInnumanTauleofeguues 2 fleituinguszasd
dmFuniseanuuULNUeINAIINANNT CST Mausdluavitiu 1000000 uaninaveunth

Wslagtagui 6.1

4.5
B ] Initial Sampling Point
- A Additional Sampling Point
| [ ] Design Point (Pareto Front) A
4+
o> |
3 "-
D
n35pF u
5 i
3] B
H —
Nm— 3 = . N
o : A
— =
N. | a A
E 25
o — .‘.
k= [ A n
s | e N
21 O o A
~ Ak
/Dptimum Direction
1 I ]
(?011 0.0115 0.012 0.0125 0.013
Minimize C atC, = 0.5

JUN 6.1 naveunmihwslavesnuidunaun 2
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WandA1 Cq 91 C = 0.5 wagAn 1/C2 9 aoi = 5 99A1 UDILNUBINIFADDALUULS AU

14U 10 67 WaghNUDINIANQNH LA 1N ULANTIUIY 20 A1 A93UN 6.2 uag 6.3

ANUAIAU
0.014 —
i Initial Additional Sampling Point
i Sampling \ Y
0.0135 |- Point
I ]
0.013 ’
Te) ‘! |
o ? i
= 00125 i
O o® |
et ’. | e
© 0012 o © @& ’ ?
- ¥ | | :
o o /| % /| Pl
0.0115 - f .‘I'- .I III| ... . | | I! ":..
® | | ..-_ ! ,. .I
0.011 1
Optimum point
[ IR - L. I I -
0.0105 3 10 15 20 25 30
No. Sampling Point

Ul 6.2 /1 Cy 71 C = 0.5 YasumueINel 30 61
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5
= Initial
Sampling Additional Sampling Point
45~ . }
1 Point , Y
' ®
4 - ° .
_._ |
& *
T 35 |
o |
Il |
S 3 ® 9
% K g
G 251 o® o
O “ i .
® . ® [ ] /
; oe (2
- £
15 Optimum point
'1 I | I | I I . I I
No. Sampling Point

JUN 6.3 A 1/C2 91 aoi = 5 99A1 VOIUNUBINA 30 F2

wansAR s lglun1seanuwuy (by, by, bs, by, bs, bg) WnueINFvEIENAS CST

WarAIRLUIAINYBY Cy N C = 0.5 wag 1/C2 71 aoi = 5 99A1 VDILNUDINIATIUIUTIINUA

30 fi7 AR5 6.1

AITNT 6.1 ANAILUTODNLUULAZAITILUIAILVDIULNUDINA 20 61
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LAAIAINNNSINANT MUY (Parallel Coordinate Plot: PCP) Ua9Anudunus 58 1IN

muUsganiuuvzaNgauazilandul ing UssaeAnagui 6.4

9

—(=)
| r ~)
0.18 N "
-0.0113 215
0.178 - _
0.176 — 001128 Lo
0.174 001126
i - 2.05
0.172 L 00112
0.17
-0, Lo
0.168 —
= 0.014¢
0.166 — - 1.95
0.164 - O.gpL1E
0.162 - FAP1L16 L9
0.16 L
0.12 ' > LA AN | g5
0-158 7 e 0.01112
0.156 O,Ilﬁﬁ T 20.06 ‘I'- -00Z i ~13
bl b2 b3 b4 b5 b6 cd Cl

JUN 6.4 N5l PCP vashuUsimneaygauazilanduningUseashnoun 2

q

WARIFUI LN UM ANIINZANGA DY USRI UNTIIMLSIATIWIN 5 i1 AagUT 6.5
waRgUIL UM ATIzaNgAYeIng 2 MenduingUszasAiisuiugusiawnueinianld

TUNMTERNUUUITUAUMINERYN 1 Wag MENELavil 4 Aa3Ul 6.6 Uay 6.7 MUa1AU

— — — — Selected Airfoil Design (No.23)
e — - — - Selected Airfoil Design (No.18)
Selected Airfoil Design (No.26)

————— Selected Airfoil Design (No.15)
~=-—- Selected Airfoil Design (No.16)

=b

Ui 6.5 gUTaunueInalinzauand g 5 61

&aN
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Selected Airfoil Design (No.26)
006 - = = — Initial Airfoil Design (No.1)
0.04 + R
o 0021/7
= 0 . ] . ] . ] . ] . ‘ ]
i 0.2 0.4 0.6 0.8 — - 1
-0.02--\\\ ’_,_f"
004+ e L -
x/c
006L
PN ' PN 1Y) a v a
E‘U’Vl 6.6 E“LJ’i’]\‘iLL‘WL!E]’]ﬂ']FiLM&J'WE?{M@@L‘VIEJUﬂULLWUEﬂﬂ’]ﬁ@@ﬂLLUULiM@U‘MNWULmWI 1

Selected Airfoil Design (No.26)
0064+ o ____ — — — — Initial Airfoil Design (No.4)
0.04 g —— -

0.024 ==
G
;i 0 L I 1 1 | SR 1 I | L —

) 0.2 0.4 0.6 —08=——=—~ " 1
0024 T~~~ oo - —----777
-0.04 1
x/c
-0.06 +
‘:1' ] a Y} a v PN
E‘U‘Vl 6.7 EU‘J’NLLWU@Wﬂ’]ﬂLMN’]%ﬁN?j‘WL‘I/IEJ‘Uﬂ‘ULLW‘LlEJ'm'WﬁEJ@ﬂLL'U‘ULillﬁm‘lﬁll']ma“ﬂ‘l/l 4

WEARIANAILUTD DAL UUA S UL LB INANUIAURY Cy 91 C = 0.5 way 1/C2 91 aoi =

5 99A7 MUY 8 AINUNUWUSUMBUAIULLUEIVDIFUNITINADINANUAINITIN 6.2 WY

wananan swWIsuiisue nulaain CFD AuAviuIgInaunIsinaemawnudgun 6.8

LAY 6.9 MUAIAU
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sauils Auuseanuuu (Input)
BanNLuUU b, b, b, ba bs b
1 0.16535 | 0.06161 | 0.12457 | -0.03566 | -0.05722 | -0.12069
2 0.16545 | 0.06216 | 0.12453 | -0.03578 | -0.11144 | -0.12087
3 0.16562 | 0.06258 | 0.12444 | -0.03800 | -0.13322 | -0.12030
4 0.16573 | 0.06510 | 0.12458 | -0.03300 | -0.13907 | -0.11938
5 0.16550 | 0.06183 | 0.12457 | -0.15370 | -0.06828 | -0.12092
6 0.16560 | 0.06228 | 0.12306 | -0.13971 | -0.06832 | -0.12125
7 0.16540 | 0.05877 | 0.11471 | -0.01584 | -0.06804 | -0.11730
8 0.18000 | 0.09070 | 0.06826 | -0.06456 | -0.11809 | -0.02001
0.0122 - B Cd at CI =0.5
0.012
° 2
2 R =0.9847
2
°
® 00118}
o !
0.0116 |-
| I | | | | | | | { 1 E |
0'01(].%1 14 0.0116 0.0118 0.012 0.0122
CFD

JUN 6.8 HatUSeuieua Cy 91 C = 0.5 U84 CFD kazauNISIaeImnaLny
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34} ® 1/C? at aoi = 5 deg

32

R’ = 0.9805

Predicted

2.8

2.6

! | | [ | | -
2.6 2.8 3 3.2 3.4

CFD

SUN 6.9 nalUTeumeuan 1/C2 91 aoi = 5 831 Y83 CFD WAZaUN1IINARINALNY

6.2 n1TBAUsIENE
mﬂgﬂﬁ 6.1 WapsuountmsTavean Cy 7 C = 0.5 way 1/C2 7 aol = 5 096 V89

FIUIULNUDINIATIUIUNINUA 30 7 1ALASDINUIBFND IUEALAAILNUBLNUDINAT LY b

ANSPINBUULUAUTIUIL 10 $7 AT BINUIYANULVA HUE WAILAAILNULNUBINAN O NEL

Y 9

1%

F9UIUNILANTINIU 20 F LAZLATOINUNIENNANFUNTULAAIUULNUBIN ANV UNTIIN

Sladwau 5 @ Fegnidenbiduwnueimeanmunzangauazaiuisathuldlunisesnwuu

a

Tugussldla WU’jﬁmiﬂizmaéhsuaaLqumﬂmﬁQﬂfjmﬁaaéNLﬁmﬁmﬁﬁﬁmm’hmmma

1 Y 1

VBINIMANMUTANFA Ta9rTUnuoINANGNFUFI0E 1 NFNTNIY 4 67 Wirdudignay

q

1 PPN 1 a v o & v P & A Y .
@EQJJIUWUW‘U@QﬂWﬂ’ﬁ@@ﬂLL‘U‘ULilIG]u mmﬂmwsﬂwaﬂmimmwuwmlmum (Uncertamty

Area) ¥8IN15MIAEeEAYeY EHVI viliaunsaniaznsyaeanuvainvatgvestoyavaizog
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lunszurunsmanvinzaugals GsdieliaunisinaemawnuignasenninueIne

U

Mgngudegaiiuislritulinnuuliugungdu

mﬂgﬂﬁ 6.2 WanIA1 Cy 9 C = 0.5 VBINUDINATNTIUNTODNRUULINAUT LI 10

i unuemAfignguiegaiisingiuau 20 d1 auienuaa 30 #2 wude ¢ 7 C =
0.5 fiMsgivesimauwNLINMATIgNANTIRE I NAANVINEIaUN 17 18 Wag 19 Aua1dy
mﬂﬁu?jaﬁmLﬁm%mﬁaqmﬂﬂizmumiﬂ%'w?q%’a;ﬂaG’Taamsmzmaﬁhmwwmﬂwmmaa

Yoyarfiofiuauusiudivesaunisinasmaunu uagnua1 Cy#l G = 0.5 Aiddigndiumy

9

(Y 1 a a d‘ g.J/ ! I v qJ ~ [
9INAYNEFUAIBYIUNULANAUULAUN 23 31nUUAT EHVI Nﬂ’]iﬂig’ﬂ’]ﬂ@n@ﬂﬂiﬂLW’P]‘UTUUEQ

q

AUULAUUE1VBIEUNNTINARINAUNY
o : P o S v
INFUN 6.3 A1 1/C2 7 aoi = 5 a9 vaawnuaNanldluniseanuuuisuAud LI
10 /7 UWW@INANYNENFAIDE 1 UANANTIUIY 20 A7 SIUVTINUART 30 §3 wuden 1/C2 7
aol = 5 83A1 4n139101v9ARBUATLALNURINATI N UFIBE 1 U TAANMINELAUT 13
5 = Aa 2 d‘ A ° = PN ] U 1 a a
PNUUIINUUNURINANLIAT 1/C7 91 a0l = 5 891 MIgANLNUaINANYNENFIDE 1AL
wNglaYl 16 viasannunueINAfigndudiegiafisifumineiai 20 A1 EHVI in1snseany
fvesdayaliialiiuauvainnalgresteya Mlnaunisinaemaunuiainuuaiugunn
gaqu
N o Pt | a
NN 6.1 AzhanIAIILUseanLUUNLYluaun1s CST wasnavesr Cy 91 C =
0.5 uag 1/C% 91 aoi = 5 a3 MAUTeyaaNlusunsy ANSYS Fluent 2022 R1 Fulur1ves
= 1w 1 - a o Y < ! Yo
WnueINANgNAuAIRE I AsANTILIU 20 67 Tngn1siAuARan CFD aeldduuunuenie

o

VgNguieguiisil 4 ¢ fie 1 59U nuwnueInanvinbien Cy v C = 0.5 dAtoenianae

=

MgavN 23 dAviiu 0.01111 wnwenanvinlvien 1/C2 91 aoi = 5 a4en eeianae
M@ 16 dawwindu 1.8083 Fawvasduen C winfu 0.71
913U 6.5 uansunuIMAisisUamnzaNandseguTnaounthmsTaduy

TR 5 6 §emns19n 6.3
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A5 6.3 MULUTRNKUUTLINEALEAYBINEUN 2

Sauls ALUTDINUUUNMANZHLER

F9NLLUU b1 b2 b3 b4 b5 b6

23 0.15852 | 0.05643 | 0.13751 | -0.02878 | -0.05980 | -0.02000

18 0.15615 | 0.09444 | 0.13460 | -0.03252 | -0.05000 | -0.02001
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GD']ﬂEU‘VI N1.5 N.6 WAz N.7 AMUAINU dUNTORAALUUANNITENDATUIUN L IIUNLASY

LIIANENRYIDTIINNITIAAILTIIININAAYAS LU LUAANLAAIAIANNIT N.1 N.2 Wag 1.3

ANUAIAU

WD

el

bbele

k)

e

D, = 0.8931(D,,.,) —0.5975 (n.1)

actual

D, B wsasuasenazlalunisaiiwiam Cy

Dyng A8 W3ssnuninlannluanwadvosglieday

=1.1338(L +0.3351 (n.2)

Lfore,act fore,wind )

Liorenct A8 WsdBnasaniagldlunisauinm ¢

& Ao vy 13 ¢
Liorewing A1 W3eniinlaninlvaaisadveglusda

Laft,act 7 2'163(Laft,vvind) —1.3968 (n.3)

Lagace A8 Useenasanagldlunmsammm ¢

Lot wing A8 Wseniialaainlvaniwadvesglusiay
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AuavTfvesornaitlFlunuddeldd aumuiuiuresena (Density of Air) Aamin
NAaTMIVDI01N1A (Dynamic Viscosity) LAZAUNLAIUAAIANTVDI8INA (Kinematic
Viscosity) 1 a213s uU810# (1 atm) LLazmmqﬁw‘i’uﬁyuﬁu LAAIANUFUNUT VoY
AuanTAveseIMArogumgiilutig 0 ssriwaiBea 81 50 earmiwalTua faguil 2.1 9.2 uaz

2.3 11ua9u (Cengel Y. A. et al, 2011)
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1.25
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1.8

1.7

1.6

15

Kinematic Viscosity x10”° (m?%s)

1.4

Temperature ('C)

JUN 9.3 anuduiussenineamiiuazanuvitdnauamans

LLamamﬁﬁﬁmmmwwmLm,imaqmmﬂ ANUNLANATATUDIDINA LagANUnila

WAMANTVRIDNARYAMIAEUNIST N.4 1.5 Uag N.6 MUY

P =1.319x10"(T)” —4.654x10 " (T) +1.292 (n.4)

Wo P A9 ANUKILUUYEIINIA

wag T Ao gauunniivesene

WL=—4.242x10"""(T)* +4.887x10 " (T)+1.7294x10”" (n.5)

P & P 1Y
LB p AR ATTUNAUANGINT

waz T fe 9auuniiveseIna

V =9.996x10"1(T)? +8.689x10°(T) +1.3385x10° (n.6)
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5 = i 3 £ 1 o LY ° a
A.1 wamsm’maa‘uLmamamsﬂumimwagammLLmumismummawaw 1

JavaFoil version 1.8.0 291 Taaidunisasiaaeuan C uay Cy sewinslusunsy JavaFoil

version 1.8.0 291 waznan15naaoduad Sheldahl Inglgiavisdluavindu 360000 wasnu

91N1AYHEA NACA0012 uanem C kay Cy sioyuiengdl 0 83m1 3 25 83A1 AIn13199 A.1

M15°9% A.1 A1 C way Cy siayuUenzvastayaninuuwiugseiuinoui 1

JavaFoil 1.8.0_291 >> NACA0012 - Re = 360000
Experiment JavaFoil Slope %Diff
AcA G, Gy, Ciavaroit | Cujavaroit VS | Co javaroi
Clexp Capp Coaat | vs Curar Cip Vs Cypp
JavaFoil JavaFoil
0 0 0.0079 0.119 0.0086 0 0 0 5.0633
1 0.11 0.008 0.239 0.0092 0.1097 8.5150 8.1818 7.0000
2 0.22 0.0084 0.359 0.0099 | 0.2193 | 8.9709 8.6364 9.6429
3 0.33 0.0089 0.478 0.0098 0.329 9.1229 8.7879 11.1236
a4 0.44 0.0098 0.593 0.0106 | 0.4386 | 89709 8.6364 0.2041
5 0.55 0.0113 0.707 0.011 0.5483 8.1502 7.8182 6.4602
6 0.66 0.0125 0.814 0.0139 0.658 7.4511 7.1212 12.2400
7 0.77 0.0135 0.916 0.0154 0.7676 6.0399 57143 3.2593
8 0.8542 | 0.0153 0.992 0.0175 | 0.8773 | 4.4115 7.2348 0.4575
9 0.9352 0.0167 1.034 0.0207 0.987 0.5106 6.0736 4.7904
10 0.9811 0.0184 0.927 0.0342 1.0966 | 5.7105 5.3919 12.3913
11 0.9132 0.0204 0.814 0.0626 1.2063 | 23.1525 15112 67.5980
12 0.4832 | 0.0217 0.865 0.0711 1.3159 | 38.1434 | 68.4603 188.3410
13 0.2759 0.0222 091 0.0786 1.4256 | 39.3242 | 213.5194 220.3604
14 0.2893 0.106 0.946 0.0862 1.5353 | 40.7271 | 214.5524 25.8396
15 0.3306 0.19 0.945 0.0997 1.6449 | 42.4901 186.1464 54.6158
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JavaFoil 1.8.0_291 >> NACA0012 - Re = 360000
Experiment JavaFoil Slope %Diff

hof Cioo | Capp | Cumerot | Camarat | TAT (V:;TAT‘ Vcs‘cl; S:’ cd;
16 0 0.0079 | 097 0.0953 0 44.7166 | 155.8017 | 54.6143
17 | 011 | 0008 | 0.986 0.1043 | 0.1097 | 47.1103 | 121.3244 | 54.8746
18 | 022 | 00084 | 0.99 0.1158 | 0.2193 | 49.8460 | 96.1561 | 54.0516
19 | 033 | 00089 | 0.988 0.1259 | 0329 | 525817 | 76.7126 | 54.0657
20 | 044 | 0.0098 | 0976 0.141 0.4386 | 554997 | 59.4771 | 52.5152
21 055 | 00113 | 0958 0.1536 | 0.5483 | 58.4004 | 44.2120 | 52.0156
22 | 066 | 00125 | 0.933 0.1728 | 0.658 | 61.3275 | 29.9624 | 49.7674
23 | 077 | 00135 | 0.904 0.1934 | 0.7676 | 64.1587 | 17.1743 | 47.5989
24 | 08542 | 0.0153 | 0.873 0.2126 | 0.8773 | 66.8300 | 5.8695 | 46.0508
25 | 09352 | 0.0167 | 0.839 0.2321 0987 | 693969 | 4.4419 | 44.7405

A.2 Han1snsideunsesilenldlunisiiuteyanuuiudnseivgiveneui 1

isesdloveamsinudegannuuwiugnsyAuawaneauil 1 Aeglusdaugu

PRINT TE54/8418 Tnendunisnsivdeunl C was Cy 5513n9gluadauyy PRINT TE54/8418

LAZNANIINAABIUBY Sheldahl Iaeldavise luatviny 160000 ¥8IkWUBIN1AYTA

NACA0012 uansen C, uaz Cy foyuened 0 83/ 9 25 997 AINIT1NN A.2

‘NI 1 1 vV 1 o U d‘
$13719 A.2 A1 Cp ey Cy maagmﬂwz%wa;ﬂammLL@Jumimuqnmum 1

Wind Tunnel TE54/8418 >> NACA0012 - Re = 160000
Reference TE54/8418 %Diff
AoA Cisur Vs Ca,sut VS
Cl,Ref Cd,Ref Cl,SUT Cd,SUT

Cirer Carer

0 0 0.0103 0 0.008347 0 18.9658
1 0.11 0.0104 0.1358 0.011427 23.4512 9.8754
2 0.22 0.0108 0.2586 0.009312 17.5369 13.7788
3 0.33 0.0114 0.3583 0.004523 8.5870 60.3259
a4 0.44 0.0124 0.4506 0.008417 2.4053 32.1195




128

d‘ 1 1 v 1 o U d‘ U
1919 A.2 A1 C way Cy G]E)i;I%JTJZVIBGU@Q‘UBEJUaﬂ’J’mLL%JUEJ’]iSG]UEﬁW]@u‘Vl 1 (n9)

Wind Tunnel TE54/8418 >> NACA0012 - Re = 160000
Reference TE54/8418 %Diff
AoA
C Ref Caref | Cysur Cq, sut Cy sut Vs Curer | Cq, sut VS Cy, Rer
5 0.55 0.014 | 0.5316 | 0.009803 3.3388 29.9814
6 0.66 | 0.0152 | 0.6123 | 0.017156 7.2319 12.8693
7 0.746 | 0.017 | 0.6764 | 0.027539 9.3334 61.9937
8 0.8274 | 0.0185 | 0.7428 | 0.035555 10.2223 92.1874
9 0.8527 | 0.0203 | 0.8257 | 0.047480 3.1710 133.8912
10 | 0.1325 | 0.0188 | 0.8778 | 0.058934 562.4819 213.4803
11 | 0.1095 | 0.076 | 0.9415 | 0.079826 759.8235 5.0338
12 | 0.1533 | 0.134 | 0.9475 | 0.109478 518.0683 18.2998
13 0.203 | 0.152 | 0.8922 | 0.178426 339.5320 17.3856
14 | 0.2546 | 0.171 | 0.9034 | 0.208372 254.8139 21.8550
15 103082 | 0.19 | 0.9108 | 0.229676 195.5239 20.8820
16 0.362 0.21 0.8961 | 0.251285 147.5325 19.6595
17 0.42 0.231 | 0.8554 | 0.263084 103.6734 13.8891
18 | 0.4768 | 0.252 | 0.8526 | 0.279041 78.8088 10.7307
19 | 05322 | 0.274 | 0.7781 | 0.284883 46.2065 3.9720
20 0.587 | 0.297 | 0.7723 | 0.301372 31.5700 1.4720
21 | 0.6414 | 0.32 | 0.7773 | 0.321910 21.1824 0.5970
22 | 0.6956 | 0.344 | 0.7760 | 0.338867 11.5624 1.4922
23 | 0.7497 | 0.369 | 0.7792 | 0.358900 3.9391 2.7371
24 1 0.8034 | 0.394 | 0.7937 | 0.378550 1.2134 39214
25 108572 | 0.42 | 0.8020 | 0.401450 6.4393 4.4166
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A.3 nansasIaaeuintesdlefiltlunaiutoyamiuusiugrsziugsesmeud 2
i3 eaflevesmsiiudeyannuusiudissiugevesnoud 2 Aelusunsy ANSYS
Fluent 2022 R1 Tnedunisnsiaaaunn C wag Cy 5emInalusunsd ANSYS Fluent 2022 R1
LAaENANIINARDIYEY Sheldahl lagldiavisgluatvindu 1000000 voIkNUBINIAYHLA
NACA0012 uamarn C, uag Cy sioailyngil 0 a9 84 25 o9 Fan319il A3

M1519% A.3 A1 C, wag Cy AayuUenevastoyanuiug1seiugwmaui 2

ANSYS Fluent 2022 R1 >> NACA0012 - Re = 1000000
Experiment Numerical CFD %Diff
AOCA
Coep | Cd exp C, cro Cq, cro Cicro VS Cuexp | Co, crp VS Cy, exp
0 0 0.0065 | 0.000438 | 0.011140 0.0438 71.3786
1 0.11 0.0066 | 0.106050 | 0.011217 3.5907 69.9568
2 0.22 0.0068 | 0.212347 | 0.011445 3.4788 68.3092
3 0.33 | 0.0071 |0.318245 | 0.011826 3.5622 66.5672
a4 0.44 0.0078 | 0.423550 | 0.012365 3.7387 58.5275
5 0.55 0.0091 | 0.527949 | 0.013078 4.0092 43,7181
6 0.66 0.0101 | 0.631290 | 0.013950 4.3500 38.1158
7 0.77 0.011 0.733077 | 0.015021 4.7952 36.5575
8 0.88 | 0.0119 | 0.833015| 0.016301 5.3392 36.9833
9 109661 | 0.0134 | 0.930628 | 0.017812 3.6717 32.9270
10 | 1.0512| 0.0147 | 1.025309 | 0.019599 2.4630 33.3260
11 ]1.1097 | 0.0162 | 1.116367 | 0.021706 0.6008 33.9876
12 | 1.1212| 0.018 1.202937 | 0.024207 7.2901 34.4846
13 | 1.0487 0.02 1.283718 | 0.027222 22.4104 36.1087
14 10.8846 | 0.0222 | 1.356686 | 0.030967 53.3671 39.4905
15 10.7108 | 0.0245 | 1.418144 | 0.035861 99.5138 46.3710
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ANSYS Fluent 2022 R1 >> NACAO0012 - Re = 1000000

Experiment Numerical CFD %Diff
AoA
Ciexp | Co exp C, cro Cq, crp Cicro Vs Cuexp | Ca, crp VS Cy, exp
16 0.606 | 0.128 | 1.459659 | 0.042889 140.8678 66.4928
17 105906 | 0.231 | 1.456930 | 0.055250 146.6864 76.0821
18 0.603 | 0.252 | 1.278977 | 0.095279 112.1023 62.1910
19 10.6334 | 0.274 | 0.882664 | 0.205808 39.3534 24.8877
20 | 0.6716 | 0.297 | 0.790530 | 0.260570 17.7085 12.2661
21 0.7162 | 0.32 | 0.773100 | 0.306070 7.9447 4.3531
22 | 0.7613 | 0.3d4 | 0.771090 | 0.328620 1.2860 4.4709
23 1 0.8097 | 0.369 | 0.786370 | 0.354810 2.8813 3.8455
24 1 0.8589 | 0.394 | 0.800020 | 0.381150 6.8553 3.2614
25 0.9093 | 0.42 | 0.813940 | 0.406990 10.4872 3.0976
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Uil 1 Mfoyannuuiugsyavandunsiiuna C wag Cg maumummﬂﬁgﬂqm
ME35 LHS 311U 4 61 funsnnaesmuglusday Favhnsiiuan C uaz Cy é‘juwizguﬂgm
0 @14 8 03rn FaruanaselUTiudadsvesnisaassiun 3 At MaumsuUasALSS
ANUAUNAINT Blockage effect Wall interference wagilasAnuauURvonLeINIA 3
3 10w 2 98 uda waneAn C uay Cy YDIWNUDINIANS 4 FAFem15197 9.1 9.2 43 uay 9.4
AUAIAY

a3197t 9.1 A C ez Cy AayUUENEYDIULNUDINA

DONLUUSUAUNLBLATN 1

No.1 NACA 1313
AoA C Cq
0 0.1083 0.02751
1 0.18248 0.03007
2 0.27239 0.03515
3 0.36417 0.04051
a4 0.46466 0.04405
5 0.56435 0.0503
6 0.66789 0.05956
7 0.74784 0.06904
8 0.83761 0.07949

M131991 9.2 A1 C ez Cy AayUUEnEUBILNURINIA

DONLUUBUAUNLIBLATN 2

No.2 NACA 0218

AcA & C
0 0.02024 0.02468
1 0.08098 0.02923
2 0.15765 0.0318
3 0.24349 0.03691
q 0.33162 0.04237
5 0.42668 0.04612
6 0.50365 0.05216
7 0.60198 0.05915
8 0.65939 0.06333




M1597 4.3 A1 C wag Cy AayuUsgvaIunueInie

DONLUUBUAUNLNELAUN 3

No.3 NACA 4427

AoA C cd

0 0.19658 0.04541
1 0.30785 0.05137
2 0.42121 0.05591
3 0.50883 0.06916
4 0.63315 0.082

5 0.73308 0.09044
6 0.83201 0.10392
7 0.91693 0.11521
8 1.03266 0.13351

A1999 9.4 AN C g Cy Giazguﬂzmzsuamwummﬁ

DONUUUISUAUNLNELAUN 4

No.4 NACA 3120

AoA C Cq
0 0.13349 0.03121
! 0.24889 0.03433
2 0.33164 0.03974
3 0.41844 0.04556
4 0.51147 0.04976
5 0.60366 0.05665
6 0.68975 0.06611
7 0.81765 0.07789
8 0.90677 0.08926
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& i i ' =
UBNINU eaniA Cl ey Cd GZJENLL‘W‘HE)’]ﬂ’]ﬁ‘V]LM&J’]%ﬁM?j@W@@JNU%W% NUYLAUN 3

= Y = o w
WaE BUIELAUN 4 AR5 4.5 LAY 9.6 AnUaInu

M1599 4.5 A1 C Wag Cy AoyuUsNevaIunuaIna

L‘VI&J’]B&&IE’!@%N’WL@%% 3

No.3 NACA 3210
AoA C Cq
0 0.20044 0.02665
1 0.33599 0.03112
2 0.44819 0.04109
3 0.53484 0.04835
4 0.65419 0.06111
5 0.74411 0.07108
6 0.98456 0.09535
7 1.04461 0.11397
8 1.04359 0.14638

A9 9.6 A1 C e Cy Gi@ﬂguﬂwzmmuwummﬁ

LM&J’]%G&JQ@V@JW‘&JLWUﬁ a

No.4 NACA 4410

AoA Ci Cq
0 0.47555 0.03194
1 0.60264 0.07212
2 0.72562 0.07596
3 0.78834 0.07864
4 0.91630 0.09273
5 0.95911 0.10973
6 0.99680 0.12631
7 1.01657 0.14011
8 1.03243 0.12757
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MBUT 2 YIINITES19ANNITINA0IMALNUA LT DY AVBILNUDINIABBNULUULT AU

o

duau 10 6 Mntuihnsiiuegdeyadn 20 63 3audu 30 i1 thaunsiiaemawny

a v

fagsldufisuauuugrfudoyaunueiniasiuan 8 @ Adnsdutulnideds LHs
FagUsravdenn b, MldlunisaiiegussunueInaruaunng CST wansfannsnad 6.2 uas
915U 6.8 uaz 6.9 uanar1ue Cy 7 C = 0.5 uay 1/C2 11 aol = 5 8eAn fuaun1sinaes
AUNL 91397 1.1

M1519% 2.1 A1 Cq wag C 310 CFD way AUNITINADINALNY

Objective
CFD Predicted %Diff
No-. . . 1/C2 at
CqatC | 1/C{ ataoi | CyatC | 1/CT ataoi | Cgat C = i 5
=0.5 = 5 deg =0.5 = 5 deg 0.5
deg
1 0.01158 2.9614 0.01158 2.9185 0.0110 1.4482
2 0.01183 3.2962 0.01184 3.2236 0.0553 2.2010
3 0.01195 3.4434 0.01199 3.4134 0.3386 0.8711
q 0.01196 3.4434 0.01196 3.4057 0.0051 1.0944
5 0.01226 3.4990 0.01221 3.4724 0.4157 0.7598
6 0.01219 3.4395 0.01212 3.4116 0.5438 0.8128
7 0.01144 3.0330 0.01146 3.0200 0.1234 0.4298
8 0.01161 2i¢J3 0.01163 2.5182 0.1700 2.2941
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31InN1seRnkULLNUBINAluneui 2 launuainiaiviizauganielddaulunis

BONLUUTIVINA 5 67 Uslnuenanliewzanganinnuaunans 2 fanduinguszasd

AD WNUDINIANUNELEYN 26 TUITIUTIUILNUBINANNIBLEVN 26 U191AT C kag Cy 7D
yuUgng Asueiyy 0 89 25 Aelusunsy ANSYS Fluent 2022 R1 wansen C hag Cy mayl
Uy YBUNUBINIAMIANZANAAYUNELATN 26 LAAIAINITIN 2.1 UagIUN 2.1 was 2.2

ANUAIAU

M15°9% 2.1 A1 C wag Cy ayueny

“U?NLqua’m’]ﬂLmﬂSﬁqu‘MﬂJ’lﬁlLasllﬁ 26

AoA

C Cq

0.18793 | 0.01068

0.2947 0.01054

0.40154 | 0.01078

0.50804 | 0.01133

0.61383 | 0.01206

0.71842 | 0.01302

0.82023 | 0.01442

0.91836 | 0.01639

1.0109 0.01919

O | O | N[O | P~ WVBIDN

1.0943 0.02335

—_
(@]

18625 0.02985

—_
—_

1.2012 0.04154

—
N

0.95167 | 0.08439

—_
W

0.89705 0.1338

—
N

0.94182 | 0.16733

—_
(S

0.89358 | 0.20008

—_
(@)}

0.88752 | 0.23078

[N
|

0.88523 | 0.25316

—_
oo

0.87802 0.2816

—
\O

0.89033 | 0.30749

N
o

0.90373 | 0.33272

N
—

0.91632 | 0.3594

N
N

0.92919 | 0.38493

N
SN}

0.942 0.41027

N
iaN

0.9546 0.43618

N
(S

0.96679 | 0.46252
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1.2

04

0.2

O L L L I L L L L I L L L I L Il Il
0 5 1 1 20 25

Angle of Attack (deg)

5U 2.1 A1 C faysiUsny YW INFMNNEANEANEEUN 26

0.45
0.4
0.35
0.3

- 0.25
0.2
0.15
0.1

0.05

| | I |
% 5 15
Angle of Attack (deg)

20 25

U 2.2 AN Cy sloyuueng YaLnUIMAINEANEANINEYT 26
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Abstract Optimization with a surrogate model is a popular method used in design to
avoid a high computational cost problem and is often encountered in computational fluid dy-
namics and expermental design. However, the optimzation with a surrogate model is assigned
to solve single-fidelty optimization problems. Thus, a multi-fidelity surrogate model s proposed
to solve the multi-fidelity airfoll design problem by combining the data of the wind tunnel ex-
periment and the aerodynamic evaluation usng JavaFol software. In the optimization method,
an RBF/Kriging hybrid multifideiity surrogate model is used. A non-dominated sorting genetic
algorthm Il (NSGA-1I) Is selected to soive the airfod design problem. The objective of the opti-
mization problem IS 10 minimize the aerodynamic drag and maxmize the lift force. The results
showed that the algorithm successfully found the UAV airfoil shape and the selected optimum
airfoil shape had the amor of the aerodynamic kit and drag less than 10 % when tested in the
wind tunnel expenmert

1. Introduction

A fixed-wing unmanned aerial vehicle (UAV) is a popular type of UAV because it performs
better in the forward fight condition than the rotary-wing UAV. The shape of the UAV wing is
the mast important part for the UAV 1o produce the It force that affects the aerodynamic per-
formance. The airfoil design can be used to increase the aerodynamic performance of the UAV.
The traditional design optimization method for airfoil design uses the computation method for
function evaluaions merely because the experimental design & éxpensive and has a complex
design process. The problem of design optimizaion using the experiment is that the optimiza-
ton process required a large number of experiments. In this process, the number of experi-
ments can be reduced by using a surrogale model n combination with an optimization lech-
nique. However, most studies always test their optimzation methods only with computer simu-
lation. In engineering design, one can Select various surrogate models, such as a response
surface model (RSM) [1, 2], a radial basis function (RBF) [3], a Kriging surrogate model [4]. and
others, combined with an optimization methed 1o find the optimum design of the structures. For
example, Kaushal [5] used the finite volume analysis combined with the RSM to find the opti-
mum structure of the air tunnel heat exchanger. Wu [6] also used the RSM 1o design the bra
cup molding. Kolachi [7] combined the Kriging surrogate model and a gray wolf optimizer to find
the optimum design of hierarchical stiffened shells. Bealiary [8] aiso used the Krigng surrogate
model and an optimization methed to find the optimum design of a turbomachinery system

However, Inwmmammmumlmmammdnm«wgmm
design problems, especialy in aerodynamic design. Fortunately, in aerodynamic evaluation,
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one can seect vanous computation methods o sobe a design
problern. For example, the wind turbine design can employ
CFD evaluations [9] and the blade element momentum theory
(BEMT} [10] o pradict the blade efficiency and an serodynarmic
foree that acts on the wind turbine structure. Simdarly, helicop-
ter blade design i achieved wsing the BEMT [11] and CFD [12]
by evaluate the halicopter rotor blade performance. In the air-
craft wing performance evaluation, mary researchers have
used the vortex-latfice method [13], panel method [14]. CFD
[15], ar full experment with the wind funnel [16-18). Te gain
these advantages. mafy ressarchers have ied 10 increase the
optimization efficency by combining the rrultiple cormputation
rethods in the oplimization process that is called rmult-fideity
aplimization. Many researchers proposed vanous types of the
surrogate model to sobe the multi-fidelity optimization problerm,
such a5 a co-Kriging sumogate moded [19], an RBF-based
miilt-fdelity surogate model [20], a hybrd suffogate madal
[21], and others [22, 23). This type of oplimization procass s
poputar in aerodynamic design. For example, Kishi [24] used
the: hybrid sumogate model in multi-fidelity optimization to de-
sign the supersonic wing. Huang [25] used the co-Kriging-
bazed mult-fidelity optimization for the wing-body drag reduwec-
tinn design. Choi [26] used the multi-fidelity tachnigue to design
the low-boom supersonic business jel. Leusink [11] designed
the helicopter rotor blades wsing multi-fidelity optimization.
Hevwever, the asrodynamic design problem ofan nvobeed Sev-
aral objective functions. Consaguently, many reseanchers have
tried to combine muli-fideity optimization o solve e muli-
abjective optimization problem [27). Amanit [28] propossd the
multi-fidelity mulli-objective optimization through the - hybeid
mult-fidelity surrogate model lechnique to sobve the. airfol de-
gign problem. Amrit [29] also proposed mulli-fidelty mult-
abective optimization algonthms for aerodynamic design. Zhou
[30] used the multi-fideity surogate model combined with a
multi-ohjactive genetic algarthm o sohve 3 muti-fideity mult-
abjective oplimizaion design probler. However, all of these
applications are abyvays based on computer simulation only. Mo
study has combined the experiment and computaional methed
for multi-fidelty aerodynamic desion. In this study, the mult-
ficdelity muli-objective optimization for the aidol design of the
fized-wing LAY through the wind tunnel expariment combined
with the aerodynamic computation models i proposed o show
the advaniage of e muli-ideiy optimization technigue com-
hinesd with the real-workd exparimanl

2. Multi-objective multi-fidelity optimiza-
tion

This miuiti-cbjective miuli-fidelity optimization meathod Brough
the surogate model procadure stads with generating samples
of the ow-fidelity and high-fidelity based on the design of ex-
parirnent tachnigue (DoE) [31]. The Latin hypercube (LHS) [32]
is selectipd as the DoE because it can maintain the diversity of
the data and fix the nurmber of experimants by a wser. Then,
the suragabe rmodel was constructad through the RBFKnging

|Ilnlpu|'hp-h-n”munm|

| Low fidelity process | | High ndelity process |

| combined data by surrogate model |

| Optimization via NSGA-I ]

Figy. 1. Schemabic of raiti-chjscive mull-oelily oplimization procss.

hybrid mult-fidelity surogate model. The NSGA [33] was
used to find the Pareto optimal solions to the surogate-
based problem The schematic of the muli-idelty muli-
objective optimization through surrogate modeks is presentad in
Fig. 1.

2.1 Surrogate models for design optimization
The RBF/Kriging hybrid rmulti-fidelty sumogate modal [18] is
the combination of the Knging [4] and radial basis function
(RBF) sumogate models [3]. In the RBFKRging hybnd suro-
nate mooel, the RBF is used to predict the local model s(x)
of the Kriging surrogate modal while it can predict the estrmate
function as
= plx)+ £(x) - (1
The global model w(x) can be pradicied by the ratation
slx)= g+ £l (%) i2)

where faer i an RBF. The gobal model 4 & assumed to be
constant and defined as

]

where & &5 the number of high-fidelity sarmple points, R is an
n=n matrix whose (i, 7} enby & CorrfZ(x ). Zix )] that is
defined as

Corr{ Z(x ), Z(x )] = exp[-dix .z )] (4)
The . inEq.(2)isexpressed as

S =8, +a f(3). (=)
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e = === BSingle-Fidelity Surragate Model
Muhti-Fidelty Surrogate Madel

L] Sample of Low-Fidelity Function
18 - Sample of High-Fidelty Function
Lew-Fidelity Function #
Lsss High-Fidelity Function £

Fig. 2. Schemalic of REF/Kriging hybrid sumegste model.

The . is the approximated function by the RBF method
usad to predict the low-fdelily function that is defined as

_ﬁ:iw_rh[:—:_] [L]

where «byx) is an RBF kemel funclion, w_ (i=12,_ &) isa
weighting function, and N is the number of low-fidelty sampling
points. A multi-quadnc function i applied as an RBF kemel in
this study. Tha weighting funchion can be expressad as
w=[w, my,my, 0w | . According o Eg. (2), the funclion
£ix) denotes alocal model thal can be expressed as

Ax)=r"RIF, — - Fo) 7

where F, =[fix.x...x,)] i& the value of the high-fidelity
funcion at ¥ =x x,.x . The equation of e RBF/Knging
hybrid surrogate moded in this study can be exprassed a5

) =[p(x)+ (3] + e RYF, -1y -F) 1)

The schemabic of the REFKriging hybrid surrogats model is
presented in Fig. 2

3. Design problem

The objactives of the LAY aifoil design are 10 minimize the
aerodynamic drag (C,) at € and madmize the lifl
(€)1 The optimization problem can be expres sed as,

Minirnize: o, .

Maximize:

These objsctives are designed based on a real condion of
the: fixed-wing UAY with a maximum cruising speed of 11 mis
al the Surananee University of Technology (SUT) in Thailand,
as shown in Fig. 3. The number of initial samples for the high-
fidelity (experiment) i& sat o 4 and he numbar of bw-fdalty
{calculation) is set 1o 50. In this study, the NACA 4-digit airfoil

Fig 3. A Tied-wing LAWY &t SUT, Thailand.

was used to generate the aidol shape by randomizing through
LHS. The design spaces are defined by the percentage of the
rrdmunm carmiber set from O 1o 5, the location of the masimum
carnber sat from 10 10 50 %, and the aifal thickness sat from
10 b0 30 %. Such a design domain is set based on the avai-
abilty of the corvenBional configuraions of the MACA 4 digits
airfoil while airfol shapes for surrogate model training points.
were created by means of LHS [32] For the NSGA, the
popultation size and number of generations were sat 1o 200 and
200, respectively. The NSGA-I [34] with BLXY crossover and
unifomm rutation wene selected as the crossover and mutation
alporithm.

4. Aerodynamic evaluation and experi-
ment setup method

4.1 Aerodynamic evaluation

JavaFoil [35) is used 1o calculate the aerodynamic force of
the airfoil shape. The panel method is applied to determine the
linear pobential flow field around the 20 aifol The JavaFoil
program can calculate the pressure distribution on the airfoil 1o
lift and drag force. Although this program has less accurale
results, it has an option for analysis of muli-element airfods.
JavaFoil & used as a low-fidelity asmdynamic evaluation for

airfoil design.

4.2 Experiment setup method

Theis airfoil experiment sabup was slaned by drawing tha CAD
maodel of the salected aifol using SolidWorks program. Than,
the aifol from a CAD model i built by the da Ving 1.0 AID 3D
printer [35] with the ABS plastic XYZprinting Sament. Dua 1o
the roughness of the 30 printer model, the airfol suface
roughness must be reduced by wiapping the onented palypro-
pylens tape around the aifoll model. These airoil models were
testad with-the PLINT TES4/8418 by Plint & Partners Lid. sub-
sonic wind tunnel a5 shown in Fig. 4 with s accessonies. Flow
direction moved from e nozzle (No. 1) to the difuser (No. 2)
by suction of a fan motor throwgh 1o the outlet. To receive the:
asmodynamic data, the aifoil specimens (Mo_ 3) were installed
in the working section of the wind funnel (No. 4). Avaiable
working sechon volure i 300 = 300« 500 mm with the max-
rurn flow vedocity of 44.4 mi's [37]. The vale (Mo 5) was ad-
justed fior variation of velocity. The pitot-static tube (Mo. 6) was
ehiuck at the air inlel and trarsierred total and stabe pressune 1o
the manometers (No. 7) in which the ather end of the manome-
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Fig. 4. PLINT TES4'84 18 sulbsanic 'wind tunngl and its acoessones.

ters wera opened to the atmosphere. The difference between
tntal and stalic pressure was dynamic pressure and was able
e corvert to velocity. The flow passed through the airfoi
specimen, and the aifol specimen generates a force. The
TEB1EA&146 alectonic three-componant balanca (Mo B), in-
duding a model clamp, was used to measure the aemdynarmic
lift and drag forces by kad cells and strain gages and dis-
played the force values by force monitoring (No. 91 This ax-
periment stared with the installation of the aifoll specimens
from 0* angle of attack, then increased the angle of aftack in
the step of 1% 1o 25°, measursd, gathered e semdynarmic
drag and ift forces for each angle of attack, and convertad
thern to the aesrodynamic coefficents.

For validation of PLINT TES4/8418 subsonic wind funnal, ve-
locity, pressure, and force measuring were calibrated before
testing an expariment. Then, after these measurements had
besn calibrated, the asrodyhamic resulls fiorm the PLINT
TE5S4/8418 subsonic wind tunnel were compared against the
Sheldahl and Klimas experiment data [38] The code validation
was operated with Re = 3« 0F. The results of the semdynarmic
coefficiants for drag and it compared with the Sheldahl and
Kiimas experiment data are represented 2& shown in Figs. 5
and B, respectively.

Az shown in Fig. 5, the PLINT TES4/8418 ¢, results had a
good agreament for both values and frended with that fram the
Sheldahl and Kiirmas experiment data, but # was shighily differ-
et due 1o a satting condition. For axample, lowing velocity in a
wind tunnel is not corstant and the temperature slightly Suctu-
ales because of the variation of air properties. Mareover, the
Reynolds number is approximately equal 1o 3x10° but not ex-
actty 1o Z10% as wilh the reference publzation. As shown in
Fig. &, ¢, also had a good agreement for both values and
trended but only in e linear region. Afler an aidoil had stallsd,
O, values wera signiicantly different because the fow was
separated and the turbulencs Bow occurmed and caused the
fluctuation to lift force. Mevertheless. the data wera sufficient 1o
irvestigate the highest ift forca belore fs stall. A wend of © s
sfill similar to the reference publicaion.

4.3 Comparison of experiment and computa-
tion data
The comparison of it and drag coefficiants of the wind tun-
nel experiment and computation by JavaFoi results of the
MNACAT312 are shown in Figs. 7 and 8. respectively. The com-
putation results by JavaFaoil can be usad for the [ow-fideity

LT

Referance G
L] Ayerage C, from Wind Tunnel =

O =

ol -

AEEEmgEEE"? , )
L] L] 18 Fx)
Angle of Attack[deg]
Fig 5. Comparisan ol serodynamic drag coeMcent agsins! Shaidshl and

Klimas experiment fata [38).

FL

ﬂlhﬂm:.cl
L] Average C from Wind Tunne|
]
L]
- --.
L L] | .-..-.

i i
=0

‘:h 1IIJ II!
Angle of Attack{deg]

Fig. 6. Compariscn of aerodynamic B cosficient aaingl Sheldahi and
Kimes experiment data [35].

data becasse the data trend of the experiment and Bhat fram
the cormputation are similar. However, the error of the low-
fidelity and high-fidelity data is large because of the limitation of
the JavaFol software. The JavaFol software does not model
laminar separation bubbles and flow separation because il
occwrs al the stall The maxsmum B can be esmated but,
beyond tha stall, the resalls are naccurale. Therafor, i i
better to show the performance of our optimization algorthm
through this condiien. The comparsan of it and drag coeffi-
chenils for all of the initial points expenimant i& shown in Tables
1and 2

5. Results

The non-dominated solutions of the rmulifidelity multi-
abjective aifol design oplimization are presented in Fig. 9. Tha
relationship of the design variables and objective funclions is
shown with the PCP plot in Fig. 10. These results can show
that the aptimium solulion ks a hgh valee of the perosntags of
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Tatie 1. Comperison resuts of ¥t coefficient of wing tunnei experiment and
camputation.

Akl Wind tunoel experiment JavaFoil
NACA1312 027 029
NACAQ218 028 036
NACAS427 035 051
NACA3120 031 040

Tatle 2. Comparison resulls of drag coeficient of wind tunnel expediment
and computason.

Airiol Wind tunned experiment JavaFoil
NACA1312 007 0029
NACAQ218 0.094 0039
NACAS427 0.098 0.054
NACA3120 0.135 0063

1 Il e §

% 5 2
Angle of Attack
Fig. 7. Comparison of Bt coefMicient between wind tunnel expasimeant and
camputation of NACA1312.

= Wind Tunne! E xpenment
JavaFoil -

v\_,‘ 08

L o

0z

un®
JPTTT Lk L n )
o 5 P, ® S

Fig. 8. Comparison of asrodynamic drag between wind lunnel expariment
and computation of NACA1312.

the maximum camber (more than 4 %), the location of the
maximum camber is approximately 18 %-45 %, and the airfoil
thickness is related to the lift and drag coefficients. If the thick-

Fig . Non-Gominated soiution of sirfoil design cptimizasion problem and
selected cesign poins.

Pervens o Lo of
M vt b e e m—

At tmhar - [

1500
1000
1890
200
Frem

L0
}ase

hovee

We

xc
Fig. 11. Companson of ssecled design.

ness of airfoil increases, then the aerodynamic drag and Iift will
have a high value accordingly. Five selecled designs of the
airfoil shapes in Fig. 9 are presented in Fig. 11. They were then
taken 1o construct a real fced-wing UAV. The selected design
(solution 3) had been constructed as a specimen and tested
with the wind tunnel for comparison between an accurate pre-
diction of a surrogate model and the advantage of the multi-
fidelity model when utilizing experimental data as part of con-
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structing a surrogate model. The results of the wind tunnel test
can receive the i and drag coefficent of 0.30 and 0.075.
Comparison with the predicted value by the surogate model
shows that the # and drag coefficents are 0.33 and 0.072,

respectively. The errors between the multi-fideity surrogate
model and the experiment are less than 10 %.

6. Conclusions

This study presents an advantage of a multi-fidelity surogate
model by using expermental data as part of constructing a sur-
rogate model and is applied to the fxed-wing UAV's aidol de-
is used in design demonstration while the RBF/Knging multi-
fidelty surrogate model combined with the NAGAA is devel-
oped 1o solve this problem. The interactive program JavaFail
was selected as low-fideity data and the wind tunnel exper-
ment was selected as high-fidelity data to construct a surrogate
model. The objectives of the optimization problem are fo max-
mize C, . and minmize C,. From the optimum solutions, 5
selected aifol shapes (NACA4230, NACA4324, NACA4319,
NACA4315 and NACA4410) are further conducted to construct
the airfoil of a real fixed-wing UAV. The different results batween
the prediction of the combined experiment and calculation data
for constructing a surrogate model and the three selected de-
sign specimens had less than 10 % of errors. These resulls
imply that the mult-fidelty optimization can be effective in com-
bination data of the computation and experment data to in-
crease the efficiency of the optimization process.
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Nomenclature

C - Lift coefficent

C; - Drag coefficent

px) - Kriging global model

£(x) - Kriging local model

¥ix) - Predicted funcion

f(x) - Predicted funciion of RBF

R - Correlation matrix between sample points
n - Numnber of high-fidelity sample points
dix.x) - Distanca function

X - Design variable

v - Weighting function

F - Low-fidelity evaluagion value vector
£ - High-fdelty evaluation value vector
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Abstract—In the aircraft design methodology, there are many
methods to messuring the UAVs performance, such as, the
minimize drag, the lift required or the take-offflanding perfor-
mance ete. The multi-objective optimization i one of the popular
method for UAYs design problem. In addition, in the UAVs
design problem (s regquired for high computational cost such as
computation of fuid dynamics. The solution to the sabd problem
could be reached through the method of the Efficient Global
Optimization algorithm (or abbreviated, the EGO) However,
the EGO was, in the first instant, intended for very limited
use; namely, it was utilized as a solution for a single-objective
optimization problem with just one additional sampling. Then,
the EGO method must be reguired for long computational time
for single-additional sampling procedure. The objective af this
particular research was to study the EGO with multi-objective
multi-addithonal sampling as a solution to the UAVS airfodl design
problem. The Expected Hypervolume Improvement (EHVI) is
applied with the EGO process with an intentbon to find a soluthon
to the multi-objective optimization problem. Furthermore, there
was a propoesal to use multiple additional sampling methods in
the efficiency improvement of the additional sampling process
in EGO, and at the same time, keeping the performance of
exploration based on EHYI maximization at the same constant.
There are two main goals in the application of this algorithm
to UAVs airfoil design optimization, which include minimizing
aerodynamic drag and maximizing UAVs airfoll ithickness at the
trailing edge. The Beynolds-averaged Navier-Stokes simmlathon
is applied for aerodynamic evaluation. By adopiing the airfodi
design, the results were the reduction in the aerodynamic drag,
as well as 5% improvement of the thickness of the airfoil at the
trailing edge when compared with the airfoll initial design.

Index  Terms—EfMicient global optimization, Adrfoll design,
Multi-additional sampling, Multi-ohjective optimization
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I. INTRODUCTION

The efficient global optimization (EGOY) [1] is optimization
algorithm for high computational cost design especially in
acrospace design problem because it required for high compu-
tational cost. The EGO could be useful in the reduction of an
immense computational cost sampling during the process of
optimization by using the surrogate model, and the optimiza-
ticn method by finding the additional data sampling to improve
the said surrogate model and the optimum point to become
mare accurate. The ordinary Kriging model [2] is often camied
out in the EGO process. The original EGO is design to
solve the single-objective optimization with single-additional
sampling. From this advantage, several researchers try to
developed the BGO process for aircraft design problem. For
example, the EGO could be extend to solve the multi-objective
optimization problem by changing the expected improvements
(Els} to the Hypervolume expected improvement (EHVI) [3]
to solve the airfoil design problem. The parallel processing
could be included by wsing the g-EI [4] method or multiple-
additional sampling method (MAs) [5].

In this study, the modified EGO method with EHVI and
MAs is selected to solve the UAVs airfoil design problem and
a 2-I} Navier-stokes equation is camied out for UAVs airfoil
acrodynamic evaluation.

II. MULTIPLE-ADDITIONAL SAMPLING MULTI-OBRJIECTIVE
EFACIENT GLOBAL OPTIMIZATION

The EGO procedure displays here in Fig. 1. The EGO
algorithm, firstly, begins its operation by generating the initial
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Fig. |. Flowchan of EGO.

sampling. During such a process. the Latin Hypercube Sam-
pling, or LHS, is used. [6] 15 used. Then, evaluate the data
sample and the Kriging method is used to predict the model.
Finally, an additional sampling paint is found by maximizing
the EHVI using the genetic algorithms [7]. The definition of
the EHVI at point {x) is given by

EHVI[f(x), fa(x]). ... far(x])] =
fragy  pleara Feurne
f ] f HVI[fy (%), fal%) i frr (R

1 (F1)dal Fa)..onr{ Fu )dFid Fa dFay,

L]
where F; stands for the Gaossisn mndom  wvariable
N[fix).#3(x)]. ¢;(F;) denotes the probability density func-
tion, and f,. p; denotes the reference value for the hypervolume
calculation. Additional sampling points based on the EHVI
calculation are repeated until the hypervolume of the Pareto
solution of an objective function are converges.

A. Kriging Method

The estimation of the function #({x) that is currently left
unknown can be achieved by using a Kriging method in the
following equation:

i(x) = plx) — (x} @)

where ji(x) represented a global model and =(x). a local

model. The former ({x)) is given by

O1TRT'F

KZ 3TN

where R denotes a matrix of the correlation between the sam-

ple points, and F denotes a vector cnnta‘in'ng the evaluation

data of each sampling point. The j is set to constant value for

the global model, and (=(x]) is the local model, that expressed
a5

(3}

s(x) = e(x) "RYF — 1) (4}

where r{x) denotes a vector written in terms of x.r(r) denotes
a vector of sampling points. The comelation value of =(x) and
=(x') is a distance function between x and x°. In the Kriging

(b}

Fig. 2 in) Diagram of single compuiing BGO, (bh) Diagram of parallel
computing EGO.

maodel, the local derivation at an unknown point x is predicted
via stochastic processes.

B. Multiple Additional Sampling for Multi-Objective Opii-
mization

the EGO can obtain a single additional sample in each
iteration (sec in Fig. 1). There is a limitation to the users in that
computational resources are allowed to be used only in a single
evaluation, and the initial sampling can be created using a
paralle]l evaluation. Such limitation still persists here during the
additional sampling process; available computational resources
are out of the question and cannot be used (see Fig. Fig.2a).
Furthermore, additional samples acquired through EHVI max-
imization leads to the surrogate model’s improvement around
one zonc in the non-dominated solution that prevents the
maintenance of diversity. On such occasions, there require
several ierations to help the acquisition of additional samples
needed for solving the optimization problem become possible.

In this work, multi-additional sampling (MAs) for multi-
objective optimization is used to solving the airfoil design
problem. During the process of EGO with Mas, a sub-
iteration is added (see fig. 2b). In this particular step, an
additional sample dacquired using an iteration) is added to
help update the surrogate model: by adopting the predicted
point of (x, §(x)) that represents a temporal function value.
Thereafiter, the acquisition of one more additional sample using
EHVI maximization is done.

Figure 3 shows a schematic diagram of additional sampling
procedure with MAs. The beginning of such a procedure is
the acquisition of XEHv rmas1 through EHVI maximization
on the initial Kriging model. Also, the evaluation of the
predicted value §,; is done. Next, by using (X e preel - Ba1)
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Fig. 3. Flowchan of parallel computing EGO.

o Mon-dominated solution
O Additional sampling

& Rl |poiint
(a)
...... #
O |
| |
o
j---------‘
6
1 MWon-dominated solution
Ol Additienal sampling
& Reference poind

(b}

Fig. 4. {a) DMagram of the first sub-ileration of parallel compating EGO, ()
Diagram of the second sub<itemtion of parllel computing EGO.

a temporary update of the model ocens. As the EHVL value
around X g gy pragr Should not be greater, the next sdditonal
POINt XEHV famaxz can be obtained. This process is iterated
until an arbitrary number of additional samples are cbtained.
Thereafter, the calculation of the precise value of ., faz. ...
is done by adopting a parallel evaluation environment for
XEHV Pmozl, XEHV Imazd, - Lastly. to improve the model,
the set of the already mentioned additional samples have o
be put in the data set.

In the sub-iteration, there is one requirement that there have
to be values §{x) whose prediction is done using Kriging
model. Thus, multiple additional samples are able to be swiftly
attained. In the main iteration, the evaluation of the precise
value for the additional samples can be done by adopting
a paralle]l evaluation. By using the EGO method, it results
in less time spent to complete the design, when compared
to the original iteration. In Fig. 4a . one can observe the
application of the parallel evaluation using the EGO) with MAs.
The determination of the number of sub-iterations is able to
be achieved using the number of parallel evaluations.

1. AIRFOIL DESIGN PROBLEM

In this particular study, the objective of the airfoil design
problem is minimizing the acrodynamic drag (Ca) at Mach
0.3 (whose target lift requirement is 0.5) [8]; and maximizing
the airfoil thickness at 7504 of the chord length (#-;). which
this value obtained directly by the real function. Thus, the
surrogate model is constructed to predicted the Cy value.
The expression of the optimization problem is shown in the
following equation.

Minimize: 7y at e =4 = 10°, Ma =03, =05 -

Maximize: t5y =)

The number of initial samples is set to 100 In addition, the
number of additional samples is set to 30. The number of sub-
iterations is set to 2; Le., two additional samples are obtained
for evaluations of exact solutions in each main iteration. iz
is able w be promptly evalusted, once the selection of the
set of design parameters has been camried out. Therefore, the
precise value of f75 in the following equation, which is based
on Equation (1) can be used.

Cima
EHVI = f

For the acrodynamic evaluation, a Reynolds-averaged
Navier-Stokes (RANS) [9] solver was used. The Bald-Lomax
maodel was selected as a turbulent model. Additionally, 200 =
i1 structured grid was automatically generated for the CFD
of serodynamic evaluation.

Here, the class-shape function transformation (CST) param-
eterization method [10], [11] was selected for the airfoil shape
parameterization. The C5T is a function that consists of a class
function (= /¢). and a shape function S{x/c), and a term of
the trailing edge thickness. The relationship of these term are
given by following equation:

o)) o

8 [

HVICy i) % ¢y (Cg)dCy. (6)

where Az, denotes the trailing edge thickness, C(x/c) is
given by:

()= (2)" 13" o

=1 (8

Bk
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TABLE I
THE RANCGE OF WEMIHTING FACTOR FOR AIRFOIL DESIGN BY CST.

Weighting factor |  Design range
by 010 = 8
L] 005 < 15
by 005 < 15
by — LIE - =001
b, — Q15 = —005
by — L18 = —0.02
B e ey
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Fig. 5. Comparizon of non-dominated sobaticon.

where S(x/c) is the shape function that contained the Bemn-
stein binomials that defined as:

S @022 ®

where b; is the weight factor, p is the degree of the Bemstein
binomials. In this work, %) and N2 was set to 0.5 and 1.0,
respectively. To control the shape of upper side and lower
side of airfoil, the third-order Bernstein polynomial were used.
The upper side of airfoil shape were control by the parameter

— ba. and the lower side of airfoil shape were contral by
the parameter by — bg. The ranges of the weighting factor for
airfoil design by CST are given in Table 1.

IV. RESULTS

Figure 5 presents a comparison of the solution space ac-
quired by the MAs EGO and the initial sampling of the EGO.
By comparing these figures, the MAs EGO could be get
the airfoil shape that have higher acrodynamic performance
than the initial sampling. The selected UAV airfoil must be
selected from the non-dominated solution. The comparison of
the sclected optimum design and the initial design is prescnied
in the Fig 6. The selected design can be decreased the O
around 4.76% and can be increase the t-- around 4.88% when
compared with the initial design.

V. CONCLUSION

This paper swdied multi-additional sampling, mult-
objective/multi-fidelity optimization and Efficient Global Op-
timization (EGOY) with an intention to put a parallel evaluation

e Bhepied Design
It Design

o8-

a7 [T] o L 1

Fig. . Comparison of the selected optimum design and the initial design.

covironment into good use and solve the UAVs Airdoil design
problem. The objective of the aifodl design problem is to
decreased the ) and to increase the fr; of the airfoil. The
development of the method as proposed in the study was
done by incorporating sub-iterations whose qualities led to the
attainment of multiple possible additional samples that can be
used in the improvement of the surrogate model. The results
can show that the optimum design can be decrease the drag
cocflicient around 4.76%, while the thickness of the airfoil can
be increased around 4.88% when compared with the initial
design.
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Abstract

Printed Circuit Heat Exchanger (PCHE) is a plate type compact heat exchanger. Its core is composed of
Alloys thin plate, flow channels are constructed by chemical etching process and the etched plate are stacked
one over the other and diffusion bonding together. Their applications are in the high temperature and pressure
industries. The ability to withstand high temperature and pressure, restriction of area for implementation and
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high heat transfer coefficient are their advantages. But extra cost pressure drops and their requirement spotiess
fluid due to a tiny channel. Hence, thermo-hydraulic peformance and characteristics are investigated for
construction a reduced computational model based on straight channel PCHE through Computational Fluid
Dynamics (CFO). 30 steady state and laminar flow are studied. Material is made by Alloy-61T with counterflow
He-He gas as a working fluid along semi-circular straight channel based PCHE. The inlet and outlet temperature
are B13 K and 1173 K, respectively, with operating pressure 3 MPa. Mass flow rates are performed at 10 kg'h to
50 kg'h as an equal both hot and cold channels. The results showed that the hichest overall heat transfer
coefficient and heat transfer rate have 687860 W/mK and 15.284 KW, respectively, at 50 kg'h. Maregver, the
extra-large pressure drops were 14052 Pa for cold channel and 15902 Fa for hot channel. In addition, the results
fram CFD were well agreement with empirical caloulation results with difference error less than 10%. Hence, a
reduced computational model based an straight channel PCHE through CFD can be wsed for analysis further.

Keywords: Printed Circuit Heat Exchanger, Computational Fluid Dynamics, Themmo-hydraulic performance
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