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Airfoil Shape Optimization Technique based on the
Euler Equations

Joh, Chang Yeol
Dept. of Aerospace Engineering

<Abstract>

Numeri¢al optimization procedures were tested for the design of airfoil shapes in
transonic flow based on the Euler equations. Specific techniques such as sequential
approximation optimization, sensitivity calculations of the intermediate parameter using
coordinate straining and modification of Euler surface boundary conditions were
implemented in the procedures to reduce computational burden. Optimization with large
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move limits specified in absolute values of the design variables was found to be
efficient and robust in solving the approximate optimization problem based on the

Euler equations.
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o2 A 4 (lift coefficient)

3}8 Al 4~(drag coefficient)

22 2% @A (R A/ chord”)
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i HA A AW (design variable)

i WA 2Z3<=(shape function)

e Ee) x, vy HE

Al 9] (chord)
22 (pressure)
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#3983 <=(coordinate straining function)
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(tangential component)
718 A A (hase design)

&A1 Al (norminal design)
A A (perturbed design)
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HA CFDE 243 FPAANE A Y (inverse design)¥ 42*H A 314 (numerical
optimization)e] €&l AMEH I Atk B A7E o FoA AdAW vl ALALL &
o] 295 zAEslE AASE 2 FEAAF (muiti-point), THEEA) (multi- disciplinary)
AASE S FAL A FAAHsde diste], frEdlde A8 D= ¥RYE A
43¢ ZFjoirt,
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£33 71Y-& CFD71HE A3t FAEE £ ¥ Ave EAY L AL
Mg 53 dAHAS= vole £AHHs 2B CFD 29 44L& #1935y
e AAFoz gL EAZE $ATY 4 F & AR, 38 #XHHs} 2=
304 F 27 g8 AANT wg 53T ALG2dY s U B @A
L737) W&o, 0|58 awrlt} AA CFD ZE=2RE 2 ke AT r)de Aiksko)
Ao 2343 FEl(super-computer)8] FHLEE Z3] oy} nE dvtdoms
2 He] Bge AokxAd digk ALk 52 ol83ste] o AAFI TAHNAM HHF
ot Az g TAHE T8 HHsE FYste 2AMIA A A sHapproximate
design optimization)7/1 {8 %eo] A8 Fu=2 HZo "ol AlnH Qe A&
[1]9) A& o9 e W (sensitivity) S 71RO 2 3t 7[Yo] olyr] uwlio] A}
AAHFs 1Yo ze AMANLE FaAE £ e @] .

-0 2 A7 W4 (design variables)} &34=(shape function)®} AAAE, 71 %
L FuE BIY & A= FHA HAS L8 A7) ME GNEA BEEER, old o
g ALA Bl AT (trade study)7F Q1ojok gt} B AR e 129 F[2]¢ke] vaE X
o= 3q7] wiol YT AAMSE AHEsgh

T 2 AFRAS A9 AAMSd g RS o838t ZAME WY
Aol AAE A4Gs] Fasit diuvstd AA A8 £33 Aldle Ak A8l
2 BAZF ded, & /e W AAFTAA ]} 2AE FHojoprt AV we] A
gal FAlo ZAgLY AR A& AANEA] AARIEe] Hdee) IS YA 5 A7
ujFo)t},

iRlEto 2 olg} gL o FYPES EFIA ZAAAHASE SAdviEs, AT
b AAZE YAxk(smooth)dHA] XEi AS(noise)T 2R 1 B FFFHH (local
optima)E 7IX1 A& A9 o] & ol¢k e EAE FEIY] HaAre A
23zl AYPANY 53] o) FA (move limits)e] AAHEol F83H, Wa2e FAHAS &
1yE AAL AYE 9FE Fo

olg} e o] EAEL oln 1A ARG vt Jon, B AFdrs Im A
e o8 JPELE dE AMSEE, Owt fEAANEE ALE PlARI(TSD
‘transonic small disturbance) S £5¥] Y&l (Euler)g2 o8 nlfo] IAFHE
(rotational effect)® ¥ 43 329 JIe 4 & Y= ok st Kot
Agstan AAel 7178 FrE5HAE ALY A9 HFAAN vAe 4TS AR
Ao EHo] girt. o}y 1AAT RF, AAHAA(global optimum)E Folrew
AsA a7t AYY AAFHEY) AL B Bl AnsiA] 2o AR
Aow 47 Wiy wet ool g AME olFold ARF 4F HIYPS AL, B
Aol A-8-8 AT

AdAYNE 298 #4(3], Navier-Stokes 4{[4] So] ®ol AMSH 1 Jout, 43
HAAYole B AR QF ol o5 WA Algo] EX gt
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2. A7 43
2.1 AAEA

AAEA S o2 o] ol iy (wave drag)d YA E ()] ThH R g Ak
& 713 FH A3 FAelh

maximize  C, ()_9
such that C;,(X) =<0.01
AX) =0.075

2.2 34> (shape function)$} A AW

SRS B AFAEFTHoR BAG
i) x
Y = 2 Xi Yt( —)
1 C

o7lA, Ye 4A" dAge AxaA, Y=y/c 2 8481, X, V; & A4 4
B34 Zbz JERAT ol E3= Yi(NACA 2412), Ya(NACA 64-412), Y3(NACA
65,-415), Y,(NACA 64,A215), Yi(x/c: 99, 0@ ofefdd), Y0 @ 94, —x/c : ohy)
e dEas ool WABE (YD, Vi Ve RAdMe T AAxAL A
435t71 98 ARsATh AW FA7E 00] Holof dvke AAxNe2NEH X, XeE 78
F enz A HAsAY Foe Xij~X,9 o) AAUFT AHE-Hr

SN

\\\ ,//"’"_'('Wm’_“*ﬁ_w w‘\"“\«-».m\;_\m.\‘
( Shape 1 : NACA 2412 e < Shape 4 © NACA 64,A215 T
o S — e I e
Yoo = %/ e
< Shape 2 : NACA 64,412 = /’”X’CIT 5 ]
: - e e ape
e T — i pe s
Yis = Y
//—ﬁ—~\\\\ Yoo = O
T— B T o e e e e S
( Shape 3 : NACA 65,-415 e Shope s
I .._____.___---4—“—""““ Vs = -~ )(7‘; i —

2% 1. 6709 &g4=(shape functions)
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23 FrAEA 2= % HA8 FuF

AeL F2L A8 H3 AHLFE Z=rx FLO-53[6]2. 24, Jameson Fe|9] 43
Runge-Kutta AlZHAEHS AMSslgrn, RBEAC Hojd AF4A . #8A2H(cell-
centered Finite Volume Method)s} 23+e] F9xH2%(central difference)& J7tol4ks}
(spatial descretization)®ll A&3tP, e HFAAL Ha AFHdH artificial viscosity)
& 289t $384¢ 224717 98t dFEAA (multigrid)E AR, FTHAIRE
7¥A(local time step) 2 FA=s] ZH(total enthalpy damping)s2 o2 71 Eo] AL
A oYUy A Zo|th Aol AMSE AAe C-FeEl9 B4 E Az hyperbolic grid)
24, RAAN Aol 97 W A (orthogonality)s}h @73 (smoothness)sol &
3 Woldth Azte) 2yl 224x32 opl(2Y 2), ¥ BAXAL WA (far-field) &
53] & HAVSHE EA)7A X (characteristics~based boundary conditions)& AH8-8l%lt}.

a3 2. C e B4 3 A hyperbolic grid, 224X 32)

A3 gduaze U4 JH3 =28 NEWSUMT-AGIEA, Adzae 713 A
285 A (constrained  minimization)&  FA)¢F# 423 Al (unconstrained  minimization
problem)Z w7l 93 22134 Ul §8F g (quadratic extended interior penalty
function)® AF$aka, FAloF # A 3Hunconstrained minimization)g A= Newton®
e AHgEtn ek olE 9 T2 NEWSUMTe Atz SA71%E3 o%8
AL INHE Frlele] 8L 3K HA3 Zroltt
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F2HAs A GAHNM FEaA g AHESlY EHFE) AgzAL AH P
Ao, A 271F0M DAE(sensitivity) S 7 w7 ARESlaL o] E o]&3lo] AAF
&g Atz Ay Ao AA o] F@Al(move limits)E EFAIA T
AL A3 EAE SAFozN, AA AAIHHZ ] A8 Aldx AMAE A A
A5 AR £ e B UE FAAIIEE Q) o8t e HIWHE w24 F
2] 3} % (sequential approximation optimization)e] &} gt}

241 BEAGg/Ag2A o 24}

FEYAL Ny EAL AT Qoenz BEAGS(FEAS Cd Az
AlwavedFAF, Cy)E A APt AL 2AA Az AFAI70 Powr)
ol¢ FEE2[2], F3F /¥ (intermediate parameter)?! 539 #E ZAMske] o]
g og C, C;8 FFo2N oF FHIATD. 20649 HgH ﬂ]z,:ﬂi%(TSD :

Transonic Small Disturbances)d| 4= €] edz] WAL ALEE v 53
g M " gle]l gg o] EAl 3dAe) 4gere A3 TAkgit),

A&

Jpr

F L 0V ] = Fg G x+dn Yy +40] —#1 % V(0] )

H x+dn, Yyt dD] =2 5 H() +3- xa)?)(x” (X~ X"

N3 ARA FATe] AXE AAIF)Z7] HalA Nixone) HFHHHH (coordinate
straining)[7]& AME-3tH, wFol 2§ FZde] XMl MYTAPYE ARS-FIt) o))
AHS-E R WEdae 9 SEdAME 2 AP P45 AYHETD 5%
(linear piecewise continuous function)& AH&-3Ht},

x/ % D 0<x<x,
s(x) = {(c —x)/(c—x,) : x.<x<c

29 32 oo WS AHSste] BR9 Y-S ARE AFE JEh I ok o714
712 8l (base solution)= o)z Held 7144, X=(0.5,0.5,—0.5,0.5),91 & =
A LYYIAEE AHSHA 7 R F o), A (approximation)® Z1EAAE ok w
@ato] de A, X=(0.51,0.51,—0.49,0.51),91 chsl AXARHL ALg3ta] 2ALH
o2 F§ Folny, A (exact solution)es FY TIFAA W LYHAA=S AH A
gotel 7@ FAAE 22 dEATh 2GS QA AR 2 A0 AL B 4
At
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x/c

...... Base solulion, X = (0.50, 0.50,-0.50, 0.50)
o~o0 Approximation, X = (0.51, 0.51,-0.49, 0.51)
X

—~——  Exacl Analysis, = (0.51, 0.51,-0.49, 0.51)

Y 3 FHAEWEHE o83 Y 4yt
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7|4 A3 (nominal design)oll Al NZEE A435t7) 98ke] 2t AAWMSEE )i WA
A e ZER &g 7 W, o] mAF EAld yid ARe AXNE YA g
ol YA wAE EAEAAM AE 2 (mass transpiration)Z A 71742 A 2}
g 2 A § Jong AP WAL @ 5 Qv oln ARz e the
F o] YEhd 5 Qg

N
Vo= vy vy ()

Fie ASEMLRFAEE AHLEY Hols Ex9 FA7l 0 o]ER AMLEE A
© A A A cartesian grid)elth. olwlE 2ANMAA FH WA Az AAFEE G
o Fei7} viAigE Azls ulHA gon g olg) e WAL FYo] We Qo=
A3l ot



8 2%
3. dA A3

A AF2INM HEE PlaAnE Yoz FAFHASE F3Y 0 7M1 ES
ARS St A=, ol 5L 74z AL % ol FHAE A A A3, dHILEE 4y F
3}, & AR o] FRAE AHS-G FALHAZ Folth ey WMAHAS AR B AF
ANME o] &S BT AP Bygon [2A9 BUg 292 At F A WA Pye
X2 FHol =1, F AR A HA i HAske PR Aol ¥
FE B £ .

ey A AgoA ARE nATIH NS AHEENE wols doluit e WA
Agoa A8 Az Fro A (behavior) B A9atz] B3 B Holr A
A& A8 (global optimum)E &= H 493 oj29-S ZAen, o8 HAs FHa=
woz FHA WS Aotete AFyow AMEEAUY. 2 AL AL
3 B Ao e £ FHAE £ 3 G AF[2olA] AL Ule] dry)
HRY E3 RS st B Ankgl P4 AT £ L e 4L
ol AAHJAT. oz g FHAANE FHsL AAIAHHE 371 A8 ATHAY
9 FHA e EE ooy dAe A B dpdAx & 2Lstun rle stA,
A I EFE Z 85 o AMde o] Wil K AWtAolm A o|mg,
TS o] 58 -5 8 JwE $Ee AT daol e & 5 Ak

12 Al d5) S A A 2] 98 kA 20144 27 dij 4A F
st AAE HAFa ok 25 A9 v|E A 8~10 AAIHE (design iterations) %
A BEUI AAFNOE £, YorT 23 AL ALy B HAs AL
o3 A&Holn] AL & £ U

# 1. AAHHsg A

case A A H4>(design variables) G Cs A A A
Xi Xz X3 X4 Ll S

1 1.0 0.0 0.0 0.0 0.4891 | 0.0118 | 0.0810 9
-0.605 | 2159 | -1.722 | 1.288 | 0.7051 | 0.0101 | 0.0750

2 0.0 1.0 0.0 0.0 0.6977 | 0.0266 | 0.0759 3
-0636 | 2194 | -1.759 | 1.323 | 0.7055 | 0.0101 | 0.0750

3 0.0 0.0 1.0 0.0 0.5050 | 0.0467 | 0.0967 10
-0.650 | 2208 | -1.744 | 1.339 | 0.7048 | 0.0100 | 0.0750

4 0.0 0.0 0.0 1.0 0.3558 | 0.0165 | 0.0984 9
-0664 | 2255 | -1.833 | 1.372 | 0.7090 | 0.0101 | 0.0750

a9 4= 274AFT A HAstE Ao 4 2 THEAHES Ho Fu glon,
2l et w72 A obgd EEERE YA dr7)E(supercritical airfoil)©]
AEHoR AT UL B 5 Yok
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Design Cycle
—o—— Exact Value
——*—— Approximate Value
19 5 ARG S Hay
E 2% YW DAl uls) Mz e fEuA BUe ASRe A% 1 A% )
o = = Aa-S
2 13 271 4AN wa HAshE GAZel el T gy Abole) ARt Qe o
- 2 o}
Atk = 274 A airfoll 1~ @AEe] Aolelm B 2 gl oFaln
T"r%aﬂ/“ L ko)) A H = 7 e NG/
o 12 Bzl ey HA437F 9w Ao s

A &elr) A
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I3 oA Weh ol MAY FAY BHANM BB cAHshYo] BeErlimPN
o Agsnz oddda Aust o AEaE dAle) FIAs Aeldn ¥ & A &
AARE Plamg el dSse wEe 23 2 oI5 4L 4+ Yo e T F
Atk EF WY FAAY AN 8T AAHANE AWY AgelE Aol
g3 7 RRAD AP IS olgFe BFeR 4V AW 4= Ak A=
&g nolzE Aol AT

¥ 2. AAsIY Fo) LA=E

e C/Ca
37 B (airfoils) TSD A Foler A
airfoil 1 54,9 414
airfoil 2 23.3 26.2
airfoil 3 21.9 239
airfoil 4 229 21.6
airfoil optimized, TSD 171.0 834
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QYA AL AHSF AANY PR FANAAD InAZTH AR BeE 4F
golol FAAA AMsE Axago. B A7 ARA, eA2AARAY, HAn
WYL B alo) A L AUkE ST FWA 5o 2Fe, cANPYAol
ZAR AP FEIGINE 4G5 GsAoln FAY AR Sde FHIS &
AT,
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