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Vanderplaats®] 7|£98 8 AT He] Aoz ot Hicks-Henne ¥5E AL
sto] ¥ E ¢ttt Hicks-Henne ¥ 98& 20 A4EA 2 T8 5 ARS Ao
<& A5} olgt 2ol MAY FFFE LUHUFFTHEEL o] &3 HSLHAY HAAF
slofl A&t ¥PA U3 T el HdAHAHE +38% B, Vanderplaats 7)
Y e ALY WET Q A 2710 GEEHS A B A7 AREA A
fRoln 5g Ao HALAGLES LI A B, FHEATH AF

3 Fasiths AME #Addio

Effects of Shape-Function Change on Design
Optimization of Transonic Airfoils

Hyung-Min Lee - Jong-Yun Moon - Chang-Yeol Joh
School of Transportation Systems Engineering

<Abstract>

The effects of various geometry generating capability of shape functions on the

design optimization of transonic airfoils were investigated. Vanderplaats' existing

* o] BRe 1998E AR FEATRAM st ATHAS.
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airfoils and Hicks-Henne functions were tested as shape functions in the investigation.
Vanderplaats' existing airfoils are considered as constructing one of the most efficient
design optimization procedures, while Hicks-Henne functions can supplies a variety of
airfoil geometries. The capability of various geometry generation of the Hicks-Henne
functions was even more improved by adjusting their control points. These modified
Hicks~Henne functions were implemented in transonic airfoil design optimization based
on the Euler equations, especially for the lift maximization with wave drag and area
constraints. The results show dramatic improvement of lift compared with ones
designed with Vanderplaats' existing airfoils, The investigation reveals that the precise
geometry generating capability of shape functions plays a decisive roll in improving
design performance as well as generating practically-usable airfoils.

1.7 &

FAAAHE 7P AAFAGEE AdF7) FHEAL AAd &3t BokRA, 9
A Al (inverse design)® tl o] 70} SR e AT Algg Rotolth. HAEL 4
AbAZbe] Bute FHo= %"E’—".hﬁ] T2 @A 7t dE AEEI ey, ZEHeR
closure problem ¥ HA3 SR E A7) ol G Fo] UL BE o] P E FHHS
2 AMEEE Y B AAZAE AHAY aTE wh SRFAGELS FUFH R AL
tol ®ol 2adlmg A8 THAA sEoZE GA)ARE, o] WEE AFaE A
AsY, dFAAHE (multi-point)2 4 £ FEHE AL2AL A dF7) AA dg C}T
gt Al (multi-disciplinary)d Al Sol A 82 = gtte 2 #4 5] 1 B Y F5H5
AFE71&9 o] 3gle] ASHow AFsF o) AAFT Aot

FR H el AT Bel A8EFw ofrs AAE FHAIEW £ B A
o] wrEElojotdtr] wEoltt, o]§ AAEr] $de Vanderplaats®t Hicks[1]2 #§F
(shape function) /MY & 22 =9, Aidala et all2]2 FAAYL L&A A%
" E§g5E AHEEH.2e8 Vanderplaats(3] ® Joh et all4] 23 A3 #A& Bt &
EHez FA4AINL Ytk FHIZ FA = oA AR HA A/AT HelA wEF2YPAE
Fx et FHHE 7)ge] FA2B]E = x 2, thFA A A (multi-point) A Al #
6] 2 AL 17 ¥ Navier-Stokes[71 A 48 o] &3 ’éiﬂlil’—ﬂi}i 2e At A
P 3 dE FAeld, a8 o} #HE oM olFd W AT 3t A A
X3 ok EE REAoR ojmdA JNd Y& *l@ﬁfﬂi Mol 21 glew,
Heh AgA gle AAAAEVEY AL oby Tﬁgﬁ}ﬂ wA Eairy MR A A st
FxHHse dPog o|FoAE FANUAHNANIHINYLE A ANFAAM e HFEY F
A% 2dy o] gA dAsn gl Eofolth 51"LH°1]*1-L—' HA7AA ofe uig %?7}
vlujeb Aot v PR HAFAAEE 1 B¢ B A7t o]FojA gdernz
°olE EUYZ FAHHIE o]&F MHAXZTE 97 EIALGHE, gdddn & & U=
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W% HAH Yt NG FRPF 9 3

AdGAGE AAe) AT FLoe Fr1RNs @ B ol HEAY AFsd
F7) FAEASEE FuddE FoA st Ag ¥ & Ao

B dpe gdd ZlvdrdlA s deA e 2A3 “4-%-4‘“—]35011 g A
#HAs 71\ ML ut ﬁlC’r a8y 7MY AR HY e F2E ZgHelH
ZAG G o, AE 4A dHENEY 7lserd Aol smooth?dtA) %75}04 484 4
ol A ZA7L ATk B AT M o]F MM st o2 e EFETE AHRES
FehE 715 AYU3tT smoothdt A REEY = UEHF dlu, EF o] & o83t HAH
Mg g ANAFOEN Bfo waErl HAHHS HAFHoE ould Jge neFA
& ZAeh

2. 93444529 AL
gye HAL var o] 71A ¥ (base airfoil)} E#HFE 71T FE T (weighted
superposition)$te] A 7} gho},
- v.(X
Y = Y+3 X Yi(5)

A71H, Y & AAR EMEy #EZAN, YV=y/c 2 FANHEZ, Y, 1M,

Yl(X): x0.25(1_x) e—ZOx
Yi(x)= sin(x x4P) B > 1
where e( £ )=log(05)log( x,), %, A A
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HICKS-HENNE ALNCTIONS
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(a) Hicks-Henne Functions (b) Vanderplaats’ Existing Airfoils
oy 1, EFge) v

2" 12 A74ld AH8EHd Vanderplaats®] 71 &0 ¥ B#5ot ATF[8lelA AL-8-3)
¥ Hicks-Henne E¥+& R9Fx itk Vanderplaats®] Zg+w Y (NACA 2412),

Y,(NACA 641-412), Y3(NACA 65-415), Y, (NACA 64:A215)¢] 4719 g gejr})

ARG S g ANYrIEe 2 e 2ol BEXYY(target airfoil)it A A H
Atole] ¥Aratolo] FH(sum of residuals)® AAFHFx, FAHHE7|PYE AHEslg o &
sl e & &t

S,= ﬁ/ [ y/C(xz‘)target'" y/c(xz‘)]z

o] ¥ ®) A ¢k# 3 & (unconstrained minimization)F A 24] Fletcherst Reeves?| &7 A}
=y0lE AHgEdct. Aoz dAHHAAHA oA BEHR,Y £E& FAA o A
AxLA 7S ZFaAe AE A3 FTaAHAR, & PRy B4 g4& F
FEY ¢ e THE 7HA A" FAE MY 2HEA BEE 5 U7 AF
AAR AE&Hog ALY o HHsd AL A7) HaME E¥TY 7F o= A
EAE kA Ak ot

2 AP o9 £& Hick-Henne ¥87& AME3te] 3o 9A B ohva} o}
dde] MAAS HEHELT AP TEYYoIE RAER Kom, SC64, SCOT0L0,
SC0414 5 5709 dEHY HEHAP & AU Mg 23, e olgdido] S-Fuz KR
A o7t o e mofelw o]F AYE vehdly] $siM £ Hicks-Henne #¢] 4% 3
4 6708 BH4vr Badol WAk =8 sin®(r x“P) 2ok sin(r x4P) A 54 2
] aft-camberg o] & BHHFULBE W, ofdHe rXT EFFE XF oEZ A
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G AN T BeGse 9% 5

&th. 2714 0 2 Hicks-Henne 49 Aleid & 24std SxPLE o & FHIEF
dgon, oju MAH AojF YA Agagez o] (01, 037, 045, 0.7, 0.83) ©]
o olgiwo] (0.1, 0.28, 0.46, 0.74, 0.8) ot} HFHomE Y] A olAH 7 671
2 & 12719 BE43 Algaed g ol d7[41A AHE% Vanderplaats®] ##
4 470of wlabd 3wufub F7HE Aolth eyt 13 Iy 2004 R viel ol FAAA
Hede AH AEE B4, ol s A & BFgS AdEE FE35] AHEE TR
7 UEE B 5+ Ath

# 1. Vanderplaats 2§ 4% Hicks-Henne #<¢ H4E8d%Y v

HAHe FHEFES) #&
2xey : : : :
Vanderplaats' Existing Airfoils Modified Hicks—Henne Functions
RAE2822 1.6679E—4 1.6334E-5
KORN 5.4484E—4 4.1421E-5
SC20614 1.0580E-3 1.3400€E-5
SC0710 7.0196E—4 7.7370E—-6
SC0414 1.2323E-3 1.0679E-5
1 - — 0.08-- ey
0.064 L M»H_ﬁ?‘ 008, R
0.044 TR ‘ 004
0.024 . Yarget (RAE2E22) o
g oml | o gmmnens 8 om)
0.02 0.02
204 004
-0.06 -0.06
00 02 04 06 08 10 00 02 04 06 08 10
xlc xc
oos] i o 0061 . B
006
0.04 1
o
002- —— Target (SC20514) 0.024 —— Target (SCO710)
£ oo0d - - Optimized with Hicks-Herne o +* - Optimized with Hicks-Herne
- ~- Optimized with Venderplaats 4" =, 0004 - - Optimized with Vanderplasts
062 ; 0+ o
004-
005 . oo
008 —_— . , . ) - . . , . .
00 02 04 06 08 10 00 02 04 06 OB 10
xlc xlc



0084 .

0.06
0.04
0.02
0.004

‘g' -0.02 4
-0.04+
-0.08
-0.08

— Target (SCO414)
-+ - Optimized with Hicks-Honne
+ - Optimized with Vanderplasts

o0 02 04 08 08 10
xc

719 2. Hicks -Henne 2 Vanderplaats #4= ,,]1?} 84

3. AAAAS q§

oo 7153 gagd ¥ Jidel dAZ FEEAdel MAYHARE AR 4A
Ao w2 FEE A8 A8k, 94 AEE Hicks-Henne ¥{4& SVo=2d
HHA4 ZEH FEHAS FAAHYGE F8 APste] AEEHAYH AAHHI o A
&3kt

3.1 AAEA

AAZAE g 2ol deolBg ¥ (wave drag), Cy, & ¥ @4, A o dig
Aotz g 7t FHH s Aot

Maximize C, (_)_f')
Subject to  C, (ﬁ) < (.01
A(X) = 0.075

AN C e FEAFeln, X v 4A9F Aeent fEAYLE 4&HY BAL 2
vetdl= e d#| B A10le AbgEtdeh edRA e F59 st fle 599
o] 2455 & 2AE £ o, Navier- Stokeb“”‘é’"ﬂ Bt Zhebaie] guiEow 74“
AAZro) B A7) o] Azre] Bol Aa¥E FAHHB] A7) St =
=% Jameson 3 Ej2] 42} Runge-Kutta A|7HE+E ﬂr ol 2B E fs] & FA KA
A ¥ (Cell-centered Finite Volume Method)® 22}9] F93}#H (central difference)& Ah-&
st vt ohE A2 (multigrid) &k FEAI 747 (Jocal time step) ¥ & A8 7 (total
enthalpy damping)%& AH&3te AR S FA712 ok Aol AL&¢ Az C-3



SAE AAARs] dE gulstso A% 7
e o] %M %. 72t (hyperbolic grid) 2 A7)+ 224x32 o]t}
3.2 A A3y

FAHHEEs wAdd® HHsEAe] @ol AlgEn oy WHE HHs zZeaqd
DOT[81E Ar&3t9t) A%HAHEAE 98 49 Y (Feasible Direction Method), A
3 A & ¥ (Linear Programming Method), ©| k7] &% (Quadratic Programming Method) &
o) 37bA] whekekAl APl MEEd Al2g £ gled, gkl H 7 (Polynomial
Interpolation) & Yty &4 (One-Dimensional Search) @ n8]Fe s A3t £ v 4
okH A g EAe] BT HE 9 FAFHHBEGS)H FTHPAEW (Conjugate Gradient
Method)& A&3ch 2 dFoMe uAdH s Haes TARATHY A3
2 M= 4884938 (Modified Feasible Direction Method)[9]& AFg3stg o)

ZAAALEH L HL2E 9 (Steepest Descent Method)& 4 zbgksln &3 od
As Aot} HE27eHe AL F ALAe FHE&7shske] HME gy Hhef A
AANEYE Ao HEgdde] gy b, F FYPAAE WEE Faste] A5
stHe] EE FAAT Aoth A wAs HAEFEE gon AP &7
Hol A zojiz FTAwake] vt & %3 Y (Feasible Direction Method)e] 7]2 9]

NEA I & FRAAANA 2SS ZaATE 2ok AAE /REAA
> o 2A {84 Y(feasible region)E A FAGEAN HFIAN FE
BAGgE7) Zase HEe ol o). wepA -uor%“ﬁl]?} o]z

L

SHNSE B2 UL F8F ow Ze e HENE sl fEAgeR 53
Boo] HYE FATAE BEE kA wReA Hoh o ES) BHE §842ol
arHn SEAGEUE HEA/] olBE AoAY £ A ABE PEE olF 7

A 74 F40 %Y (Modified Feasible Direction Method) &84 & €2 ¥ (infeasible
region)ell A Al ZatH et f-RAQer ojFstd RHFTE FaAYIE MEL EAHESF
B Zol ¥ = wWioltt. E4AHAA HHEE Alatd Afele, A S-S5t
F7hE ﬂ}E F&AGor HE & 5 e WIS FYstolol Frh o] F H dFd
& fzo| AL Az Frgch o] dFWFE Hye FA oue gln
!

i AulsteAE 390 FEARSTHEA AT JH3 2AE g

AetzAL Aw
Zol BEE[11]
Minimize VF(X)-S—O0W
Subject to vg(X)+ S+O,W < (
S-S+wW <1
7| F &= 2H#S g &= Atz S+ gaws wgs 2y Jedg, We
AFWEEA o] Ad4E fe992on @S o 7oy d¥e &y, 4§ =
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push-off AA2A, Avfe AFzhez Fe He ‘%MLH"i AEE vedd. 0 = W
BHog uiys AF2AM 2 37le AgEAe AuE FHIAUAM ZAGSY PAE
ol F AEF 2P o)FA ELFGAA Tr%%"zl_‘”-i o] FF Tt FEYTYo

2 #%e 7t AH5E AAB

4. 4A A3}

# 2% Vanderplaats )33 71 %% Hicks-Henne #+E& Al &3t 4HAYEE 439
¢ AHE A7 BogFn ot FA MR & 2IH4AR R AAHHIE Y8y
o HFAAAE ¢343 XA AT AY M2 AP Jenz ALFHHY s
dol Ak AW F M4 FEHor ¥ HE Hicks-Henne ¥4+F ALE3t49L A7t
Vanderplaats 9} 3£ AME3l9-8 uf 2o} g4 2 Zog S F4A7n Yt Hol
ot} case 191 A% C, 94 714 Hicks-Henne ¥ AH43I%< w7l Vanderplaats
A3 L3RS W Krh o 3] Ao olam glon, ARy x|y E499e
2RE o]Fdy ByF #HA S (active)H L U case 2 o ALE ZV|MHAE o F E 7
g Agzae vzt ddey A¥E HAge] d3d Foles BE AgxAg wEAY)
WA gFo] Z75 F& Ry 04335 ATt Dok Vanderplaats ¥ L AL & Ao szt
o] 00078 A= Udl ¥&H FAUA Aol FAHAG. F JIt A4S AR/RFA B
HE 4 ol B9 o A A Fo Asgdd dvht & J¢#E F= AE
B43) B 4 = dx s

E 2 4dAx=Hg Az

A7
cases G Cu A wpma
Z7) 84 (NACA2412) 0.4801 | 0.0118 | 0.0810
1 Vanderplaats Existing Airfoils AF-§ 4] 0.7051 | 0.0101 | 0.0750 9
HZAH
Modified Hicks-Henne Function A}-&A] 1,1497 | 0.0096 | 0.0750 | 7
27144 (NACA 64,-412) 0.6977 | 0.0266 | 0.0759
| 2 Vanderplaats Existing Airfoils AF-& 4] 0.7055 | 0.0101 | 0.0750 8
HF A A
Modified Hicks-Henne Function A& 4] 1.1390 | 0.0100 | 0.0750 7
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aos]” o
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2% 3% 4% case 1 7 case 241 dialA Z7IEAAEE dAAHAgY Ao A 2
THUAEAHEL 4z Ho Fu v}, FEHOF Vanderplaats®] %o ul#} Hicks-Henne
g2 ALEE S Wt G J™¥el S F B9 ol Aoy MR ALt E
3t smoothdt HS& YA Y H(supercritical airfoil) g AEHoZ WA 7| gL ¢
T At

3% 5% case 19 AAHH3 +HNHYA ¢ FHss) Q@8 AP UL L & $
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olRAo] Az MAHHG N vAT FFE ZASAY e NFH Hicks- Henne
g8 Abdstga, 98 s, ofHde] sl 47 6714 F 12708 AHEEATH HES
g A oA 71a & eg FEHD IE Vanderplaatse] 71EAPY A HAAHE
#59L vlaste] 2 vl MekE Hicks-Henne #¢ 84 3F #5980l Vanderplaats 7]&
o] Hla] A SR ed, o] AARLEE A HHH d& o strte] 2@
T AL MRS A FHA Fo UL 45T 5 AU

T3 AFE BEr-E 454 249 FEFAHAN £AHHLE A HEFEYY 4A
HA A HEaPrt AFHA SN EA A A BAHHAE FHE A,
Vanderplaats®] 7]£A#8E& A& RS wio} vluste] HFTHAN dHo] 423 F7tsl
Aok o= uEY HEHAGAM Ao HAHAHA e JFFL dvHow
st ¥ ARG g4 2 e 2Asa, obe dEHolw AdAHYI HHHEAY
Ag& T falAE g AFES FHAATH AFE Fadtte AdE &<l
et

6.

ﬂ},i.'.

1A il

[1] Vanderplaats, G. N. and Hicks,, R. M., "Numerical Airfoil Optimization Using a
Reduced Number of Design Coordinates”, NASA TM X-73151, July 1976,

[2] Aidala, P. V., Davis, W. H. Jr. and Mason, W. H. "Smart Aerodynamic
Optimization”, AIAA Paper 83-1863, July 1983.

[3] Vanderplaats, G. N., "Approximation Concepts for Numerical Airfoil Optimization”,
NASA TP 1370, 1979.

[4] Joh, C.-Y. Grossman, B. and Haftka, R. T., "Design Optimization of Transonic
Airfoils”, Engineering Optimization, Vol 21(1), pp. 1-20, 1993

[5] Quagliarela, D. and Cioppa, A. D., "Genetic Algorithm to the Aerodynamic Design
of Transonic Airfoil”, AIAA Paper 94-1894, 1994,

[6] Hager, J. O, Eyi, S. and Lee, K. D., "Two-Point Transonic Airfoil Design Using
Optimization for Improved Off-Design Performance”, Journal of Aircraft, Vol
31, No. 5, Sept.~Oct. 1994.

[7]1 Eyi, 5., Hager, J. O. and Lee, K. D., "Airfoil Design Optimization Using the
Navier-Stokes Equations”, Journal of Optimization Theory and Application,
Vol. 83, No. 3, pp. 447-461, Dec, 1994.

[8] o1®¥ 9, =49, “Navier-Stokes WHA S o] &g HLL5APe MHANAG A7,
o ALFA S EAGEHI =T, pp177-185, WA Z e sd, 1999. 5. 28,

{9] Vanderplaats, G. N. and Hansen, S. R., "DOT Uscrs’ Manual”, VMA Engineering,
1989.

[10] Jameson, A., "Solution of the Euler Equations for Two-Dimensional Transonic

_11_



Flow by a Multigrid Method”, Applied Mathematics and Cornputation, Vol
13, pp. 327-335, 1983.

[11] Vanderplaats, G. N., "Numerical Optimization Techniques for Engineering Design
. with Applications”, McGraw-Hill, 1984._

..12_



