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#2080

Navier-Stokes '# 3 24& o] 83 J &S P9 HAAHS A7
Design Optimization of Transonic Airfoils Based on the Navier-Stokes Equation
o] 3] 13_]_1), =z 7};- H2)

The airfoil design optimization procedures based on the Navier-Stokes ecuations were
developed. This procedure enables more realistic and practical transonic airfoil designs. The
modified Hicks-Henne functions were used to generate the shape of airfoils. Five Hick-Henne
functions were used to design upper surface of airfoil only. To enhance the ability of
Hick-Henne function to generate various airfoil shape with limited number of functions, the
positions of control points were adjusted through optimization procedure. The design procedure
was applied to the single-point design for the drag minimization problem with lift and area
constraints. The result shows the capability of the procedure to generate much realistic airfoils
with very small drag-creep in the low transonic regime. This is mainly due to the viscosity
effect of Navier-Stokes flow analysis. However, in the higher transonic range the drag-creep
appears. The multi-point design is shown to be an effective way to avoid the drag-creep and
improve off-design performance which is very similar in the Euler design.

1. A &

FATELAAHAAGHL FAFAGES FF7] A §&3e BEokzA, A4dA(nverse
design)®t tlEo] 1970@t FUFEH AFH7] AFRS Hokelth, FYHHAAYHAE AA Volpe &
Melnik[119] <4 A (inverse method)®} Hicks et al[2]9] X 3 A 8% (numerical optimization),
a8xn 3xaq=y 2 7HA47) A ¥ (fictitious gas concept) S22 TEE 4 Qo

gutz oz ddARe] A4 Zle] gomz FHHA ETEE 7M1 28 AR EHI oy, 28
Al EA AL closure problem(Fo17 X7 §EHF 21 E& UFAF|A] gtor HAW M
Lo HAe] @3]A GF)o] JouZ, o] WHE AHoz ALy B HAHYPo 27d
o Wt SAH AP LS AGATe] o8 FEr] die], 48HA FHHEA FE22ME 94
Aged Jdxez HA AILHAT, o] WS AFsd HdA%5H, 954 A A (multi-point)Ad
AL FEE AdxAE 71 37 AAo] dg FF A (multi-disciplinary)d 4 S A€
T AUE E FFEC U EF HIZY FET HAFEHIE L Yo AsHyezw Ay}
ol AaPx 1 gl

F2H 23 wye] A4Azle] o] HI L olfE HAE FEAIEH SRS HAtsHo] wiE
Hojol & 7] g Eelc} o] MA87] $8l9] Vanderplaats® Hicks[3] & % $4~(shkape function)
MNEd& AHS-8lP 3, Aidala et all4]e JHAEE S84 AFF BFFE Argsidony
Vanderplaats[5] 2 Joh et all6]2 X337 AAME A& b7t Yot

>

D A $EALGTEE g
2) AEY, ARG FFANLATHE
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Ao SME o}z HA2LAL WolAe AF2HPAE GAW FAHAF/ P fKAoE
[78]18 =38 AEs7T 33, tFdAH AAHASHII0] R F4E 12l ¥ Navier-Stokes
AL o] 4% MAAAI0IIE B A7/ AP Qe FHolth. Navier-Stokes™H A 4
o] AFEE B2 Aol Wol A8H7E AT g8 AAd B A Y(reliability) S ¥
4 9l7] dEe] HEFT YE FAoIT

B Ao E Navier-Stokess|4 o2 HAAHSNE wPFo2A FAHY st 4548 & ¢
ollel FAZR st Bt AR J7E A4S # o 2ol BAHAHG AFgd vA=
dgg FA3A

2. 44 543

2-1 24 &A
wyMdAA MA (Single-Point Design) _
E dPM OgfEs gUddAY AAEAE dgn 2o ¥¥F Yo dEF AgxAL /A
glo) 8.8 8 (wave drag)e] i3 FEAo|d.
' minimize  Cq (X)
subject o C, (X) 2 C,
A =2 A

4718 C, % C, £ 47 YA+ FEA54E Jehiin A & @NEY dd3g Yed
. C, & Ay E 2% dEASFY FHAFY 27]ge UdEdn

o)ZAHAH HA (Two-Point Design)
o)FHAN HATAE eH o] V) & F v PxddA G el dHF Az
£ 71A g)o)B & H(wave drag) A3 FAloltt
minimize LX) =2Ca(X)+(1—D)Cy(X)
subject to C:=2 Cy
A > A,

A71 A & F HgEAY FEAAE Yed,
2-2 nﬂﬂ—(shape function)s} A A WS
AA MBS e Zo) B /AP FHoz EAHY.
— X
Y = Yp+3 X Yi( %)
714, Y & AAY gMBe FEEAN, Y=y/c 2 EANHZ, Y, £ 71AYH(base airfoil),

X, Y, e AA¥SE 2 2848 44 Jehdd. 94714 g4 o&3 22 Hicks-Henne #
8, Wagner %43, Legendre 84 %, patched ©34| ¥, Vanderplaats B}l 71&48 52
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Shpshl AHeE 4 lth

2-3 frAgH 2=

AL 8 A5y e ALY Z=2E o9y A8 FLO-53(161% ©l& Navier-
Stokes 34 €02 g FE=olr) Jameson FEY 47 Runge-Kutta AZFHEYPE A8
o, BEH Hojd A FA FHAHUY 23y FAFEYE Fyolidse APz, Hel
AAFAE 3 ATHANYE FUhsAn P84S FIAIN7 st dFAA(Multigrid)E A
YR, FEANE 2 399 F(Total Enthalpy Damping) 59 o3 714 E¢] Alg5H2
At Navier-Stokes #1412 Y% (Thin-Layer)7}3$ A83 Qo™ Baldwin® Lomax dHRE™
< Hestzm ok Aol A8 Azle C-¥eo #4348 A (Hyperbolic Grid) 24, 57
A Agol g7l wWEY AzAF 9 To] E3I Hojdr 9% FARAL WA
(Far-Field) & E3] & uAlsl: B4 744 XA (Characteristics-based Boundary Conditions)& A}
£3t9t}h Navier-Stokes Zzt9] Z7]E 320%64 oltt.

2-4 FAHAg dndF

AAGA S 8% FAAHE BA A dFAe2 ALH Qe ¢xneFd DOTEIE
g3ttt DOTE vAY FHEA AHEE & e B8 JA8 Z2 Yol Vanderplaats
S18J9 st A=A AR A EZAE 3 84U (Feasible Direction Method), 4 ¥
A ¥ (Linear Programming Method), ©1% 74 8% (Quadratic Programming Method) %9 371
wEetd dpeEe MEsid A8E £ o, ¥4 R A (Polynomial Interpolation)& 9t
9 g (One-Dimensional Search) ¢IelFo 2 AbEgch 3 vlA G AsEA o] WIS
A8 SAFEHYBFGS)H FAB A= (Conjugate Gradient Method)& A FFch, B AFoA
' vAgHAHRE dfAE FAFAEET ALHAFGE ANAE A F88 8 Modified
Feasible Direction Method)& A}-&3Fth.

3. dAdH% 4 nF

3-1. AEFSH A Y

o2 FFe s s FAEATH L Aoz A B AEriEez
o] BRI MAAHA o9 HFAtole F(sum of residuals)S MAINAL, F3
AHg8le o]& HAdEEE R

S,= $ [ 3/ ¢(%) arger— ¥/ ¢ (212

ol HlAl¢F A3 EAo]n2 Fletchers} Reevesd FHZAAEHE A& HHal st A}
2% Z¥42E Vanderplaats 8199 71€98 8, Hicks-Henne &% 3, Legendre TaAld,
patch T8t 8 Wagner 48 Solth. 298 1& A¥ A8E Ro4F3 Q& dl, Vanderplaats®
NEQY L A= F97 71 FFEE FYol AEOJX I patch Thatl o] ok {FALsLA
g 531, Legendre t+84 8 3 Hick-Henne $rgo] fAlstA £ Fd5HE 1A e A
o2 Jehgd, a3y Hick-Henne §43 < Legendre T3tA 8o ujs) Aojg e 23E & o

£ oed B
SEEMEE
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E 7150 Yemg o A RIFW Y UedA BE RIH} Po) S, 3.0516E-59A4
59210E-62.2 Yol &, AlojAE& XY 4 Y& Hick-Henne ¥o| Legendre T34y rr}
S AT EEL /IAgE RS Jehdg,

a3y 8 dFdMe Y4B L 98 Hicks-Henne 48L& 71822 A 4372 stdz, &
7t2 Aojd 23 & §% Hicks-Henne B¢+ AEATH S ANdNE sqad

) Opintzad with HidvHame Runction - o with Wagner Furcion
o !
- a -
g w £ o Chictive Function= 308161505 g w] [ CoecreRurtionsarisacs !
o P = o ;
- e —.,.,.'”...::j o i ol IR N - |
[ [+ "] " as (1] 10 o o2 o #c ae o 1 (1] 02 o4 ’c os o8 10
(a) Initial and Target Airfoil (b) Hick-Henne Function (c) Wagner Function
e C; with Lagendire Function " Ot pith . il wits g Al
$ o Chjective Funcion = 26060505 $ oo Cijective Function = 837505 8 o !l
o) o | - s~
o 02 [ 1) wc (1] as "0 a0 02 a4 'c as [ 7] w "] az ae m as as w
(d) Legendre Function (e) Patched Polynomials (f) Existing Airfoils(Vanderplaats)
£ o Cjecthvo Runcion = SRKNE0S
@ 62 64 - o8 o [
(g) Hick~Henne Function with Control Point Adjusted
29 1. Shape Function ¥ #4E¥¥ 9
AAYSY Z7te AANZY F71E ZtAdenz HAHAAZAAL] Yol BEFQ B A FA
E AE4 gAY Fo FEQ YHENE YA Ko 5o HANTE AL ob
A HAL nAHANA AN AAART AP AYSF] £E N2 LS ¥ A4
58 58 §AXI) 2 89, FUHeR 7)) A8 ASE ¥ L XA AFH Ao H
9] Y E Folly WwehE A3 o]E Y8 Hicks-Henne B4 AojHe YAE 5
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Aol AAWSZ Abgstd dEHQ &S AP AT F, 4 JFAA stetd AojF e v
A3 7§ o HYAESS EF T FIY £ e JXNE ZANEE T AHSE A¥E
& RAE2822, SC0414, SC0710, SC20614 ¥ Korn 9 &o|c}. 5749 HAWLE o] g8 vt
WA 7E HHge ALE AFde (0.1, 045 065 08)2Z 3te Zeol LS AdYe MF
Z BAY 4 Y= 2oz Jegrh ols K. D. Lee $[9,10,111014 5719 MdANMeL=z HH3E
o A4 AoFEgx Ha2s B A7) AMEE 2 1A dEd dMe 34E BY o F
EdE & Je Aoz YEx
ol Aol A T3 Ao} (0.1, 045, 0.65, 0.85)& 7} Hick-Henne #+9 HYZETHE 4R}
o}, o} 7] RAE2822E #l¢]3t SC0414, SCO710, SC20614 2 Komd A$= AAR7AA HARSF
o gAY 971 AAMSE HH3HPE dud o3y AL o FAFHUC ol ARF
Ao &8 Arstn Yok FRIHHUAXE &y $ste AojHe] (0.1, 045 065, 0.85)
Q AL AAH YA T 9 MAUSFE HAHH Y& W FAE FHoZ US
3 e oz MAZIdesign space)S HA ZAS G

X=X,+42 ( X;— X))
A7l A & F2 4A X, F X, Aold HaAANE deiz Jed 0<a<] 9 @& 7t
AZE At

Target Adoll : SC0414 Target Arfall : SC20614
asar a0
4t
ansat aorio*
§ et § To00*
28t e
2000"
i 130" i soad"
10*| 9 Demign Variaties: prony 9 Design Voricties
o’ 50eaigy L S Design
6 oz o4 08 o8 ) TTTd a2 e o a1

a9 2. Hick-Henne B84 8 AlE319 S 3% AAFTY =4

a9 2 EFYY SC0414 F SC206149 F AFol dalA HAFTIY zAEFAE BAFT
oo, oM TF F AL A FEAHHYL B3 & £ vk 22 =S Hick-Henne
FFE A o] HARSFZE AR FHAHAH 4A SASA @0 & YFE 48
E GACAMREE olv] IRHANE THAY 7HeAd € HAA & ¢ & AR

3-2. Navier-Stokes WA 4 & o] &% GLHAHY AN

Mo=0.726, a=2.44 A SdAAA AAAXEE FPsAct. AAA7]E 320%64 oA, ®
2T ANL 129 FH/AEL o) &AM AXHAY E 17 2F 3& GYAPAF Navier-Stokes
HAAZNE RdE=3 gu}, 2718AL RAERRE e d, FHAS+E 00124104 0.0099771
gl Mt 2o HAo 2§ EARAYHAL do|BgYo vl olF ou HA HHst
o ola] 7ZAAF)717F o8l $22[11], Navier-Stokes A NA golHgo] F& 7AYo
a8y O BAEe o yeAdAleld vla ¥R FAorM, AL n L de B A 7t
& AAN B2 USS QO 5 Ut HFHE AYANAE FH FFo| Wit tiFd ARy AP
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E7b WolA T oo e 1Y 3b)elA Re AT 2ol Y4 W Ex 234 32X gon B
ARE@IADE 298 4A waf G olS& X £3A 8rh 3 Navier-Stokes HAE
49 %oz Aot 29 HARGDG YA she AU 4A 2AE 49 F Yok

¥ 1 994A3H Navier-Stokes 44 23 (M,=0.726, a=2.44 )

A A ¥ 4= (design variables)

C C A

X, X, X; X4 Xs ‘ '
initial design| 0.1 0.1 0.1 0.1 01 | 001241 | 07697 | 00778
final design | 0.2817 | -0.2341 | -0.0870 | 0.5236 | -0.2147 | 0.00997 | 07798 | 0.0778

(a) 4AA A7 (b) Cp distribution
29 3. ddAdAA Navier-Stokes A4 A3} (Me=10.726, ¢=2.44 )

g E?E
T

a9 4. ‘ﬂ'?—l@ﬂ]@ Navier-Stokesd Ao} @AY H SHALF

39 49 e dAL dFd s @AM 5 (off-design performance)d RH7| $38tsd, A v
Pulstgol A FHAEAH LS A AAHQ vlst 0726 SA A ofF plA§ drag creep©l
AT AT g dAd vH AL FAESF A& FEold.

3-3 Navier-Stokes W32 & o|&& c|FTHAH HAHH

9 A4 A A Navier-Stokes A A A drag creepel LA g @t ol& F8A717] A%ty o] FA
A AAE NESA R WA HAHLE M.=0.80 , F ¥4 dAH L M.=0.798 , 24
3 e FUsiA 2447 2 AARSHY. F AA AAHL CdHARE HAYYY 7YY
o] A7} HE vidtFolth 7tFEAAE A=0.5  HHAoh
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£ 2. o|FA4 A Navier-Stokes A Z3} (Meo;=10.80, Mey=10.798, a=2.44 )

A A 4 (design variables) FAAA 1224 A A
X, ]| X | X | X | X | Ca Ca
initial design} 0.1 0.1 0.1 0.1 0.1 0.04720 | 0.04638 |0.6695( 0.0778
final design | 0.5150 |-0.9467|-0.9576| 0.8219 | 1.7873 | 0.02479 | 0.02413 10.67584 0.0778

oF A

g o=

- - |
00 02 o'A’ko': o ) uﬁumgmmus
(a) 4A ZA (b) BAYE] AL S

M, =0.80, a =244 . M, #0796, o =244

(c) Cp distribution at M=0.80 (d) Cp distribution at M=0.798
1Y 5. o]FAM AR Navier-Stokes 4 A4

AAZATRE E 2 - BE ule} o] GAdAEAH A uls] LA 50 €EE Ho &
g F Atk FEAAA A GAHAR HdALG A FAS FPASE ARG, 23 HAAHY
A$E A9 50% 7A Fastch

a9 5= AAR o s 244 SAHL BoaFu lon drag creep Aol @43 ZA
AL ¢ F Utk 28 590N FAHAAET 23 HAYANN YHEEE 4G A¥RY, o|FHA
A AAYYEo GUHAH ALY vls] F3] FHEAY B=st FHAY delayE 2 UL E
& Ak 2dy dAANA G A ZE HPAAHQ o|F FHANY FWEL AL o o4
el n gtk ol2 3 8438 Navier-Stokes A FAY dFoz Hot AAH 48
o dAE 7tsASE YSE AT + Ao

4. 2 &

Navier-Stokes®¥ J 2ol 248t AEE 4JAAN AT GFAAH 2AHHAAYE FEEe
24, 2ot Al s7be A e F4E dAsn d8Hoz AEE & e HAVEE
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Attt GUAHA Y Navier-Stokes AE ¥ H&E HAZRPAAME drag creep XL 2
2 ARAGL olF 4% AP L MAYT 4 JYvh Navier-Stokes AA AT 248 dAd: &
g AAd sl ¥ EA AAFTo FAHHT o|2AF FFe W dfF ¢HAS UHES)
Aoz Zo]=r}, o]g L& o]FZ Navier-Stokes AAe g vls] Bel AA 77t
$ A48 MHAAAE WAsA @b 28I Navier-Stokes HAE AAZAE & L4599
o2 MASA =9 drag creep Aol T o] ALE o|FHAHY HAE HELEHH drag
creep 84 272 SHAANTES FHANE F A

%7
B d7E azRyue Hed e gFAAY AAHAHS ATF(KOSEF 971-1009-058-2)s}h
DAY AFE Yoz sy=glen oo FA=PUth
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