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Abstract

The “buffet” which is the shock wave vibration on the wing at transonic speed has influence to the aerodynamic
performance of the civil transport. It is significant because the wing cannot maintain its aerodynamic performance and
it is also led to the stall. Therefore, several researches on the suppression of the buffet are carried out. A Vortex
Generator (VG) is one of the way which can improve to the transonic buffet. It is simple device and widely applied to
the commercial airplane. Conventionally, VGs are installed along the wing span. However, they increase the friction
and the instruction drag. Thus, the number of VGs should not be beyond the minimum necessary. Another problem is
that it is still expensive for the computational fluid dynamics to simulate the small size vortex accurately. Therefore, the
optimization procedure of the VGs installation is developed with directly combining the wind tunnel evaluation result.
To reduce the number of experimentations, the surrogate model based GA exploration is employed. The design
objective is to maintain the linearity of the variation lift with changing angle of attack (lift curve), because
the stall is appeared if the curvature of the lift curves become smaller. Eight initial designs are evaluated
and five design samples are acquired. As this result, optimum samples can be explored with reducing the
number of the experiment. Several samples successfully prevent the stall without increasing the drag. In
addition, the design knowledge can be obtained regarding the optimum VG’s layout by visualization.

Key words : Transonic Wing , Buffet, Vortex Genrator, Efficient Optimum Design, Genetic Algorithm,
Kriging Model
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<. 29 LB TN J0E & FH3, BRICIX TR —H235 12K 5 FIZ L HE 5T O3 sAE+ 5
b, HBRESIREIT 537 = v K (Pearcey, 1961) & FHEN A IR 2L . RFTEEEE 2 COFALOFIBEIX
ISR T 2EOMAAE () NRELARDIFEEZ VLTV, EAOHEKRIZEES TR 7 =y b35A
LT <725, N7 =y NOMBNIAZE O ENE - FIEEOBLENG b BEELRFIRVETH 5.

N7y NOMBINZANTEHD EEZ LN TNDZES )T /NA RTHRNT v 7 AP =3 L—4 (Mortex Generator :
VG)(Kusunose and Yu, 2003)23% 5. VG IFX 1 1R S5 K 9 ICHIZEf0 33 LI ) (11 b b/ S 2R 5EE
AR e ARk U CHREICERE L BEM TH Y, ERETNIRMERESES. ZOMIEEREKITIC
HONT, M ORIBECE RS OIRE 2 Il 2R 03 & 5.

VG Xl Z 72BN T A A THDL OO0, BER AT =y MEEGIEB R ONL 720, FHEIC W6 T
W5, EDTh, N7y MfilE BRI E Lz VG ECE 2OV CTOMIE R AT 2O BIF I M T Thi T
BY, EFRIZHED VG OEDRZNVEEENRENT Ll ERD-> T b (Koike, et al., 2013) (Koike, et al.,
2015). —H T, N7 =v FPEEROVGEMIRETIE VG THEARLESIATH Y, EXEizEnsEs. 20z
DIBLOBEINZ e/ NRIZE DD, ZhEHININT = v M EWHlT 5 VG OREEZRD D Z ENMETHS.

TR TCUE, MLZEREOZE IREFHI B W T O EMERENIEA SN D L 218/ o72, VG B ESE L/ NS Teiis
BAEAENT RIS L > TEREICES Z LIRS TH H. 2O LI ICEBROGTNERET, DERPBVEREB LR L L
ToRREHIBEIZ W T, FolskFHEIC X 0 328 A 489 5 :(Kanazaki, et al., 2008) (Kanazaki, et al., 2014) 3
REINTND., I T, AL TILESTHRAREBRIC L > T 7 =y hEIHIT 5720 ERICEET S VG
DEIRILBLE Z Wit d 2 FBROZR(Z2 T 2 FEA MR L, FEBRICRERELZRAA L Z 2 ANE T 5.
BT, D2 WSEER T DGRk 2 - 28 e iR A a U, SEBRI IS 72 oS 2175 .

A—A
f vG

Fig.1 Schematic illustration of vortex generators’ installations to the main wing

2. VGEERHD-OHDRRRAE

2-1 HEiRgE

A TlE JAXA2m = 2m E 5 H AT AXA 2mx 2m Transonic Wind Tunnel : JTWT) Z FAV 7= EREER 1< &
S THRE(LDT=OIZZE 17— & # BfG Lz, JTWT I HEGEERXORIATH Y, HETEL 2m*%2m, < v
¥ 0.1~1.4 £ COHEETHE)HET®H, BEIRMEIX 50kPa~150kPa £ TORET 5 Z L8 TX 5(Ueno, et al.
2013).

2-2 BRHEHIZAVSREBOER(ZDOINT

JEGREERIZ W D8 & LT NASA 1T X > TABI S 4TV % NASA Common Research Model(LL T, NASA
CRM)(Vassberg, 2008)7> 80% A 77— WAl & i 5. NASA CRM TR EHEFIR OB CH Y, T3 « K « KF
RBEMNSD. K2 (IFRBR I L7 (Ueno, et al. 2013) DI 2R L, X 3 (ZIEaRBRREOAA 2N RE S
TR O E R, e v E LA VI N 0.85, 40X10' TH .

2-3 BETAIRILTYIRDIRL—4
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AWFFETIEE S (hv)0.8mm (VG &85 0 1417 HALEOEFEIE SRE) |, £S(Lv)3.2mm, EE 0.1mm & L7=f)
T TELNT- AT L L ZBD VG VWA, K412 VG DT A—2 L RE~OHR Y (I ER %~
VG [FETEE D 20%(0.2c)0LiE ()12, Eie 7 st 32 M B (av)20° & R 7= TR 5.

EWEIE A ST 5 EEEWAN T, /NS 72 VG ZIEMEICRIZAGE D T 2 Z RO ESDOREE 72 5. mWEEIC
R UTHekiE A5 5120, Hi35 1178 22 5NImm? T & % B HBHE 577 (Ueno, et al. 2013)(Koike, et al., 2015)
W, ZOBEANTARERICK T 28)E FIcBWTHa7ekiE NErRT0, Gl ko TS 720,
VG DIEMEZR AN L B G 720 S L A FEBLTE 5. FoliE ORI 2 VG OIG(HEIIE, X 4 1RTI8 0,
BLHEIZRIT DR 7 HE, EilH S 186mm ONLE DS 586mm @ 400mm DX & 5.

Fig. 3 Experimental model installed in JTWT
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Fig. 4 Parameters for VGs and the design range

3. EEREOREFE

ARFFRIZ BT D% EHER TIX, TElET /L E LT Kriging £7 /L& ZDFHIEZEN LR D 515 Expected
Improvement(EN I IZ 553 < BN > 7V 2@ nf) 7L 2 ) A A K 0 kb % Tk (Holland, 1975)(Kanazaki and
Jeong 2007)(Kanazaki, et al. 2008)(Kanazaki, et al. 2013)Z#H 9 %. Z @ Kriging &7 /WIZ -5 < Fik% Efficient
Global Optimization (EGO) & 9. M52 EGO 7t A& HW-FiEDOFEMZ R L, LLTIC EGO 15
K FEZOWTRET.

3:1 Kriging €T/

AR CIIMFZE M ORI P TFEZ B AT 5. KIRAIEREIZITEERY 7 V2 X 2 (Genetic Algorithm :
GA) 2 EMANTWAD D, FHREHEDIZ . 22T, 1< “373>0)4j‘/7/1/p,w+73 HIEEL L7 Kriging %7‘/1/
(Donald, et al., 1998)(Kanazaki, et al. 2008)(Kanazaki, et al. 2013)(Z L ¥ F%F 45254~ HBIBI%L (4. 2 fi T
FTHNT =y MR Z 288) OfRZEFITEIET VAR, %ODJETJﬁéF%ﬁHb\tmuW“E%ﬁﬁ z é:“C;dJék
ZIX%. Kriging VE13ME & SR EHESZE M OB &2 BB LTI RITFET, 2O H 2 RIEIZ OV TH @k
JETRRFHZEM O D2 b FRITTEX 5 Z E N BTV A, Kriging ©7 /W2 X AEE OGS | TOUTEL
fit 9(x;) Q) TEZLNS.

:’}(‘7"‘5) =N+f(-’5i) (”’: 112!"')m) (1)
ZIT, mITEEITAROR, p IR EEROFIE, ) Tu hDDORAETH L.

32 Expected Improvement (ED{E

Kriging 512 K DT RIT Y > 7V SR HE09~ 2 LIS X o TRIE M B35 23, & CORRGHA FITxhind <3<
%L OV T Y T EFTH Z EIXFERNTIIAR. £ 2T Kriging 7V TRTEO Stk & TRRAZE O $ A [F
R RN~ 2 EMEICEED &, MO Sl B 65 CITPE DR AN K E W RICHEE Y 7L S & 8017 % FF%(Donald,
etal., 1998) (Kanazaki, et al. 2008)(Kanazaki, et al. 2013)% i\ 5. ENMEDO& KL E1T 9 Z & T HAIBE O fc i
TRRENED & ZABHDICHERTH 2 Ltk s. BRBERORKILEZ Y I-WEE, BN EITEESE 9(Xi)
WL TRER)D L Y IcET B,

£ ()= (e~ 9o m2x=T | sf 2= o
s

ZIT, SidR/ 2, O iTEEEfE IAEAER, o I THEREEREETH D, £, fould Kriging ©7 LV ZA{E
T B BICHEASG L7e Y o 7V D I K T H 5.
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3-3 EBEMT7LIVXL

AAFZECIE, KR END EVEOR KR S AT L= ) R L (Genetic Algorithm: GA)Z AW TR ®H 5. GA
T DBIED A 1 = X LB/ U= Eai{b 7 2 XA THY J Holland 12 & Y #8242 S 4 7-(Holland, 1975). H
FIBIEL I3 U ClaifE 2 525 £ 0 7RO BRENAIRECTH 5. EWOELRIRIE, H 2 HRERAR L T D EE
DA, EAREDH1 7~ & BREEE G D@V MERD S OHER CAEZ R D KO ICBIREN 5. £ L OBRE Ak
DI TR REIRERAEITH Z LI2 L > T, ORISR ENS.

_ Sampling and Evaluation

Wind Tunnel
Surrogate model

Construction
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‘ No l Genetic Algorithm
Termination ?

l Yes

Knowledge discovery
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Fig. 5 Flowchart of the design exploration based on EGO with the wind tunnel test

4. FERERRE

41 BEERR
ABFZETIRRIARRER 2 I\ ClkiiZe VG ORCEMEDMAG DL IRRT 5. VG 2RI MO A End 2 &
&L, BagRITm BT O/ AHTALE &R0 AT A IEEE L L, BT~ v 43085 L 975,

4-2 BEEBRY, BB

KERFHTORELTH 5 VG ORLENEIL, Hiidhn SIS mT 2R S 22— FE 10%D0E (X4
WZBWT, xv=0.1c) (2T 2 AT MOERMmmM) TERTLHZ L ET5. &HETDH VG OfEkkzE 12 L, »
THO VG IZRBW T HEIEIFME 0.0mm (X 4 OFMEHS 186.0mm D) 75 400.0mm (X 4 DFARHE 586.0mm
D) EFTORMBETS. 12HD VG ORRENIE % dvi~dvl2 & L, VG XL TR UK TH D Z &b, dvl &
B FEMENE TV VG ALE, dvi2 2 biEVIE s LTERTHLO LT 5. £, EAFENICRSRE T
220D VG EZEEDTLOD VG OAHEHFHFTHD LERT Hw, MEREITIZOHR VG & 0E5 720 OB
21TV, VG OHEHRENIN T LY 12 SR bnZ e L2, 20 X 5 I IE OIENS, FEERNMNER
VG ML EBE LRG3 E2E 25 2 LIRS, AR T VG i/ R E RN Smm TS T 218 E4 H
WizZ D, BE{LOFERNSE SN VG R LOERERMMEIZ 8mm LV H/NSWREE R85, Fh b
D VG RENEE F LD, BlEEAEEO NGBS FTREEIC L VG BRREShD Z L & L. 2B, K
WFFETIE, BREIEHOHFHFR Y, RET 5 V6 ELSORIFKISRMITER T 720,

WAUCIB NI ERNZT 2871%, FROBIE & WIERORERE Ch L7 fa2 850584 CL LS. CLid—
FRCEFC T 28 (DX A) o BDREL 2D EHEINT D0, ZOBMNEIC /oo D Z & EHIMER LS.
JHMERIOC /00 2337 = v MZ XV /NS 7o Bl % N7 = v NG aps (X16) &5 L, VG MBRIRAIZHE
MENIURE aps PREL 2D EME, AFFRICENTL, o DIKILZ BRI E 45, AFFRICE VT,
TIRT LD, FCUod’ 13-0.09 % FIEI D HEAIDMA o B aps TH D Z ENERIFR SN TND Z LD D
(Koike, et al., 2013) (Koike, et al., 2015), &°C /00 ZF M9 5 = & T o 3R D77
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Fig. 6 a-C by the wind tunnel test.

Fig. 7 o Obtained from a-6°C/da? curve.

5. BREBRELUSBE
5.1 BMYTYITOER
AWFZETlE VG MW T=ER DO N7 = v MK AMEREIZ DWW THIRIY 7% 7 SOFE L, VG HMEVZEE
(Clean JZHE) 1 Db INA T3 8 DOV T NEYMY L T AREL T 5. WY 7 AREZ LI EGO 12 L » TR
27 vy > 7 (Additional Sampling : AS)Z 17V, As-001—As-005 D 5 S HifF L7z, B> 7 i VG L
TERED B IIREEL s DIEZ X 812787, T T OB > 7 /LA Clean JERED ap % LAl > TV, As-004 & As-005
1% Clean TEREIZ EEXT o 2549 1.6 HEIN L 7=
9 12 CRM SHIUZe P CORNREL Co ARt FUNMREUITBINRIKICIST B B A NI X2 12 b X O
WIERTH S, ZNHITETO C=051D Cp ZHIM LI bDOTHS. As001, As-002 (2B LTt Clean JEAED
CLEVELLTHEA, MY TAOR TN SMEZI -T2, oy (73 RAF7Z5 72 As-004, As-005 (2B LT
Co HIMEREIL L THBY, an & Cold hb— NAT7OBIRICH D L E25. K 10 ITEMF > T ABEDOT T oy
Db RED-T2 VG OELE Z 7~

5+2 VGRYHERTORFFEE

11123 bR T, VG A3 2 Z ENE RSB T OBEZ b A 7T MR LT OE R
T B AT T AMEROT-HIZ VG ZRED Z & A3 T E L #iPH 0.0mm~400.0mm % 10 XENZXE1Y, By 7 /v
MVG @ L CWeRKMEeY oI srE Loz, 77, 0.0mm~40.0mm XKEITIEFIZKE Aefliz Hio T D
ZENDLNDDT 0.0mm~400mm XEIOHIZ VG #ET A EIIEETHLIEEEZOND. Fi,
121mm~160mm X755 241mm~280mm X2 CTH KR E REZ > THWAH DT, 121mm~280mm (Z2>) T
VG Z#RETHZEHEETHD. 121mm~160mm, 161mm~200mm, 201mm~240mm, 241mm~280mm (27>} C
DX TR Kink ST Y325 28, SCHR(Koike, et al., 2015) COA A /L7 r—(Z L 5 Atk (K 13) 75,
King {1 C7 =y ML DRIEENEZ V0T WKENRH D Z B> TnD. (N7 = v MK 2B &
2R L7 XA X 13(b)2R T, ) AWFFETO VG Bl EPRRIC L ORER S, HBEO#E Z 0 L3 W EFTS VG Bl
EAE & LTRSS DHENE L, AIfkic L oA e AT 5.

5:3 BREEHR
2 \THEEIAIZH T HEE FITE—A L N CyD 7 my hERT. N7 xy MBI S &, K TOREER) )
KREL 72V, CyNEIINCEET 5. 12 |28 T Clean JEREIZ 3° 21 E /=5 7= 0 DAl vt N 5 X o
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2 Cud EH L TWA2, VG ZHE Y (T 72 REIT V1 b Clean FZREIZHEA T Cy OZALDMESL N Th 5. As-001
L AR TRV E AT T & Cy OZEAEIANC S 7 FLTWA Z E b5, As-001, As-002 (ZH54
723841 4.0 °~ 6.0 °fFUTICIIT D207 CuED LR 13 As-004, As-005 TiE[R UM TIZR NN b, B
MW T AL D VG DT = MIFI R Z RS 5 Z L 23K,

5-4 RBERARBROMEL

KW ORBFN I TIE, VG %3R8 vTRE/2 FEFE 2 8mm fEIFE C 50 TR E L7=. = ® 50 TR/ N T 1 4%,
RRKTLR2KDOVG 2052 L& 2 D0, 2T 1721 {8 8612 77 5455 i W OMAGHOENH V155, EEHE
TRFRBRIZ I T, VG OREFHZE 225 L->-2 1000 {ZEILL EOFERZ1T 5 2 & ITBEM TRV, —F T, EGO
W2 X0 EEEE SN AR T, MY L TiEY LBINY T BB OFF 12 18 Y OFRER TRV WERE
FFOVGREZERTHZ ENTE . bt a4/ L= 7 ) v 7 ThEZEmb, IE62&13H 5 L0,
FER AR 2 TORMICB W TRREER MR SN TS T®), KR ERM TR TnD. Lo T,
B O JETRFRBRIZ 31T D EGO I X 5B FRIITFHACTHH L E2 5.

5.0 0.0229
4.5
0.0228
4.0
0.0227
35
— 30 - 0.0226
° . | [a)
2 25 (5 00225
S 207 0.0224
1.5 +
0.0223 -
1.0 -
05 - 0.0222 -
0.0 - 0.0221 -
Clean As-001  As-002  As-003  As-004  As-005 Clean  As-001  As002 As003 As-004  As-005
Fig. 8 Comparison of the oy among additional Fig.9  Comparison of the Cp among additional
samples and “Clean configuration” samples and “Clean configuration”

Fig. 10 VGs locations which archives the highest oy,
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Fig. 11 Frequency distributions of selected design variables through the additional sampling process
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Fig. 12 Comparison of the pitching moment among additional samples and “Clean configuration”

Shockwave

Separation dueto buffet

Wing tip vortex

Fig. 13 Visualization of surface flow for the wing without VG. (a)Experimental result by oil flow (Koike, et al., 2015) and (b)
Explanatory illustration of oil flow

6. ¥ &

AL TIRIRRER T VG O ERA~OBLE 2 il L. BolfbFHIC X - CRIRRBRO SRR bz
ERITHED VG HEIIN RIS & IR 124808 U, IS 2 5850 2 B 0 BT fili% Flal % &
EOIAENT =y MR L ER LT, ZOEAOEKLE BB L E0 CRal{bE FAT LT, Kok —
FZE 0 BHNE VG EEIZOTR S VG B IEVBREL Y BRI L, A7 =y MRl S TIN5 2 &
AR LTz, s SRR T RS E O E L D EBR THEASRO N2 2%, BINY T VG BLfE A j# 672
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PEENCHF D e A N T LATHHYET 2 2 LT, DRWERTEORGTHGRAESGT 5 2 L 23 7. VG IT
FUOATICRES 2 2 EBROIRHTHD Z Ll ENghoTe

E &
A L2 BET DIZHT Y, BIRRER DS R ICHED 5D KO MERIEE 217> T 7S o 72 JAXA MI2AHES R
BfibAse o 7 —BEEER T 7 v a R OGHEZE v a v DG 2 bR ER L E T
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