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Wind tunnel Investigation of the Rolling moment of a
Rectangular Wing with some Winglets on the

Left Upper Tip
Akihito INASAKI, Naoto TAKIZAWA and Nagakatsu KAWAHATA

ABSTRACT

Wind tunnel tests were conducted to investigate the increment of rolling
moment due to a winglet mounted on the left upper tip of a rectangular
wing of aspect ratio of 5.2 with a NACA 0012 section. Two planforms of
winglets, rectangular and swept back forms, were tested. Both winglets are
equipped with plain flaps to control their side forces. The winglets were
canted outboard 90° or 75° dihedral and toed in or out up to 20° relative
to the wind chord. The flaps of the winglets were also deflected up to +30°.
The low speed (Reynold’s number based on wing chord 5 x 10°) data were
obtained over angles of attack of approximately +15° and at the angles of
side slip of 0° and +10°.

The results indicated that a single winglet produce a relatively large
rolling moment with side force, but when left upper and right lower winglets
were combined at a time the two rolling moments canceled each other out.
It was also found that the incremental rolling moment by a single winglet
of 75° dihedral is about 40% larger than thatof 90°dihedral. For winglets
with the same dihedral, the effect of winglet planform on the incremental
rolling moment appeared to be not so large as expected. In order to find
the acting centers of the incremental lift and the side force due to winglets,
a simple formula is proposed to relate the incremental rolling moment by
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winglets with those two forces.
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Experimental data show that the

incremental lift center over the wing may be considered to be in the
neighborhood of 60% wing spanwise station if the side force center of the
winglet is assumed to be at the centroid. Deviations of the center of both
forces are though to be £8% of wing semispan and +5% of winglet semispan

respectively.
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b ;x®RME, Span of wing, [m)

¢ ;xEEE, Chord length of wing,
Cm)

Cp s i E, Drag coefficient

Cr ;B RE, Lift coefficient

ci /MR 2HNRBOES, Increment-
al 1ift coefficient by winglet,
—(L* +Necosg) /(q+8)

C, ;HEFhe—+~ ME¥, Rolling mom-
ent coefficient

C} ;/NRIC kBN E— £~ MRBOMA,
Incremental rolling moment co-
efficient by winglet, =1* /
(qeSeb)

Cla ;0C} /da, C} KkHi+2ERDHO
i Effect of angle of att-
ack on incremental rolling
moment, (1,deg]

Cj ;9Ct /3B, MHRICIBHERAHRO
4, Increment of dihedral
effect by winglet, (1,/deg])

Clhs 3 0C} /03s, Cff KT %7 5

7O%R, Flap effect on in-
cremental rolling moment,
(1/deg)

Cm ;fitEh=— 2~ MR ( R 2 5 %K
EAffEREY% ), Pitching moment coe-
fficient ( about 1,/4¢ )

Cy ;#74%#, Side force coefficient,
=Nesing,/(qe+8S)

o /BB, Height of winglet, [(m)
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(87, Lift

L* RICI2ERBHHS, Wing incr-
emental 1ift by winglet

1 HfEhe— A~ b, Rolling moment

¥ S NRICE AREEN ' — A v MHES,
Incremental rolling moment by

winglet, =L* ¢ y + N« {z+(b

/2 )ecos¢ }

N /EO#E#HS, Normal force on w-
inglet

q ;—FRiEHE, Free stream dynamic
pressure

S ;EHEEEME, Area of wing, [(nf)

;K4, Side force, =Ne sing
 ERENBAPRLORBHRIOKEE (R

b, SER%ZIE ), Spanwise
coordinate of wing-incremental
lift—center due to winglet ( fr-

om wing center, winglet—side ;
+ )1 :yc +Ay,[m]

Yo ;matinicitss L RBNMES FLORIE
HROEE, Statistically assumed

spanwise coordinate of wing—
incremental lift—center due
to winglet

dy ;YO Ye b0, Deviation of ¥
from Yc

dy, ;YO Ye »5OKKTH, Maximum
deviation of ¢y from yc¢ when 7
=1

z S ARZEHTLORES MO R (NRAR
»b, NERRWEMAZIE ), Spanwise
coordinate of winglet—aerody-
namic center ( from winglet—
root, winglet—tip—side ; + ),
=2c+4z, [(m)

Ze RELANEZENFLORES MO R,
Assumed spanwise coordinate
of winglet—aerodynamic center

dz ;20 2¢ b0 FTH, Deviation of

2 from Z¢

dze ;2 D2¢ L0 ATH, Maximum
deviation of 2 from 2 when
7=0

a ;#f, Angle of attack, [deg)

BRIV A(FECREST 2HBE%F),
Side—slip angle ( wind on ri-
ght cheek ; + ), ([deg)

0w ; ER & NREBHM OB ( Bk AM EE )
Installation angle between wi-
ng and winglet chord line ( toe
right ; +), (deg)

Os ;BNGIHZ 5o 7 (BIBREMEE ),
Side force control flap angle
( toe right ; +), (deg)

¢ RERAE (EZRFE2L, EMEEIE ),
Cant angle of winglet, ( from
wing—plane, upper side ; + ),
(deg)

n  ; ERLAAR FOEGHPLOTHICHT 5
SEck$L, Dividing factor for t-
he deviations of force centers

over the wing and winglet
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5.7 NRICEDBHREDR 5 & DRIR
1EONRICE B Cyp £CT OEFRICOWTR
5.6 ] T+ TICR~NA&, chEFICC] &
Cf OBfE/NEMECELKRIIGRL, TO%%
Bk DO EICHN B,
MoH»L2LORLDEEd 25 C) L Cf
FEBBIRCD BT Lpsbh b, MR 4HEICON
TZOBEFRRERDBEDOED L S ICH D,

NR P

A 90° cl =046C] +0005
A 75° Cf =047CF +o0005
C 90° C; =043C; +0005
C 75 C] =043¢c}f +o0o005

EROES BT AL, SECILADILI~93
%o LRI, PICLAETZNL O T b,

8.8 MENTE— x> MIRE

B, a, OsICH+AHEEEN = — 2 M EHOK
B4 ~6 2O EEHETEDLN, chbe
EDTDEICRN 5B,

(tRAHE Cf )
3s=0°OROalCHT HCf % I Rpsbk
LABEHBRNT 0w CE LD EDOEML 0
IGRL, TORBE DECHRNS,
WIROBE L C ) HATEEERERL, a

WIS AR ET 8 85

L BEENE N C1f BAESS - 0.0005
~=-000250HIH >, 7FTC990°, C75°
A90°, AT75°DEIC 0 ICITV, Ow T & 57 0w
=-20° BNV THIn,

dw=-20° BWCE, Cif OZAT HEEE
NRAHBEL O E TR TOM T b,

N9

A 9° -00019+00003
A 75° -00022+00007
C 90° -00011+0.0004
c 75° -0.0013+00007

a=0°ICH B Cf %/ R TLET 2
&, NRCIIADKI60~T 0%, ¢=90°L75°
OHIT 0~8 0% DIETH 5,

DEW, B 0°Hb10%EL B L, - 10°%
50° KELIHED | Cif | #aL0° THET
5o 2T Ow=0° OBRE, JNEABEL ICHTER
BEIDVNIWEAKS 5, | 0w |=10° OB AL
NBRAMRBEICHIBELIBRE LI KREN, 2&| 0w
| =20° DBHE, MBETREL DV KRELS, BIONE
ATEZDEIKREN, dw=0° THHEDHITEN
HHORM4ICRRIND LI, dw=0° B=
10° DL a2/ I FBIERE-T Cf  OFAbs
WAELHCELT EICHIELTND, | 0w| =10°
DFEDECDNTRFERET, dw=-10° B=-
10° OB @I+ 5 Cf  OEALAW B R0 IC %
BT LICHHIGLTnD, F7, | dw| =200/ &
ATENRKEND, 0w=-20° TR/ITET B
LTwbdDtEbnsy

(ZRIDBHE Cle )

Cha % (0w-B)EdsicHLT®1 1 IR
L, *ORHEEDEICRN %,

2P, (Ow-BIILBCly DELDEMRR
bh, 2 (0w-B)RE—Tdo>THERD D,
| Gw-§1 <10° OWETCla /IR 4 FRICD
NWTRDB S L ODRUTOETS 5,

NE ¢ a <0° a>0°

A 90° 00015100007 0.00134+0.0004

A 75° 00020400008 00024400007

C 90° 0001140.0004 0.0010+0.0003

C 75° 00015100007 00017100004
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CNERRO | C1f | Elbsd s, R4
LAEEEEOMETHY, C] KT b akt fOE
BN DEBRICONTHRBRE TH 5T L0 H 5,

NRADHE, (0w - B)=20° Oflia=-
5° T/NENEET L (M4 BB, cOkD, (Ow
-B)=20°TD CTy HH11OEESNEZD,
EETRINTNVE, AT°D ( 0w - B )=10°
a; 0°~5°ICONTREBRTDH B,

DEW, 0sICX% CYl, DELDOEERDL,
|0s |=15°TE | 0w - B | £10°TOELDEL
BIERRETH b, t4, AYENETRET S| dw

=20°% |BI=10°TCiHow==0° L b—f&
M Cly D3/ &\n

(#7755 7%% Clss )

dw=P=10° OB L 10° D> 2HE O a K
T5C), ENRAMELT 7y 7THICOWTH
1 2R, FORKEE DEICIKRN 5,

Clse W 0s>0° T aots s SRS
HHEMmMD Y, A 10° D HHEOH L LEEA
BN L O TH D,

F—o|0s | TRMENREE (77 » 7Hlik%
WEE, 6s>0°) &ANAESRBEE( 775 7H
molmE, 0s<0°)DCl, EHEFHL, A
ZRRLAEOEHHPTHEL VI, SBRALD
COHTEDENK B, dw=8=0°, a=0°
OF, SEADIs> 0°130s<0°D#80~100
%TH HH, NRCTEE CHEHH5 0~6 0%
TH b,

Clse % -6°<a<6° KHrnT/IELAED

LR BELUTOETD %0
0°< 165 L15°
SR ¢ Rm| & o &
A g9g° 0.0009 % 0.00025 0.00095 =+ 0. 00015

0.0014 =+ 0.0003
0.0006 =+ 0.00015
0. 00085 % 0. 0002

A 75°  0.0012 £ 0. 0003
C gp° 0.00035 = 0. 00015
C 75°  0.00055 *+ 0. 0003

0°L1ds | L 30°

B ¢ W& A MEIE:

A gp° 0.00065 £ 0.00015 0.00075 = 0.0001
A 750  0.0009 = 0.00015 0.0009 = 0.0003
C 90° 0.0002 = 0.00015 0.0006 == 0.0002
C 75° 0.0004 +0.0003 0.0006 = 0.0003

A90° T ( dw-B)=10°, a=5°TCJ,
PRKEL BB, THEE6 KR IN TN DD,
(0w-B)=10°, 6s=0° a=5° TOC}
DETILBDIDTH b,

6. EENE—-—Xx2 N, EHE
HBNHOMRICHT DER

FERGONRICL Y BENHRRAET 553, HRBRO
HELEREFROBHLHNCIBbh, TOBHN
CEo>THENE— Ay MRELTHEEL DN D,
Bum R TTR, LURETOBILKEEY BN
LTELOLNAERDTH T, NEBERNKES
TRAEZELIE AT Ldmbh Tnhae ) D x
RGBT+ 5 LB REMNICRE LcliEER Y
5 %\,

*Z T, NRICIAEELE - Ay MU T ER
T ARDI, SEOEBKEREY BANT, SROZEN
FOALE ENRIC Y > Tl U A BOG IS0
MNELCONWTERETHT LT L1,

SNROEIFL EXBOB AP OB DN
T, NREEZROENSFMD 653 T1% B« ICEH
THhE LN EEBEL LT L, AR RS
ThHb, O, EANT->LEBRHERDL TH
EHET A ETEHAI

CZTEERENER FOFLAEBOHER T IKE
L, DEC/NBAHELCONWTELR EEL bRBHEA
R, Iblca, 0w, 0siICL s ElLE ML
%o

tr, XH, MNErEERELTH 258, UTOL
S5 B ZEtE THLAME & RO 5 T LTI EEDN
HrLELLN, D, la| =15° CTEEE, K
DPEET BBPEREND, T THE |a| =15°
OB %R T ET 5,

6.1. ERBAEHF0ENROBAFOCETD
R
(IRICEZBENE— X2 b, B, BHRE
DRRK)
13, C], Cy, C] oB#X:HET 2,
NROMERA G =15° ORFX ¢ =90° IC &L T
KE2C] #REFTHZEETTIORNZ( 5
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5106 Cf AERIELKTOEHROT,
NRICENHBERT 520 T%L, FTHROBS
ZdoTWnAT ENELLNLE, ThbD, OO
KON BICVEATAEB N EL DL BELRD b,
Thicd &L o&, TRTOBNWHE LY, R
WERTAEBRNENEL, ThifBhe— 2>
MES I LOBIMFEEML 3RS, M1 3L hE
17]/4

¥=L* Y 4N+ (2+becos 4/2) (1)
855, T THEOBNEANLY N+ cosé,
PLUBENDN « sing T2 L2 ZELT,
e —tRMBNE, TRRBRES X UCREE TH L TE
Rit+ 5 &

C; =C} <Y/ b+Cy+2/(besing)

+Cy+(1/2-Y /b)ecotg 2
LET B,
( EMOBHRS O & /NROBRHFLDHRE )
TROBNEARLUEY LNBOZENFLAE

2, 0w, 0s, a, B LI EHTHEELD
s,

cetYezxk

Y=Y, + Ay

2=2z¢ + 4z

&, TOFL Yo, 2¢ EEOMNATOTN LY,

de G rgE, Cf rCcp o, CF ECyw
ERBERICH 5 (K8, 9 )T &bBfLOPLA
Ye, Zc REETHTENTRTD 5,

Cl . C} ., Cyr/ R »d HREOFHAIED 5/
B % (BU GRS D ) OFRIEEZEL 5wk
3ORDT, C =00BE C; =Cy=0T3
Bo th, BOFLATHHDT Ay =42 =0
E+ B EQRIERD L DI % %o

c; /¢t -Ye/dHCy/CH -2 /(b-

sing) + Cy,/C}f - (1/2-Yc/b)-cotg

=1 3

ocy scf, cp el onTE, T
hEnH9, 8IKFTHARDEEZEMAT %o

S ) cy ¢y cx/cf
A 90° 2.2 3.6
A 75° 2.1 2.4
C 90° 2.3 3.8
ral =0 a0 n

72, BRNLY Ye, 2¢c ZEERDLZLEET
E%\n, £ T, SNEOZEHHRLAE Ze #H(0
(FEEHEKX MAC O AUEB ) KKRET &
SNBEATH 2¢,/b=0.096
(2 =025mxX05, b=13m)
NECTH2e /b=0.081
(R =0.25mx0.42,
Th b,
LEREDEEZBRICRATEE Ye, b T/ B4
BEICDWTA9®, AT75°, C90°, C75°QJEK
ZhZh#0.30, 030, 030, 0.28 &3iT
—BT 5, TO—HE LEBEEOE4HEERT & D
ELxbh b, [6 | DOELMNETIRNAL LI,
NROFRICKT 5 E 8% FEOCHRE L 2 RE
RExbzl, LARoT Ye  /b=0.31CT5
Hprd T30 L, JRICY b EROBHHMH
KESEBEYZITTnD EIEL LR D,
CORRIC Y ¢ /bid|BAHERTKEZENE
WO T, LT CRBEOADIC Ye /' b=0.3THH
—TAHC EICF B,
(EROHB/LIR PO ENROBHFR LD FH)
FIBIC 2 NTROE Ye, 2¢ RO, O
HEToFhz dy, de £35&, @KRib
c; =cCt (Ye/D+ 4y b)
+Cy/sing - (2¢,/o+42,/b)
+Cy- {12 - (Ye D+ Ay /b) } - cotd
(4)

b=13m)

#HB5,
22T, M2 =008D Ay & Ay, , Ay =0
DD Az % Aze TEDLT L, WREKRDO IO
FEE Mz bh b,
dye /p=0cCy -{c}F -Yerp
+Cy - %2¢/(b-sing )
+Cy - (1/2-ye,/b) - cotg } )
/(C} -Cy-cotg) (5)
dze So=(CF - {C} -YerD
+Cy - 2¢/(b-sing )
+Cy-(1/2-Ye/b) cotg } ]
/ ( Cy/sing ) (6)
2D AYe /bR CEENE LEBED YD
ZEALTH Y, TR TNTCERIBEbhALEL L
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LEDMETH B BRI, d2e /b Y Kalk
NWELAEBEDOZOELTHY, Th+NTLE
CKHbh e EEL L EDETH L, oT, 0

7 <1 % HHEAHEEATHTEROHECE N
-

dy /b=(C1-79) 4y, /b

dz /b=7n - Jze /b
BENREFN Ye /DI 2¢ /dD2bOThix
bo 22T, Aze=07T n=0, %%, dYe =
0 Typ=1¢,TN&TH B LeEZR T

n={(A%e /Yo )/ (1+ A2/ AYe) (1
LET 2, chIt LY, Ay LU dze 226 4
Y30 A2 OBLEBHC 08 TE D,

%, (6), ORICL-THLNE AYe /dE L
U dze /o HUNBROELER EIC L > TERP/NE
OEEENNLZZ END D, TOLOEZBERLER
D, T b, TR 4, 15K
WTREDZY, | dYeb1L0.2, | dze /P
| <0.1 DEECES T LICH 5o

6.2 ERHEHEIHOBLIONRBHFLOTH
DRIR

Gt ORIy ESE, NEAFRBCOWT 4Y,
/b XU A, /bEROK, BT, ZO#KRE
o

(XMIAB o)

SR AEILCONWT Ow, 0s, BRERBBHED
dYe /b & Az, /> OBFEaTELICELDT
®14(@)CRL, FOEEDECENS,
¢=090° DBE, |la| oWBELIIC Y /b,
Az, /b OEKES L UR/MEDHER T 5HM%
&L, dY. /b OFEnFELW, LrL, ¢=15°
T a OEEINE & dICHRKES L FBME & b B
T AEAETR T

tr, 2EMICEIRALY CoBR 4Y. /b
&;%V/b@ﬁ%ﬁﬂmﬁ,cgm@aio°f
AYe /b=-003~007, d2e /b=-0.
02~004E83%S, CB°Daz= 10T 4y,
/b=—015~014. Az¢/b=—01~0.
06 LEdEV. @E LT, abiE ORI,
B OB INKPINCE AT 5T &5,

3/, pRE@ICEHT AEMNTEDIN, KEH
DI 1,3 TH5p, ¢=7°"D 4Y, /b >0.1
(a+-5°% —10°) TEH 1./4 L4EL, AY,
/bE—0.1(a=10°) CHM 1/25 ~1/2¢&
KEN, aF+5°BIRNTERBI: | 4Ye /b |
<006, 7=1/3 T»507T, |4y/bl| Lo
04, 1dz/v1 <001 (| 42/01<L0.05)
OEHE, Tabb, TRILAIEOFREIEDOL S
% 273 t5%DEHACS 5 EEZL LA,

altkd AYs /b & Aze /b ODEO—BIEL
T, 0s=15° THEEALZL ( dw=3=0°) OBH4
E10°OREAD D ( dw=20°, B=10°) DHE*%
EFnEnM1 40 L U(QIKRT, HMIKAbI 5 L
S1C, a0°DNRCERTE, AY. /b L A2,
SbEnTFhdad & dCRDTHBEMERT

()NROBAA dw)

AYe /o 520 A2 /bICT+ 5 0w DEE%
RBRBDOIC, 0s=F=0"DHEDO dwiXHF 2
AYe /b & A2e /b NBRBEC EICTEDT
1 5@ITRL, ZORKEE O EIGRN %,

Ay, /b8 XU Az /b @ dwiC X BEAME, C
50D dw=—10° £ &, SNRAFMELE b a=
5° OFPEDNITHRN T Do 0wl LD AYe /b
& A2 /b OFALOERE S5 &, a=10°TlL 6w
LEdICHEEL VB, ax—5°~5°Tikdw &
LIEE L AER (SMRCOw=20"TEESD )
L, aps/hEnHERELNW, 34, a+—10° Tl
OwllhbbTELDENRKEN,

a=—5°~5°1CEiFD AY /b ORIEEG
A7°D dw=—10°CH» Y, -002~-001,
BX&EEC75°0 0w=20°CHYH, -0.05~
0.1 4 T2, FBRIC 2¢./b OB/ C 90°
EAT°D dw=-20°Hbh, LIIK-002~
-0.01, HXEEEC75°D dw=-10°1CH D,
-0.04~0097Td5,

A75°0D 0w=0°%XUC75° ©®dw=- 10°
T Aze /o CRERERRZT 5h 28, Thid(e)
K OEICHEWTERRZEGE NS L RBRICE
bhrtEsbhb, A°O Ay /b DRE%R
2 MOV THFEREEL N D,

dw » 580 AYe /b, Aze /bILDNTH,
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dw AN ENPHE a0 R E (, dw pi/X
WAL a DR G/ TNnEHR b,

(7578 0s (dw=F=0DFE) )

dw=B=0°0%40, 0s cxi+s AYe /b &

Aze /b HNFIBIEC LT LT 1 5 OINTT
L, =08 %E 2 EICR~N5,

Mo /b5 LU Aze /b D 8 s CHF BEAC,
AT5°D 0s=0° %2800k, SR AEEE S a=
0° DEEDRITLENTH Do @~ ~5~5TLds
CHHmb b THHE SRS A%, WO AWED
B\ a5+ 10° THELCEOLDENKEN,

a=-5°~5° D AYe /dEF LV AR
/b ORI A WD ds=-30°KH b, F
NFN003+T0HLU015+0TH53, T4,

AYe /b3 LU A2e /b ORKBMEG FhFHA
75°D 0s =30 LUCT5°D 0s =15°1CH D,
FOMEFN TN -0.03~019%I0-0.03
~-0.08Tdh, 81T, 0slC+ BEIE 0w
WKEAZLEERETSE L EL b,

A75°D 3s=0°D A% /bit a= - 5°~5°T
EL BV, THEBIED dw=10° OHAE LM
FROBHRICEL 5, ¥4k, 0s=-15°CET5C 75°
D A2e /b & AT5°D AY, /b ORE HAAICD
W hAlkREEL bh b,

0s BRENHED AYe /b3 LU A2, /DI,
0w DK ENWIGE & [FBRIC a OB KBS, H
Hi L 2N L 9 Td 5,

(77578 0s ( AMRARER) )
NEDBEIREN ERET S | 0w | =20° | Bl =
10° D4, dsicxtT b AYe /b LU A2 /b
AR Lk LT s(OIKRL, FO%
B D EICHRN B,

Yo /b B XU Azg /b D 8 s IKxFF HEALIA,
C°%BITE, dw=pB=0°DH4E LFARC)NZ
o

a=-5°~5°CeTs AYe /oI fJz, /b
O/ NI Fh Fn CT75° D 0s =~ 30° L
A75°Dds=-15° KH b, TOEZETLEN -
0.04~-003%X0-002~-001Td5s,
37, BRE&HEILConTE, C75°0ds=0° (4
DEH)ABETH L OTTRERTE, ThZh

CHB°D 6s=30"XUC°Dds =0° (14
DEHLIICHY, FOMEEENEN-0.04~0.14
FLU-004~003Thb,

C75° oG, 0s=0° Tl a =+ 5° HUFRZME
ME: L Twn A, FEEREELGB), GOHEEE
258, TFLINECEIBLDOTHAETEL R
nwe#Ez bbb,

7. © ¥ U

LUk, #EHEH 5.2 O ER AMIC 1 KO R
BrES (R 0° ) & L s~ 15° A
(R T75° ) IERBEOELE— 4> MCD
WTGR~N o EERICHE L 2/ R, BENERKE
D6 0%, SANFREELF—ONEA, LT
BIf& R 40°, 77— H 0.3 3 THMBRKELSZ
BWARADFNICE L ANRCO2FETH A, B
A, CLEsfmo0°, 75° %M abek 4 HHEIC
DNTEEBRTIT o/, LN MROBMBETDOED
LD TH B,

1. NEROBMEIDHLNROBAE dw &
BOBAT~NDEEOE( dv—B )TERbLIN D, /M
B75,7Mds=0° DA, ( dw—LF)REEM
Bl LT (dw—PB ) =—a OBFICHHEh €—
AV MEMOEA CT F0L%D, aDBEEED
€ CT b HEET Do

2. Ow=B=0°0DHE4, NTR77 7 dsp
allXfLTos/2% - aDRFICC, =0&%2D, a
O &L EBIC CF DB 5o

3. 10° OREAICHEH L TUNEBE BN 2R
T BBOCT &, el L 5FEHE, (dv—§)
KL BEfTAMNR, 0s KLAH7 5y 7AROE
TR LIN D, ERERET HLE, TRLEhO%
RICLBC OEEEESEL N HNRADHERMNA
$=90° TIL 3 BEOARE:#0.048, ¢=75°T
A#0.069T»Y, AMEJEFETLIaLLS
RPN EL B b NECERKBREICH <,
L Th\n, NEEFREBHAEEATICRY {7
T 7Ba, BENRFIENHICE—-TH T3, Th
ZThONBFEET S | Cf | dFA—TE %<, #
0.0 1 BEOEND B EEL L b,

4. NRMEHES=90°ICHT B $=15°DC]
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BHRMDOHC ]
B, 0w, 0slCHhHrbs+ii1.4, 1.4, 095 &
ZIE—ETH b,

5. C] LCy ICH L TR HMBLRICS b,
TOLRUL ¢=90° TIX#0.2 7, ¢=75° Tt
0.41Td»5,

6. Cf HC} VWCHLTHI3TEEMRC S
b, FORREH0.4 5 THICY BFET NI,

7. NRICY B ERAHROWS C 1 &, Os
=0°1CENT, JE, ¢, 0w, alprhbbT
-0.0005~-000250[1/deg ) OIS
> TYHEME %77 T

8. C} &C] #%HLUIKCy DRMRIC DT
EEL Joo NBEOENHFLANE & MOICHRE S 5 &,
FROB NS LR ER PR S HREOK6 0
o DULEZEFMRICHES DL, 2k, H+ 5° LIRAD
FRPABLCHTHEPLUEORC D &R, ThE
NWARAEREOLS o L FEER¥RIEOL 8 %LU
RICE I Hhll > Th b,

TR DRUE VL H ST BT O W % HA 72,
e RRCEFRRE—FHUMEHRFL 1 v —7
) — X —ICHBIOFLE E T E, MARFLE, WAk¥E
—BOGN B, 7 — FERIMAZLLE, &6
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a) Wing (1 model)

W HR T HRET 8 85

Detail of models

Section A—A
(for the $=75" fitting)

Airfoil section "
(NACA0012)
. Half
—‘?tatmn ordinate o
0. 0 =
313 1 474 0-2.2 (for the pin)
1875 | 1050 ..2i.1 (without rear pjrt)n, o
2500 1 11.71 - :’i exchangable for $=75" fitting
37.50 | 13.36 Pl i ® ® “® A >
5000 | 14.34 ] 2 N N A ' ]
6250 ; 14.85 Pivot I g8 the B
7500 | 15.01 Line ; i ® ® &
10000 | 1451 | — >
125.00 | 13.24 !
150.00 | 11.41 6.7% (for the pivot)
175.00 9.16 H
20000 | 6.59 !
225.00 | 3.73
237.50 | 2.19
_ 25000 ; 0.58
1..E.radius| 3.95 i
15(15
b) Winglets (2 models)
Airfoil section of winglet C . , .
(NACA0012) <Pin for installation angle
F.B,(f"l Section | Tip Section &
Station Half Station Half < S P Y,
7‘»»’7 Ordinate Ordinate ll'i‘l’]‘;t
0 0 0 0 ="
é.ss 2.8% 0.(253 0.93)5 - %3
75 1 39 1.26 | 1.31 WINGLET A?Y
750 | 533 | 2550 | 178 =
1500 | 702 | 500 | 334 Hinge line of WINGLET A _
2250 802 | 750 | 2.67 ]
30.00 | 861 | 10.00 | 2.87 o . Hi,
3750 | 891 | 1250 | 2.97 8 9 N
45.00 | 9.00 15.00 | 3.00 € of
60.00 - 870 | 20.00 | 2.90 ¥ WI/VO
75.00 | 7.94 | 2500 . 2.65 L
90.00 @ 6.84 30.00 | 2.28 C
105.00 | 5.50 35.00 | 1.83
12000 397 | 4000 | 132 \
135.00 | 2. 45.00 | 0.7
14250 | 141 | 4750 | 047 WINGLET C ™0
| 150.00 © 0.50 | 50.00 | 0.17 T T
[Eradius| 237 [LE.radius| 0.79 o ©
< B

250
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Photographs of wind tunnel test
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Force test results for main wing
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Effect of winglet-installation angle and side-slip angle on rolling moment
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Incremental rolling moment coefficient by winglets Cff
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Effect of side force-control-flap deflection of winglet on rolling moment
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Incremental rolling moment coefficient by winglet cr
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Incremental rolling moment by winglet contending with 10° cross wind
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Effect of winglet cant angle on aerodynamic coefficients
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Incremental rolling moment vs. side force due to winglet
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Incremental rolling moment vs. incremental lift due to winglet
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Dihedral effects by winglet
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Sensitivity of incremental rolling moment to angle of attack C
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Effect of wing angle of attack on incremental rolling moment by winglet
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Effect of side force-control-flap on incremental rolling moment by winglet
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Mlustration of 3 forces acting on wing and winglet

WING

6=1.3m e

L*: Incremental lift by winglet
’N . Normal force on winglet

[* . Incremental rolling moment by winglet

C¥=(L*+N-.cos$)/(q-s)
Cy=(N-sin$)/(q-s)
C¥=1*/(g-s-b)

Winglet 2c/h (assumed) Y./b (Formula3)
A 0.5 =0.3
C 0.42 =0.3
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Relation between wing incremental- and winglet aerodynamic centers due to winglet
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Spanwise maximum deviations from statistically assumed wing incremental-and winglet-aerodynamic centers due to winglet
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Deviations of wing incremental- and winglet aerodynamic centers due to winglet
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