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Abstract

Aerodynamic characteristics of three dimensional wings for a wide range of Reynolds number from 10* to 10° have been studied

using variable-pressure wind tunnels. Rectangular wing and the delta wing with NACAO0012 and flat plate cross sections were tested.

The wind tunnel tests show that the aerodynamic characteristics for all the wings are almost linear at high Reynolds numbers up to the
angle-of-attack of stall. The aecrodynamic non-linearity appears significantly as the Reynolds number decreases especially for the
thick wing that have NACAO0O012 cross section. But the wings that have flat plate wing sections do not have such an aerodynamic

non-linearity even at low Reynolds numbers.
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Fig. 4 Wing models of delta plan form (unit: mm)

Table 1 Wing models
Name Cross section Aspect Ratio (AR)
Airfoil(1) NACAO0012 (A2017) 6
Airfoil(2)  Flat plate (t=2mm)
Airfoil(3)  NACA0012 (S45C)
Airfoil(4)  Flat plate (t=6mm)
Airfoil(5)  NACA0012 2
Airfoil(6)  Flat plate (t=6mm)
Airfoil(7)  Circular (11%thickness) 1. 87
Airfoil(8)  Flat plate (t=2mm)
Airfoil(9)  Flat plate (t=6mm) 1
4. JRIRRERER

FHAS AT E BB, Bk, #ikRA VTR 02
JI%% C, Cp, CyaCFHIZE S I3RS 25%LIEJEH D DE— A N
FHLT=. Airfoil(1)~) D8 1% Figs, SR Fig.6,
VYT LT — A N A Fig7, WS Fig.8 e KT
DOV A NV ADEE% Fig9HENIDOVA I N AR D%
Fig.10, 758 H DL A /L B D 5% Figll \ZENEHoR
7

4.1 Btk

Fig.5 (5 1Rt R 3. [EROGI RS, HF#EO Re=5.

77 X 10" OFEIE 7 /L2 H D Re<8. 46 X 10* OFE CIIFERIE R
iz, TAHTOETO ReFUTHKITH-10" = o =18° DF
FHEHEER D Re>5. 77X 10" Dl TlE Re FfkAFid/hal
BRI RS R U K 180 Re 2RI vINa<
725, 1.86 X 10XRe<2.16 X I DFEIH TlT a 723 £3° DEXTR
HELI DT EN o7 T, W NEIHC, o >200 o
AHEIPHTIE Re BURIFMEIZ/NSKE D Re Bk T [RIERO T,
(EEZNE

WA OB R, BRI OV CUTRIEL 722 TC
D Re FUTHWT, SR e RE72 5308 £ Tl Re BT
PRI NSRRI 2 82 R L TRY, o=0° AR TIHEIE Re
BUARLEE T VT IO Re E 260 v Th [RIBEO & QMR AT~
T FALREPELT-LTD Re U7 O 2 R85 1
L, Re>1. 87X10" TI& Re HKAFMEL/INSVR, Ll e K
TR Re BUTHRAFL CHEIMEIZ 4. F72, Airfoil 9122
WTIEEREDOELHEIS Re BIKFE T, 7ASIR N
1.87 & 2 OPREA_TEIMERN T NSL e R 72%
EA DML TOAZ LD T

FOEBRITEI D8, 1K Re HEE Tl Re JfiAFMns
/NS, B Re BEIIC 2258 Re BUEATHEDS K& A2 D,

PREREA T FEO P CIE, BHANCEL CEEELDE AR E,
FIE I ENI O W TR IV T L ZEDITZH NN
TR TR e R REIE T VA RO TR REN &
W FERME BT,

4.2 LR

BHUREENY, Fig6 &£ 0 TV 2 B D AR=1 ORISR
IZBWT, 27T Re BUTIRIFL, Re OIS HiE D
KNI A ZR LTz £72, kKBS Re Zoli 2tk
STETOERIZBW NS otz TAXEED AR=1
& Re=2. 01X 10° DFEk Tl Re #fkfEMny/ & <, Re<2.
01X 10° DAEN Tl Re o 7 A A< LTL A.

%72, Fig.9 XY H¥ NACA BRI H A, Re H&ls
PR E <. Re BDIK FIZHRW R AGHU a4 2
B % A7, fERE LT, K Re ZiEEIC 30 ¢ BAUCRIL
TFERIDG PAEE, F FERTEASE NI OWTUIFRC T LA
BIOLHIZE, TOHFREDT AT R EOENTONT
L7 AT RS 1 OIS EN TR Y | & Re 2468
I OW T OPAREIVE R, F2 PEEISEN IO
TIETVAEIVBIEEROF ) NEFHIERL T b &)
FERMESNT-.

4.3 ByF o Te— A Mg

vy F = Ay MR, Fig.7 LW NACA0012 A4
TAHEE T AZTE S Re>2. 12X10° O Re HiElk Tl
Re BUTITRE <IKAELZRVR, Re=<2. 12X10° DI Re ¥ih
W25 L Re HoF OREDMIAIZ L KE RFETHZ &M
ot BT ey M X D B O,
g L Re I LW EET 5 Z LV yinoT-.

R A AT A I ClE Re 200 ORI T 722 < 7
B0, TIVABTIE Re BRAIEIIEI /NS L, FAICD
WTh— DM AR LT, EyF oI E— AL MEEL D
FFREOMIAL, W E I CRE R E 2T 2 E 30
7.

T, FLEOBNSL Yy F o 7E— A 2 ML ER
X0 HEREOTT N, HIRL Y LT ZEDIT) Re FDMAF
PRI NE L HPENZEW E WV RS DN

4.4 NS

I NACA 313, o>10° OEndasiii Tl Re &, 41C
EAFLTRELSEH LT D, LL, -10<a <10 DA
FHCIEFNTR D Re 2, MADIRIFEII NS 72D, NLED
fllt 0 FHTE 72 DAERPEF O, FRZ, Re>6.57X10° DFF
W CIIPN L EDOMEIXES >ENF o= Ao T, 1FFX 0 &
2o TS, ZDOZ END Re #78 10° & 10° OfEk Tldar
JERPEICRE B WD B D Z LN,

WRIZFEFEESEAR O PN SRR, -10° < <10° O#PH Tk
HINT D Re BURAFMEIT/ N S8, AT E U CHIEIN 7M.
Mz, LnL, o>10° OFda#E <k Re £k, A1

This document is provided by JAXA.



142 FHIATZE TR SRR R JAXA-SP-08-009

RAF U CEOEBINKE 70D Z 3ot

FIVA BILHEO N L, RIS L FERC o >10°
OFETATITHNL AL Re 28, A IS L CHNLRDER K E
<AL, -10< <10 OFPH TIIEE T/ NSV EW S FER L 72
Sz, oL, R LD L INLROEOEEII NS 7o
TWA. R, Re>1.22 X 10° OFE TIHE b X TR 6T,
PSEEOEIRIFIE0 L2 5.

FIVH B O TN AT, Re 2%, AT N &<,
ATORe &, HAIZBWT O MHIEDEZ LTS, £72,
T AN NEEOFEWT R B2,

ZOZEND, BEIZOWTIIEEE LD S A,
BN DWW TIIER I 0 SEARFE D 7 3SR L T
D ENHRERNG DN

4.5 HiliReE

HUR A Fig.10,Fig. 11 I FNFIURT

F9 TGP AFNTHON T, Airfoil(2),(Q) LIS DO EIT Re
BTN REL, Re FDTHITLLORREIIE(L T 52,
D303 T=. LU, Airfoil2),(8)iF Re FfAFMEDS NS, 4%
PETELR DR RGO, 7B, TIZTAREDT ATk
FEDENZ DN TUHE Re BBk CIET AT R LA 20D AR
—FREDMEN Q. Fe, BN OB NI OWTITEEEE
JOH T NAEDFH PR TRTHARUINT NS BRI OE
WZOUWTIE, 5 Re ZRAEIK CIIARID G R DIED D EFE I8
AVTWDME Re FHEIR CII AR J7 03RRIV R MEI LT
WAEWIRERE ST

WIZ, BN HONW T, &2 TOHET Re HOE FIZLEN
FEAEEE(LL, @ Re BHR CIEFREHIIOMTEIE —EOME
Lotz FHZ, K Re X5HIK CII R EOIEHOFHFEH T A
BHEIN D EVIRERAMES . FEEITE Re ZiECIX
SEARDTTHS, 18 Re BEk CIIERO M EN TR0, 7
NATRLHIEFLFRRZ, (X Re BEIKCIZFEARD 573, 5 Re
HEI CITE RO T DRI, SFARD T AT R
WZOWTE, 1.87 OSBRI LB Q. 2 50

EDIENIDOUWTUL, 7 /Z JEEZRO I AFHEEHIT/NEL

RN TODEVORERE ST,

R

/INRIZEIEJRG, 15 Re $508 &Rz VY, SIROCHEEATLZ D
W 10MRe<10" DA VEIHCIRURERERZ I To 7. (ki3 E
TLARE, TVABSTEC, EECIEDE ML DZE D
Re BUKAFMNZHOWCHIEE To72. ZOFER, LLFOMRNS
Y 40

() EROEIFE, 7 /VATIIT Re<a X 10" DFEBHIZIBTK
€S 0 ALYl RN

Q) PRI+ HHER IR LD IEIE I s e
DN, TNAE IR IOBIEARHEE R L, ZDIK
2B TIE Re FURTEMEDS .

(3) EHERA AT DHIEICTIL Re>3 X 10012725 L e K5 1%
VNN CAVY

(4) AR AT D ROZET R Re Bk E KT
M TH Y, FHIK Re HHEIk CIFER L0 b E KT
1R¥%, St s,

(5) 15 Re $&REIR CIIHIAFREIZEAEEOIE 5 AVERL L 0 Eh
TRY, TV A NUNIT AL ER, FHEHU TR
SRR TS,

(6) MR LV T NHIP, X HICTEUIOWTIER L
WRED ST PN TR Y . IBIT, T/VHX R
TITIHNLARHED Re BURAFNEDV NS0

() EvF o 7E—A Ly MEEIZOWT SR L0 AR D

FiHx, HEIE LY 7V H O3 E OB R MR 2
Y.

AIFFEOFERN G, B« G NmoOENZER T 5 &, K
Re ik C 3\ Tl BAIEER L 0 SRS, B3R
X OTFNHDOFNZEREFEIENTEBY, o T, KR TR
TR E1T 9 Re=10 706 10° DFEIEClE, 7 ALY Mo/
ST NABLTX v L =D/ 7\ R 2 F O Crsndify TR
1TTHZENWELTCND ENZD.

6. HiwE

JAXA DrF Re KB s\ C o BRI Zd7- DRG] T 5
TR AW TR O KRG, ERRICA IR 23456 TR
AR RGO EEELET.

7. BEIWR

[1] Yonemoto, K.: Research Issues on Mars Exploring Micro Plane
Using Energy Transmission, 25" ISTS (International
Symposium on Space Technology and Science), ISTS
2006-k-14, Kanagawa, Japan, June 4-11, 2006.

[2] Yonemoto, K., Sato, T., Ochi, H. and Takato, K.
Aerodynamic Characteristics of Wings at Low Reynolds
Number Using Variable-Pressure Wind Tunnel, Proceedings of
the 2007 JSASS- KSAS Joint International Symposium on
Aerospace Engineering, Kitakyushu, Japan, October 10-12,
2007, pp. 172-175.

[B8] RTE /A, TILHEsE, AR X Re HHELTO
NACAQ012 HEDIEHEZE S Relk, AAMIZE T2
£E, Vol.55, No.644, pp.439-445, 2007.

[4] eifEat, KA —, BEES, mEEE—RR o AR
Z RN SIRGTRRZEIRED LA AV RERAENE, BAR
B N STERES 61 Wikeaamniss, fGRSCHE No.
088-1, pp. 89-90, 2008.

[6] KA —, e 1R, BUE S, T KL A v 25
FAUZETH NACAOOL2 FD 7o X DEAFEIL, Tk 194
JERMF 7S TIBES L AR I SCEE,  p.70-73,2008.

This document is provided by JAXA.



Lift Coefficient: C_

Lift Coefficient: C_

Lift Coefficient: C,_

Lift Coefficient: C_

Lift Coefficient: C_

o
o

Airfoil(2) 12
O Re=1.95E+04 -
ARe=3.93E+04 { — 44— - — - — -~ S e m - -
e —
© Re=8.37E+04 | Bt — T e
Iy
X Re=2.12E+ , - KBS AR SROBLSRR IO Y —
=
- Re=1. E+ i B .
— Re=3.30E+06 04
Airfoil(4) N
-20 -10 N ) 10 20 30 40
0.4 |
3 0.6 |
0.8

Y

5 40 IR ) R 2 2T X A

Airfoil(1)

R
3

g
=8
=1
=2
=6
=1

Re=3.

1.

I+ +%XXop>0

e
Re
Re.
Re:
Re
Re
Re
Re

95E
92E
77
29
07
12
63
33
29

Airfoil(3)

Angle of Attack: o [degree]

Airfoil(1), (3): Rectangular wing of NACA0012

Airfoil(2), (4):
Airfoil(5)

Angle of Attack: a [degree]

Rectangular wing of flat plate

O Re=1.86E+04

r| ARe=3.75E+04| ~ - - - - - - - - -~~~ ;xiﬂ&);’g ******
D Re=6.39E+04 S SN SR
o Re=8.46E+04] O° éﬁ% e

H < Re=1.07E+05| 06 4— — — — — — Sy FE B -~~~ — -
X Re=2.16E+05

I PR R - 7.2 o S D A

-+ Re=1.22E+06
- Re=2.44E+06
— Re=6.07E+06

2oAirfoil(7y o o
oL

Airfoil(6) 12

Angle of Attack: o [degree]

Airfoil(5), (7): Delta wing of thick wing

© Re=1.87E+04

ARe=3.75E+04 [ — 2 -~ -~ -~~~ ~—~—

© Re=7.71E+04

> Re=1.10E+05 |

X Re=2.18E+05

+ Re=1.22E+06 | 04 +—
- Re=2.44E+06

— Re=6.14E+06 |

P
06— —————

20A|n‘0||(8_) 0

0.6
06

Airfoil(6),

Angle of Attack: o [degree]

(8): Delta wing of flat plate

10
O Re=7.91E+04
A Re=1.02E+05
O Re=1.96E+05
< Re=2.01E+06
X< Re=4.01E+06
X Re=6.02E+06
+ Re=8.02E+06
- Re=9.99E+06
—Re=1.19E+07

.
)-8 —|
)6 —
)4 —|

0

Angle of Attack: a [degree.]

Airfoil(9): Delta wing of flat plate

Fig.

5 Lift characteristics

L= g Vil Y AR Y T 42008 G HE 143
1.2
1
0.8
< 0.6
o o Re=1.95E+04
§ 0.4 2 Re=3.92E+04
E 02 0 Re=5.77E+04
8 0 © Re=8.29E+04
& » Re=1.07E+05
3 .02 x Re22.12E+08:6
04 + Re=6.63E+05
- Re=1.33E+06
-0.6 ~ Re=3.29E+06
-0.8
Drag Coefficient Cp
Airfoil(1), (3): Rectangular wing of NACA0012
1.2
1F-=-= e il
0.8
3
g 06 ©Re=1.95E+04
5 04 A Re=3.93E+04
3:5’) 0.2 O Re=5.77E+04
8 0 © Re=8.37E+04
£ < Rez1.07E+05,
- 02 X R622.12E+05
-0.4 + Re=6.63E+05
0.6 - Re=1.33E+06
— Re=3.30E+06
-0.8
Drag Coefficient Cp
Airfoil(2), (4): Rectangular wing of flat plate
1.2
r - X
- X K XX Ky Xx
X % S >
= & o><
o w5588 kg
s
K I i e oY
g 0 Re=1.86E+04
38 2 Re=3.75E+04
= 0 Re=6.39E+04
- o1 07E 0%
X +
03 0.4 XE =2. 1eE+ogJ 6
+ Re=1.22E+06
- Re=2.44E+06
— Re=6.| 07E+06‘
Drag Coefficient: Cp
Airfoil(5), (7): Delta wing of NACA0012
1.2
1r S PR K
- TS Q g XX&
08 57 AT x
' 8 éox Co” P Bt G % ©
S os Koo 2" 7 ElC
2
s 04
S oo Lo ©Re=1.87E+04
3 . A Re=3.75E+04
P 0 O Re=6.39E+04
5 < Re=7.71E+04 |
0.3 0.4 < Re=1.10E+05 )6
02 FEEE - ——— 0% - — - T
04 F--BPooC — -
—Re=6.14E+06
-0.6
Drag Coefficient :Cp
Airfoil(6), (8): Delta wing of flat plate
1.2
1 s---5a 23
0.8 foxe) oo ©
S 06
5
g 04
=
5 O Re=7.91E+04
§ 02 A Re=1.02E+05
= 0 Re=1.96E+05
- < Re=2.01E+06
02 X Re=4.01E+06 |6
: * Re=6.02E+06
+Re=8.02E+06
0.4 - - Re=9.99E+06
06 —Re=1.19E+07

Drag Coefficient : Cp

Airfoil(9): Delta wing of flat plate
Fig. 6 Drag Characteristics

This document is provided by JAXA.



144

FHIATZE TR SRR R JAXA-SP-08-009

Pitching moment Coefficient Cy,c/,
&
=%
»
¢)
o
o

i ~0:15 -

O Re=1.95E+04
A Re=3.92E+04
O Re=5.77E+04
< Re=8.29E+04
* Re=1.07E+05
X Re=2.12E+05
K + Re=6.63E+05

= : - Re=1.33E+06
ﬁ@g%ﬁiz@xo 20 ..~ Re=329E+06

004 oé@ OXQ&OKvaxox&Q
Qéméééggé XXXXX
SBo

>3
X
on

o
N

Airfoil(1), (3):

015

Angle of attack : a[degree]

Rectangular wing of NACA0012

© Re=1.95E+04
93E+04
77E+04 —
37E+04
07E+05
12E+05
63E+05
33E+06

Pitching moment Coefficient Cy,c/

= 15 20

-15 -10
005 § XX XX X

§><><O ><><“ ></<z>< N 2§X><><><
2 C005 0560 0 O PRSI

0.1 b @g XXXXXXXXXXXXXXX
E§¢ wgu@@@mu@@ mXX

,,,,,,,, _9.}5,,,,,,,,,,,,,,9009@ O g%,,,
-0.2 -

Attack of angle : a[degree]

Airfoil(2), (4):Rectangular wing of flat plate

© Re=1.86E+04
~ Re=3.75E+04
,,,,,,,,,,,,,,,, 0 Re=6.39E+04
<© Re=8.46E+04
~ Re=1.07E+05
,,,,,,,,,,,,,,,, X Re=2.16E+05
+ Re=1.22E+06

g
5]
5
ks - Re=2.44E+06
g ~ Re=6.07E+06
S 4 +x*§@ @éﬁ}% %@ 9@@@@%@ 30 3
S L @
é 00 <> ooo aad <> ¥x§§xxiooo%%g
o +
= 01 F o oo XXS?X
£
S S 7
02
Attack of angle : a[degree]
Airfoil(5), (7):Delta wing of NACA0012
015 © Re=1.87E+04
A Re=3.75E+04
******** AT o T T T T T T T T T T T T ORe=6.39E+04

N

Pitching moment Coefficient Cy,c,

< Re=7.71E+04
* Re=1.10E+05
X Re=2.18E+05
+ Re=1.22E+06
- Re=2.44E+06
- Re:6.14E+06

Airfoil(6),

Angle of attack : a[degree]

(8):Delta wing of flat plate

- Re 3.30E+06
25 30 35

N

Pitching moment Coefficient: Cy;¢/4

O Re=7.91E+04

~ Re=2.01E+06
* Re=4.01E+06

,,,,,,,,,,,,,,,, O Re=6.02E+06

+ Re=8.02E+06
- Re=9.99E+06
— Re=1.19E+07

i S
XN
00° %0g an
o)

Angle of attack: a [degree]

Airfoil(9):Delta wing of flat plate
Fig. 7 Pitching moment characteristics

Neutral point: No

No

Neutral point:

No

Neutral point:

No

Neutral point:

Neutral point: No

-1 _

X 6@99@{ o
;§§ 480
@O
e " 5 ©Re=1.95E+04
o X o o~ Re=3.93E+04
19?257 15_ 0 20" D Re=578E+045

Xog <

O x Aoy © Re=8.29E+04
r oK X Re=1.07E+05
D o x Re=2.12E+05

o x © + Re=6.57TE+05

r - Re=1.32E+06

- Re=3.29E+06

Angle of attack: a[degree]

Airfoil(1), (3):Rectangular wing of NACA0012

O Re=1.95E+04

£~ Re=3.93E+04
O Re=5.78E+04"'
< Re=8.37E+04
X Re=1.07E+05
X Re=2.12E+05
+ Re=6.63E+05
- Re=1.33E+06
— Re=3.30E+06

Airfoil(2),

Angle of attack: a[degree]

(4):Rectangular wing of flat plate

O Re=1.86E+04 1.2
A Re=3.75E+04

% Re=2.16E+05 0.6
+ Re=1.22E+06
- Re=2.44E+06
—Re=6.0 E+06§k&

04

o+

g* x*

Qﬂéx QL

9
X géa@ﬁ« x%wé

%g@ 55@@;@@@7 ﬂg@ﬁ# S X&éoﬁglm 4
Aéé o o X 5
- — - - - - - - — ] O - — — — — -

Angle of attack: a[degree]

Airfoil(5), (7):Delta wing of NACA0012

O Re=187E+04 2

X Re=2.18E+05 ™
+ Re=1.22E+06 -4—

£~ Re=3.75E+04 1|

Angle of attack: a[degree]

Airfoil(6), (8):Delta wing of flat plate

ORe=7.91E+04

rAR 02E+05—- —1—
OR 96E+05

roR 01E+06 — 68—
XR +06

FXR 02E+06 — 6:6—
+R +06

r-R E+06 — 6:4—
—Re=1.19E+07

Angle of attack:a[degree]

Airfoil(9):Delta wing of flat plate
Fig. 8 Neutral point characteristics
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