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The Effects of Airfoil Shapes on Aerodynamic Characteristics

at Low Reynolds Numbers

Mitsuhiko Kihira, Mitsuhiro Koga, Jiro Funaki and Katsuya Hirata

ABSTRACT

Aerodynamic characteristics of airfoils have been researched in higher Reynolds-number ranges more than 108, in a historic context closely
related with airplanes’ developments in the last century. So, in the present study, we investigate such basic airfoils as a NACAQ0015, a flat
plate and the flat plates with modified fore- or after-faces in a Reynolds-number range of 10%-10°, using two- and three-dimensional

computations together with wind-tunnel and water-tank experiments.
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HOZETIREONITENE, MZSHEOFEIE & BIRANGR . T,
BUEE COWEDZL 1L, Mz md Lo YR s
WA VR, T70bb, LA IV AHRe ((REE S
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Sherman”, Abbott & Doenhoff @, Riegels®, Eppler™®). {5213,
Abbott & Doenhoff @1Z, = DERe TCONACARDZE S %%
BorL TV,

—5, LA VREGER(Re < 100 ZF51F B HDZE R
OIRIT, ANTFATHECR R TSORITL AT LOfFH, /)N
RS | K PEERES, ~A 7 r~— O LTk
THETHD. BEReTORDZESIFFHEITDOUNTIL, Sunada et
al973, Re = 4x10°2351) HNACAS FRFIDRTHEH, ©
DA, Fx RFIZHOWTIHREIT> TN D, MIZH < DD
DORFFERS, BIHEE T ST |

LA, AR LA L ZEGE CORMDZE T, T8
Tt BLITEER 72 E DB LA ) IVAEIREPRRE N &0,
FBRIT D EINHIREE S D212, FeM I TE TR0,
ZIT, AWFETIE, 1.0x10°<Re < 1L.OX10°I2334) % —Hkiff
VZEDIVIZ AT (NACA0015 &R (2o T, =
WIT,/” ZIRTCEARSRNT & JBUR, AR IR L0, R
PETH D ComnPRABAFEZTERET D, S HIZ, Re=4.0x10°L
LOx10°T, SESEABUFE C, Cp CUCH EilMfial D
BRA 5. Re=10x10°Tl3, Rif&EBEOIRD, Fh
5 ORI IIET AL TS,

2. FIELEROAER
2.1 B®

Fig. 1 [CAME C~-3M 273, FEIE, NACA0015
[TV T OARENE LT 5. Flatplates (1)-(6) 1%, B2 -k
#(flat plate) DRfFE 721 IEFARD L HITEF LIZHDTH
5.

2.2 FEAE

ARG TRIGR LT D LA 2 VR Tl 2 EE< D
YaDIEMEMERAR L Red 2 3 Cx 5. Lo T, FHxld
M B« A h—2 ZFBREE 2, BlEfTT 5.
AT IR, ARENETHD. GEFAF—AIX MAC 1%,
2SO E =R B2 CRER b, RIS IR A T —
il D) GHRS TS, — AR b OB NE A
TEEMATS. BULOLEIT, AXH— KT ThHD.)
< T NACA0OIS

Flat plate
(t/c = 0.05)

Flat plate (1)
(t/c = 0.05, with a modified fore-face)

45deg.
Flat plate (2)
<% ] (t/c = 0.05, with a modified fore-face)
30deg.
< ,  Flat plate (3)
(t/c = 0.05, with a modified fore-face)
45deg. 45deg.

Flat plate (4)
(t/c = 0.05, with a modified after-face)

30deg.

Flat plate (5)
(t/c = 0.05, with a modified after-face)

45deg.

Flat plate (6)
(t/c = 0.05, with a modified after-face)

Fig.1 Airfoils.
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WIROERSIHTREESRIECTH Y, SVEOBERS M HTu=1, v
=0, w=00D7 1 LY LEMHEER S, HTFRdud SN
200 /5, 7 HIANZ 90 A, ZHIANZ 30 eI 5. Ei, yHn)
DI NGB 77 i 1 1.0x10%, FEBTREGH (3 14.0c &%,
ISR TH D, Bkl E Jt=10x10"L L, C.
ECOMHTEMICOR L7, FEon I O TR
2179.
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2.3 RSB

FHRTIE, WitAs 1.0x1.0 [m], R 2.0 [m]OBAHERERIES
AT HIGHERERRZ V5. FEitEi 0.5-30[m/s]
HPHT, FAUREIX05%LL FCh D, JREIHD Re AIET
L7z, 5 FREHOIEER ¢ D NACA0015 % VW%, §72bb,
¢=30, 100, 150, 250, 400[mm] Tk 5. Wilk/iiE, n— Feuc
L DFHMOAM, BRSERHT L 0 SO R I AR
HZETHRDD.

2.4 JKiESEER
Blh/kEOARNE, 660[mm]x1950[mm]x700[mm] Td» %

T—ZOHENE, WLV NMIEY, A TFEIZEY T
72 AR—VACIRET D, A= UaRETZET, T
WATTRES AM]D 2 KD L—/Ldd 1T, KAtz 578
5. ABD NACA0L5 %, K iz LIz AKMEICR K L
THEEL, —ERE CRENE < BROFATI ZMET 5. it
EHOWEE, OFTHT—VE NS,

3. HBRLEER
3.1 ComnDRARTEHE

Fig. 212, NACAQ015 & FAREED IR IMTIHFEComnOReK
AT, [hoT RV OERKT, Table 11CEEDD.
B, Bz LT, HMPOY U RLOEKT, &TH—L
T3,

iRHT & EEROFERIY, BEOWGEE OFEHIC L AT & 5
Bt &, Re=10°—10O#PANICI T, (Re=1x10"—5x10°
OFIPHAZFRE) HoemerdR W\ Zdststeia 2L, JE@ibsrg
FEB LY FETREDTHS.

ReIRAEZ 2 D L XIZ, ReDPKRE 72 HIFEComnEITEE2
NS 2D, ko TC, Fig.2 T, mERel ERHilsREEHS
RONE TS, 2T, Fig.310, B4 JLvE
L LT, ComnZ Pl L7z X% 7~7

Re < 1x10%%, ZEL< R%. NACAQOIS & FkELt, Zih

TWRTTRITIE, SUOTHT & B IR E B KT 5.
£oT, ZOReflifHTIEL, “WotTIIARIE bbb,

Tablel Symbols in figures.

Symbol Caption Re
0 NACA0015 (2D comp.) 1.0%10% 4.0%x10°
0 NACA0015 (3D comp.) 1.0x10% 4.0%10°
A NACA0015 (water-tank exp.) 4.0%10°% 8.0x10°
S NACA0015 (wind-tunnel exp. by LC) 2.0x10* S Re £ 2.0x10°
O NACAO0015 (wind-tunnel exp. by VP) 1.0X102 € Re$ 1.0X10°
+ Flat plate (2D comp.) 1.0%10% 4.0%x10°
X Flat plate (3D comp.) 1.0x102 4.0%10°
3 Abbott & Doenhoff 1958 (NACA0012, exp.) Re< 1.0x10°
P Eppler 1990 (NACAQ012, exp.) Re 2 10°
0 Sunada et al. 1997 (NACA0012, exp.) 4.0%10°
] Motohashi 2001 (Flat plate, #¢=0.033, exp.) 4.8 X 10° S Re$147%10*
A Nakane et al. 2003 (NACA0012, exp.) 50%10° S Re  7.0%10°
¢ Sun & Boyd 2004 (Flat plate, #/¢=0.05 ,comp.)| 1.0 $ Re S 2.0%10?
—— | laminar-thin-plate theory
—_ NACAO0012 (Hoerner's formula)
NACA0015 (Hoerner's formula)

{2, NACA0015 DCppinl 3, JETHHE "< Hoermer D
IZkBtrh—E L, FrcHoemerdA M@ L k< —E 5. PR
BDComind, JEHRIGHRECHoemer ORIz B 573,
NACAQ015 & [, #rlzHoemerdM L J< —E L, @ik
A ® L B REOOMEA TR
KIZ, Re 2 1x10%% L%, PHEUIZOWTIIRERAZ LS,
NACAQ015 |2V CDHE 2D, RTINS & ARG
K, MR OFRRER A T 5 &, EREIT—E L e
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Fig. 3 Comin/ Cp min, laminar theory VETSUS Re.
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3.2 {& Re TO NACAQ015 & FARED o $1R

Re < 1x10* TONACAQ015 & PHELZDONT, SEEHAR
B, I70bb, BIREC, L HUMREC,, BiikC/Co
Mo b DORIRE “IRTTRHT & ZIRTTRHTIZ L VRS,

Fig. 4@)-)lZ, ZHZH, Re=4.0x10°THONACAQ015 (2R
LT, CL&Ch CUCoDa~DUAFIER T

F9°, CLECoD _WRIth#HT %, Sunada etal.® & Nakane etal.®
DB & L35 (inFigs. 4(a) and (b)) . a<12[deg ] TlE, C &
CoDf BTl 5 DOFEBRZIT . a>12[deg ] TlE, C.

1.2
1

O NACAO0015 (2D comp.)
[JNACAO0015 (3D comp.)
0.8 ® Sunada et al. 1997

< 0.6 A Nakane et al. 2003 o ©

H e o
oo, Parafasnasias,

04 AAAAAA
0.2
0
0 5 10 15 20
« [deg.]
@ C.

0.6
0.5 O NACAO0015 (2D comp.)
0.4 [JNACAO0015 (3D comp.)
L? 0.3 A Nakane et al. 2003
02 AAAAAAAAA
0.1
0
0 5 10 15 20
« [deg.]
(b) Co
3.5
3| AAAAAAA N
25 A4
d: 2 + AAA
R - 0 NACAQ015 (2D comp.)
1 INACAO0015 (3D comp.)
05 [a A Nakane et al. 2003
0
0 5 10 15 20
a [deg.]
(© CJ/Co

Fig.4 Aerodynamic characteristics versus o

(Re=4.0x10° NACAQ015).

ECoDFRFTIIIHA A S D FFRIDBIZDMITIRE V.

—J7, a = 4[deg ] TlE, =UoTfHTIZRDC &Cold, —
UREHTEB DD FRED L —FT . o = 16[deg] T
1%, CL ECo® = RITfpTI I R LB S0
FBREI T SSEAD DD, Lo, T2EZReds 10°E0IK
<Th, add KREWE, =ZRITRIRDFRLRY, =Rt
DILBN T2,

WRIZ, CUCoD IRITf#NT%, Nakane et al®D 58 & Ll
Z(in Fig. 4(c). « < 10[deg]TlE, —WRoTfimiddBrL v &/
SV ZAUL, CUCIHIRHT & FRONET L QDA Cp T
VST CTldd 2 M FIRE W b RE e md 2 LI
S5, LasL, gl (NACA0015) Tidddi (NACA0012)
XV VREOKE LB EHANTCNDTZ0, CoDfiTAvs L
DRELRDHZLIFY EEZOLND.

—Ji, a>10[deg] TI&, “YOuibmIERIM . i,
CL L Co TSR K D IZ BN KE B TH AN, T
OEFRTHZETEUMRO—EEBLZ DN, ET, a=
16[deg.] CO =R T, CUCoDFHE L IR L DT,
CLRCo LV HRAFTHD.

Fig. 5(a)-(C)\Z, Z4Z1, Re=4.0x10° CONARFIZBE L T,
CLECo, CUCDa~DIfAFEN AR

F9°, CLECoD _WthkT%, Sunadaetal® &Motohashi®?
DFBRE W% (inFig. 4@)and (b)) . R~ TOMES (o
<20[deg]) T, CLECodfffTid, FIBRI Y bRZV.
WZEpAE (a>4[deg]) TIE, 1EDNTRE.

—%, a=4[deg] TIE, =UKIURHTIZ L HC £Cpl, T
WOLARATIZ—E L, HODFEERE D HREV. o = 16[deg] T
13, SRTHRHTIC L BCL L Cold, ST IRTTART L 0 HIES
DFBEI ST SEH AR B 5. LT, NACAL5 L [AlkE,
AT, Re < 10MCThans K&\ &K TH —RIeahiE
DR 72V, ZIRITHATSLEN 72 5.

WIZ, CUCERS (inFig.4c). PHRD =UITARET (X
Fl) & oo (HF) EFig.4(c) , NACA0015 D =Kt
it (OFD) & oot (OF) &, Zheh, k5.
NACAQ015 & [Flfk, AR Th, IRIeidr & =oeiibin S,
—H3 5. 22T, @l TO—EIMEATHS.

2, Fig. 52T, YEAHRE & NACA015 D IRl kb
95, PAREIINACAC015 LV &JAHIBHDa TR E 22C/Ch
PELND. FRIEYE (o < 16[deg]) TIXFARFEDIZH A
NACAQ0015 L1, [E57NZ K&,

Fig. 6(@)-(C)(=, Z#LZH, Re = 10x10° T FAH# &
NACA0015 [ZBILC, C &Cp, CUCoDa~DIRIFEE T

F7, CL &Cp, CUCod VRt & IR DRER A
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HlgEd™%. NACA0015 &R AT, o k& < Th—E
%. £oT, Re=LOXIFEEDIEK LA / VAFTIE, ot
RN NTAN TH D EEZ OND. RIZIRTTETIZRE
LC, NACAQ015 & Pt & % thikd 5. Fig. 6(@) LY,
NACAOQ015 # PR3 b4, CLZadDIME DIV T 7272
L, CLOfElE, RO ST 4T DaTREV. Fig. 6(b) &Y,
NACAQ015 & HERDOFEGUE, 1ZF—ET 5. T72bh, CLD
1T, aOBIIMT IV CHEFICHHET 5.

%1412, Fig. 6(c)% .%. Fig. 6(a)&Fig. 6(0)l i LT,
BT, NACA0015 LU & IR Da TR E 72C/CoZrrd .

1.6

12 r

G 08

-+ Flat plate (2D comp.)

04 ] " X Flat plate (3D comp.)
® Sunada et al. 1997
0 = Motohashi 2001
0 5 10 15 20
«a [deg.]
@ C
0.6
-+ Flat plate (2D comp.)
0.4 X Flat plate (3D comp.) o
o = Motohashi 2001
(@] - ™
0.2 = "
N T =
O L
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a [deg.]
0 Co
7
+ Flat plate (2D comp.)
6 r X Flat plate (3D comp.)
5 L © NACAO0015 (2D comp.)
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S
o 3
2
1
0
0 5 10 15 20
« [deg.]
(© CJ/Co

Fig.5 Aerodynamic characteristics versus «

(Re=4.0x10° flat plate).

3.3 {E Re TORKERARZIR

Fig. 7@)-(c) |2, ZHFH, Re=10x10%231) %, flat plates
D)-R)DZENFHE (F7edh, CLECH, CUCH) Da~DifkAfs
PEART. 7235, NI, Mk, ilH Ok (flat plate)
DFER A R

T, G Slat plate (1) & A B9 5. CUE, A (a

< 12[deg.]) TIXPAREUIZLLARTH /P, Enlfs (a>
12[deg]) TITHETRE L b, £7, Cold, KA TILTHR
BEDEERZLAVERET, milTIEOTNNOEREL LY
ISV Ko T, CUCp 1, IR TR L BT ha <,
RIS TIAHEL L ) TR E . OF Y, flat plate (1) DRHEE

1
0.8
0.6
o 04 -
| NAeAE B )
mp.
0.2 -+ Flat plate (2D corcn(:).)p
X Flat plate (3D comp.)
0 ¢ Sun & Boyd 2004
0 5 10 15 20
« [deg.]
@ C
0.7
06 - 5
<|
05
Q 0.4 g« ¢
O 03 | O NACAO0015 (2D comp.)
[INACAO0015 (3D comp.)
02 | -+ Flat plate (2D comp.)
0.1 + X Flat plate (3D comp.)
0 4 Sun & Boyd 2004
0 5 10 15 20
« [deg.]
® Co
1.8
16 r
14 r
12 -
S
3 0.8 r 0 NACA0015 (2D comp.)
0.6 [TNACA0015 (3D comp.)
0.4 + Flat plate (2D comp.)
0.2 X Flat plate (3D comp.)
'0 # Sun & Boyd 2004
0 5 10 15 20
a [deg ]
© CJ/Co

Fig.6 Aerodynamic characteristics versus a

(Re = 1.0x10%, NACA0015 and flat plate).
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5 40 A A R 2 AT

PRIF, R CRRHE
T, WD LREFO.

WIZ, “PRELEflat plate (2) & &t d 5. CUE, (KA T
PR L D DTS, @l TIOEEE & DX 1%
EAETRSTRO. FTz, Cpld, R TIRFERE E DAEEIF
EAETRERVD, EI IR L DV BT RSV, Lo
T, CUCold, M TR L VT ha <, il T T
K& 7%, %Y, flatplate QDRFFART, K TR
PEZARD, G CRAEIEZ B DR A 7R T

BN, AR Lflat plate (3)& A A, CUL, (KA
TIEEHELE W KE L, A TP E DEFITE A

(CUCoDNE) ZAKD, Rkl TR

' 4
o |
| O
0.8 . e B
0.6 B P ’
g 04 ﬁ 0 Flat plate (1) (2D comp.)
‘ & A Flat plate (2) (2D comp.)
0.2 & % Flat plate (3) (2D comp.)
0k : - Flat plate (2D comp.)
s
0.2 5 10 15 20
a [deg.]
@ C
0.7
0.6 - K £
on | ) ot
0.4 BB B R
(.? 03 - [ Flat plate (1) (2D comp.)
02 L A Flat plate (2) (2D comp.)
0-1 | > Flat plate (3) (2D comp.)
'0 Flat plate (2D comp.)
0 5 10 15 20
« [deg.]
O Co
2
15 | ,.N"@v W @g gg
e B
& 1r | 1 Flat plate (1) (2D comp.)
~ 05 | . & A Flat plate (2) (2D comp.)
© : é > Flat plate (3) (2D comp.)
0 - ---- Flat plate (2D comp.)
5 10 15 20
-0.5
« [deg.]
© CJCo

Fig. 7 Aerodynamics characteristics versus o

(Re=1.0x10?, flat plates (1)-(3)).
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FE7, Cold, 1R TR E DEAITEAL

HTREL 2%, £oT,

CuU/Cpl, EEA TP L WA TRE L, milll IR
K OET/NEL 2D, ©F D, flatplate Q)DRIFFIZINIZIE, K
G BURRE A D, Bl CHRFHEAARD DA T
AR, M AUE, Lo 109 72288 2 4 U 575,
ERNCIINTH Y, L TR NSV,

3.4 {B Re TOEBRANIHE
Fig. 8(a)-(c) IZ, ZhEhRe =

1.0x10%(2 3517 Hflat plates

Mg, ek, KITIE, RO
DFERA ST

WEH O AREL (flat plate)

FT, VARG Eflat plate (4) & AT 5. CUFEAICER

7oL, FIOERE L D REL 2D,

F7z, ColHRls T

1 O o o
08 | e Il |
O &
0.6 [t
O_A 04 ‘ ,g' 1 Flat plate (4) (2D comp.)
g A Flat plate (5) (2D comp.)
0.2 r 0. < Flat plate (6) (2D comp.)
ok R - Flat plate (2D comp.)
0.2 5 10 15 20
a [deg.]
@ C.
0.7
0.6 .
R I
05 - g B &
0.4 woE o H e
a
O o3 | 1 Flat plate (4) (2D comp.)
02 - A Flat plate (5) (2D comp.)
01 L % Flat plate (6) (2D comp.)
'0 - Flat plate (2D comp.)
0 5 10 15 20
« [deg.]
(b) Co
2
15 T = s
m] &
1L g &
d: oo o [ Flat plate (4) (2D comp.)
L\f e A Flat plate (5) (2D comp.)
05 r E % Flat plate (6) (2D comp.)
0 b Flat plate (2D comp.)
5 10 15 20
-0.5
a [deg.]
© CJ/Co

Fig.8 Aerodynamics characteristics versus o

(Re=1.0x10? flat plates (4)-(6)).
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BIfR7e <, WIEHEL L W K& L 725, DFED, flatplate (4)
DEFTRCIE, B (CUCOME) Zmih HhEa R

WIS, PHREE Lflat plate (5) & &5, CUAAIZBIR
7L, HACERIE DSV £, CollilAIcBRe <,
FIOEHGR L BT/ SV, KoC, CUCHIE, HHAIRR s
<, IR L v /hNE < 72D, oY, flatplate 5)DHRIE
WL, BERHEZARD D252~

%I, FARE L flat plate (6) & ZHid 5. CUE, #Hf4iC
B <, HIOPRE I 0/hEW. Hi, ColHEaHs T
W& DFERNTE A LRSI, HiME CILG L 0 #
TSV, XoT, CUCIE, AR, FIT AL L
D/NEW. DY, flat plate B)DEFILIRICIT, BUFREZ KD
DA IR

4. BhHYIZ

NACAQ015 & FAREIZOWT, ot & = RockkiifigdT, &

TS8R, AEIBRC LY, LIFOZ Lnvbhor.

(1) Re < 10"C, NACA0015 & LY, AT, Comn®
TN, SUOTRNT & B IR E B KT .
£oT, ZOReHIPATIE, —UotfMTIZaZICHS.

(2) Re < 1x10*C, NACAQ015 DCpminld, SRR
RHoermer DA\ FsFsTera—E L, HHZHoemerdH
LBt b, R OCom b, AT
Hoemer DA\ —%4-% 7%, NACA0015 L [flkk, HFC
Hoernerdd=® & 1 < — L, JaiEdsmin® L v £+
REDDEZRT

() Re=40x10°Ti3, 412725 & NACA00L5 |2 =kt
FAMR<END. Re = LOx10°TlE, sl Tbh =Kot
RPNF & A BN,

@) Re=40x10°% 1.0x10°T, ‘PAHEIINACA00LS LV )i
HPHD TR E 22CCpZ T . FHTRe = 4.0x10°CIHEA
i (a<16deg) CCUCHIZFHFHDIED 23, 1ZHNTKE
V. Re=10x10°TiL, FH~/=2TDa (a<20[deg]) T
CUCoDIEE, FHEEDIE D DIRE .

(5) Re=10x10°%lTB\ T, BORHEHZIRE V) HEFTIRD
J0, BRI 2 DR RKE .
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