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Abstract
We performed wall-resolved LES and investigated the effect of Mach number, the angle of attack and the airfoil thickness
on the flow field around NACA 4-digit airfoils. The Reynolds number is set to 2.3 x 10* and the angle of attack is from 0
to 9 degrees in increments of 1 degree. The Mach numbers were set to 0.2, 0.6, and 0.8. As the Mach number increases,
both the separation point, and the vortex formation position are located further downstream toward the trailing edge. The
turbulent region expands with increasing Mach number. The low-pressure region caused by the separation bubble extends
further downstream as the Mach number increases, and for thinner airfoils, pressure recovery occurs closer to the leading
edge. This indicates that thinner airfoils are more resistant to flow separation, as evidenced by the sign change point (i.e.,
the reattachment point) in the skin friction coefficient distribution being located closer to the leading edge for thinner airfoils.
Consequently, while the lift-to-drag ratio decreases significantly with increasing Mach number for the thicker airfoil, it

remains almost unchanged for the thinner airfoil.

1. ZL®HIC

HERRERRE CH D KEEZPFET L2 LITXD, H
EROBROSEHEMD Z ER SN THDR, Zh
FTOKREREMRE L UIATHESCT — =2 F
Thotz. HEHUE LD OREITITRG LY
TABEROE TRARSH Y, v—/—TOREIIIT
AN HIR SN D, £ 2 TIETIE, 2h 6 0H
DA% B RCEEAHIPH A FF > Ingenuity D X 5 722 k2T
2SN R A ETHERE SN TEBY, FRZT7 AU AT
1%, 202117 A U IZEFEHROXKE~Y a 7%
TH D Ingenuity 23k R TORITIZHND TR
T 572 EAEBUZESN TV 5.

KEMUZERE AR BREE T CEM S D M4,
ZOERLT L— RE D HNPME LA L XD
<y N 7R BT, FEAVRRMEITHIER | CIEH S
TS — Bz & X B D, LA I VXK
RO(10%-O(L0O)FREE DK L A ) L RIS T DZE S
FREIZIBWTIE, i HIEEE 2 EERRAUEE Ch
5[2]. FEFHIBEIE LI LI, 22 c e e K
3. B 20X M O FERIEAE X TR AT U TR -
AREES 2 MBS A TIREERIC L 2D TH
%, FIBEEE 00 2 E R0 E D ) 43 A0 % DRk O BRI
T A NVAERBOBRGHIEZETH Y, Bx 2ot
WNIThNTE., BIZHOWVWTIE, LA VR
0(10)-0(10%) T O [EFEMZN R OB A THI TR Y,

©copyright 2025 by the author(s). Published by JSASS with

permission

NACA#L[3,4]<° = f4 B [5-8]IC %} L TH it 5 L5 6k
DT DI, IS E T REEL, 22 RIS~
w NBEhRICHE B L TRFEDM Thiu T 5.
PRIAEHE 0 WAL TOMFFEITEI LTI, Anyoji et
al.[OlVF K R BRI 35\ TIREE B BHT X 23R &7\,
B0t & B zE IVERRTZT T <, SERAETRRIC
BT DRIFEE 72 & OFRAEEIZ OV TH LT L.
Kusama et al. [10]¢Z[F] CAKE R R T5%/E O iR & 0
FnDT 2V — L AR L Db E LA v Rk
L1x10* TR D~ v BUTH LTTV, ~ v " EB
e VNS5 L K B T frg oD 22 TE Ik & AR A 1 oD
TRTTHED TR E THERF S D RTREME A R LTz
Mukohara and Anyoji [11]iX L 1 / /L X%56.1 x 103 &
11x10* T~ v N & £ b & ¥ 72 large-eddy
simulation (LES)Z4T7V>, it D a0 7 1
T ANIREND, ¥ A NBOEIN XV ELTNER -
FAENPELET D Z & EH 6T L7, Nagata and
Nonomura [12]iZ L / /L 2X%§2.0 x 10*D5%/F DiEH
SEHE W OFi Oimplicit LESZATVY, < v O
INZ X0 BT ER 2 EEAE LS i RIBEa & S 2303
HT xR LI
KEMZEOBALG O 0121E, LA /X
B - B~y AN R T B ELIRER S B i R B
LEOREBEENRD b DD, BRI UKL A
IV XAV D = NN R A~ T TR 72 <



ST

SASEH RIS T 2 L — > 3 VBT VR Y
2025%E7TH2H~4H

27— VRS (R0

ZEIVRFEIZR LT ED L D R b D DD i
VETH 5. [9,13,14]

AWFIETIL, 3RITIEREMENavier-Stokes HFERD
BEMRMELESIC XV, NACA4 KR BA ORI FREE v
DR LA )V AFRAUC KT D Mt 3 L ORE D
BT,

2. Fik
2—1 FHHERFE

BAEFRHTIZ T ERFERA > L2 3— D LANS3D [15]
RV, S RRRUE 3T A Navier -Stokes
FRATHD. Bt & MMERII6 IR = 3
b Z253VE[16] TR L 72, BiiEO R ENEICER
T2 m AR OBMERE 2 M2 5729, 10KHFE3H
%7 4 VA8 W-. Z 2T, 74 AR
$030495& L=, A MY v 7 LY a7 U d60E
FEZ R S FESIETTREM L72[19]. e 7 M OB
BT BE 342 IR 220y TIT W, IR 7 12IT
alternate directional implicit symmetric Gauss Seidel
(ADI-SGS)[&Ai#1:[19,20] & FV 7. FafiRik DN K
Ix5MEI[21] & L7z, AFHFE TIXBER)72sub-grid scale
(SGS)yET V& HWT, mIRKEE T ¢ /L& DK
(IR T E RV AR DO DI A BRI R ET S
& & 2 DHIEILES [22]% v 7=, Kawai et al. [23]i%
ARFGE TRV SR E A — L& VT 72 if
e TRRMT 24T - 7o, SLIRIT 6 LT 7o g4
EERL, BR7RSGSET L& 5 & Hlo THELT
DWETHZ 2R LT, AN TIE, Eibmio
BT R GE 2 > TWD Z E0vh, ARIFZEIC
BT DA A BEfRIG LES &PES.

2—2 FRKTIRBIOBREM

Figure 1lZNACA00123 %!, Figure 2 |ZNACA0006
BMOFHEK T2 ENZIoRT . FHERK - IXCHIME
A AW MCIEEFIE& bR EITR
ML, ARVERESIZa— REca KL LT
0.2c, MR £ COMMETM25cE Lz, B 7 mdk
X4 51N - = 61545, N, = 20045, N, = 101504
12,42300/CTH 5. ZiuiEKojimaet al. (2 Xk D%
WHERAATHWO N T L REETH 5. BERLET
KGRI EE S50 12 <, BEFRIRLES L 72 > T
5.

BRI, EFMBERITRHBEREIETH Y, B
JELHE A — RN BAME L, RN R O E
WCHEE L. gl JUS RS R kb & L, Shm
DI EIXWEGE D 22 LS, waked /o 13 E 5L
REME L, CHMOATEFUTRAE R TH Y,
TR TOEE A —RRYE CREE L.

©copyright 2025 by the author(s). Published by JSASS with
permission

JSASS-2025-2104

§ R |

Fig. 1 Computational grid of NACA0012 airfoil.
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Fig. 2 Computational grid of NACAO006 airfoil.
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Fig. 3 Instantaneous velocity fields and vortical structure of flow around NACAO0012 airfoil visualized by the second
invariant of the velocity gradient tensor (perspective view). The threshold of the isosurface is Q/u..2 = 5.
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Fig. 4 Instantaneous velocity fields and vortical structure of flow around NACAO0006 airfoil visualized by the second
invariant of the velocity gradient tensor (perspective view). The threshold of the isosurface is Q/u..2 = 5.
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(f) a=9deg, M =0.6

() a=3deg, M =0.8
Fig. 5 Time and spanwise averaged streamwise velocity fields around an NACA0012 airfoil.

(9) «=3deg,M=0.8
Fig. 6 Time and spanwise averaged streamwise velocity fields around an NACAO0006 airfoil.
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Fig. 7 Pressure coefficient distributions over the NACA0012 airfoil at different Mach numbers.
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Fig. 8 Pressure coefficient distributions over the NACA0006 airfoil at different Mach numbers.
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Fig. 9 Skin friction coefficient distributions over the NACAOQ012 airfoil at different Mach numbers.
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Fig. 10 Skin friction coefficient distributions over the NACAO0006 airfoil at different Mach numbers.
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Fig. 11 Separation points for different airfoils.
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Fig. 12 Aerodynamic characteristics of NACA0012 airfoil for each Mach number.
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Fig. 13 Aerodynamic characteristics of NACAO0006 airfoil for each Mach number.
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