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Preliminary application of Reynolds stress model
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(1. College of Aerospace Science and Engineering, National University of Defense Technology, Changsha 410073, China;
2. School of Physics, Sun Yat-sen University, Guangzhou 510006, China)

Abstract: For the verification and validation of SSG/LRR - wReynolds stress model, four typical two dimensional cases from NASA

turbulence resources website were chosen, including zero pressure gradient flat plate, bump-in-channel, airfoil near-wake and flow over NACA0012

airfoil. A part of numerical results were in good agreement with that of CFL3D. For flow over NACAOO12 airfoil, lift coefficients of Reynolds stress

model and SA model were compared. It is obvious that near the stall angle of attack, Reynolds stress model has advantages over SA model. Based

on these results, SSG/LRR - wReynolds stress model was applied to the simulation of complex DLR — F6 wing-body configuration. Pressure

coefficient in typical stations is comparable to that of experiment. Besides, small range of separation in the wing-body intersection is well captured.

Key words: Reynolds stress model; verification and validation; application in complex configuration

UN(CLEE VRN KA GIER S Ve 2 R R ]
FHOE , (B T3, JT AR DGR 8 =)
FRT2ARGU, HAT iz HRR s K2 T
B ) NS ( Reynolds Averaged Navier Stokes,
RANS) J7 %2 , RIH i it 19 o ikl 52y 78 v 0L g 5
o N TR EE I 5K S AR AL
266 K 220 i A Y I F 2 PE Boussinesq {5, I
FH A 12 A 2R PR R A 45— 7 72 SA B Al
7 T SST >

AN AR BIAEAR 2 (] A Ui 3l ) R b RE 8
13BN AT RERBAAZE B B2 TC e 2 2 i
RHE , A48 RV FEIR 30 23 B, i 4 25 b 00 LA K
s et . NI, & e T RENE B U I Wi 3l
Yy PRAFAE A B v AR, T I R SR Ry

«  UeFS HHER:2015-09 - 18

VA TR R T L G2 1 5 T Boussinesq
I 1 L AT, 24500 B SR A T Vs o A i i
R B | AENSEE X 4 BV Bh L T 3 LA S
25 i) S S50 D S5 1 7 3 1) L i AR SOURS L L
S A S 32 T R JE B . Chou!?!
Fil Rotta'*! 5 FURF 5T 55 5 I F7 803 7 P 11 S A
[, 2 05, VP25 EJE R T Oy R R IT O
WL T HH RGBT HEN] . Donaldson %657 i
H T B R AR (invariant modeling ) 9 &,
B P M O B 24 7 RS R AR AR AR B
Lumley'®' 223506 it T —8 RG0S BRI T P 1
SFEABL U RIE 7 30 10 7T S B, BT AT 4 B by i
(3 9 M S AF R AE TF B o AR o R OE IE .
Speziale 457 HE— B8 T WY F7 R f I 5

HEWE : FPAERR R AT % 5T (ZDYYJCYJ20140101 )
TEZ BN T LGB (1991—) , 5 T2 A, 458 4 , E-mail ; tianyatingxiao@ 163. com;
XBANRGEGEIEE) , B, 80%, 114, 114 R0, E-mail : xgdeng2000@ vip. sina. com



554 1 HOTE A N BB R 25 g - 47 -
BRI, R T R RO, T L S0P g SR TR R S R
M TR 2 T i R B R, BRERIZ BRI
A REACTE . B S 68 R BT T B T
S, U LA T 1 R O o= 27
BRE L AR, T2 — AT I A T )

Sopt k=R R, R HIETOY
S R RVE TR, B TR o 2 RSl SR

LA |49 HeAh i Jy R el o "

AL 52 500 L), AT 23— 9 oy = (i, + 077 ) ]

BB ERR R AR5 g o H AN U8 2 /Y s
SRS SRR 44 LRR R A SSGH® LRI
AN FEXT 5 T I 1 i s 7 R A I e f
ANAT s G kb 2 5 S i B, PR Ry T B A S B
PR, IR 7 LA A5 ) A i R 2 , Wi 30

REFERCR & T REEHLAEHIR o e, BT AN
(R IR U R 0 RUBE 7, R T — R A T v L
IR, A04E Launder 255 & R AL T & J7
() LRR B8, 75 5L Al 1, Wilcox i ] LU #E 13
w TR & AR, KB T Stress — o BRI,
Eisfeld 283 T Menter [/ B A5 % LRR B F1 SSG
BT TR A, Rl RO B AT TR &
KJET SSG/LRR - o #iH11

1 #=HFRSHERZ

1.1 =HI7AE

PE ARG R T2 NS Jr R A
IR T R o
9CpRy) +i(ﬁ}{ij[}k) =pP; +pll; —po, +pD;
ot 0x,, -
(1)

Hrf.p,U, R4y 5375 Favee -2 () 55 i | i
%E%Hmlﬁﬁﬁﬁéi AR LR, T Y
AN Favee SP-YJ5 1 15 pIl, po ,pD ;53 i 36
TR AR SR I AR R s I, A B AT
PLEEHRESH,

_ ~ aU, ~ 9U,
pP; = _pRikij_pRjkT

ox,,
FEROI— AR -
pe; = %ﬁf;&j

Horf e FRim s REAE AR, 7 2500 1 BA M 9 it I
REZTFRER RS o Fia 5731 Rk s

T iz , Fh P I K ] DL BT R 2
o 0 (R,
pD,-(,- = 8%(# szf)

Hodr D iz 250, Wilcox ffF57 38, U
Tl LRR AR w6 B T Sz S 30 s 2 75 31 1 5
JEZ N SSG A RYAH[A] .

. I 1
pll; =~ (Cpe +—C7pP )a; +Cpl(a,a, —gauami,-) +
(Cs _Cz* «/bﬂbm )[)7{3; +

Cip k(a,S,

R, 2 .
=t - 2o, M A E

\ o 1l aUy ..
Xﬁn—F:S’j - ?( ox.  Ox; ) Y
] 2

- oU, aU,
Wi]:?( e 37)

XFF SSG KEAY, bk SRk Ry R AN
C, =17, =0.9,C, =1.05,C, =0.8,C; =
0.65,C,=0.625,C, =0.2,D =0.22, %} T LRR
B, PRI R BN €, =1.8,C7 =0,

9¢:™ +6
CZZO’C3=O'8’C3l:O9C4: 11 y Ls =
—76%% 410
CZT,D:OJSC . H,C, =0.09, ™ =

0.52, 7 EH FARRA T 2o | AR E 7
F2,SSG/LRR — w FAIfEY T Mentor 1Y R, Xt w
TR & TTRRIEAT TR G o
i(%+ai@(ﬁw U, = -a, :pi“ -B.pw’ +
8%[ (,LI +o, %)%Z] +0y, %max(;:k ga: ) (2)
(2) W78 5y EABHUR w, 4% [a] 7] P FE R m
AR,
0=C kw

L) PHHMEREK 6 =, ,.B8,,0,,0, BITIRA
BRBO TR

b=Fidp'” +(1-F )" (3)
WA B S



- 48 e PN

5538 &

F, =tanh({*) (4)

o A &J ook }
=min max[ Pl L= Vi 5 |
¢ { Cood pod” ) 5 Jc%max(a% (;%,O)d
d APEREENE I . o TN FRE o, =0.44,
B,=0.0828,0,=0.856,0,=1.712;¢ TR R
M a,=0.5556,8,=0.075,0,=0.5,0,=0,
X R AR KR I AR 4 R 8 ', SR IR
AR SR, B
&’ =F1¢(LRR) +(1-F, )d)(SSC) (5)
1.2 #HEFHZ®
R B MUSCL #% 5X, - ¥ 32 3h 77 #E 4 I
iR Roe il 25707088, FEIETTESHOR 1 —
B erCo ks 3o Rk ] 9 2R SR FH LU-SGS i X ik ] #i
2, AR AXSE 11 ]
KT LS4 FL BE T 01 5k T 76 4%
T, BIERE 7348 o O 5 VA5 IV ) 8 70 BE 0 B
0, EFEHIR o 1ERETH L B AL -
_ 6u
Wl _ﬁﬁ1<Ad1 )2 (6)
SO B, =0.075, Ad, 7 55— 2 9 B A T B
B o L SR AL BRAE T Riemann A2 B, HAK
JrikZFE IR ],

2 BHEIESHEIA

N T B SSG/LRR — o 5 B 52 B 1F
B, E% NASA JAT SR IR M3t 1 4 DY A v
B, £ 55 ZE & J Bk B ( Zero Pressure Gradient,
ZPG) i i VAR 3 FLZ 8l A R T 8, 3
ST X A S F NACAOO12 BAILE , B(l it
PR FH At It A 4L, 53 45 R R[] 45 0 B AH
) CFL3D SR IATXF L o
2.1 FEHNEEmRFEBRLFRERIN
2.1.1 S

A I R PR T 2 Y
K& R BIEL M =0.2 SRR T, =300 K, 2
FREL=1m HETSERKEREEL Re, =5 x
10°, AHAEFRULHT, T AR ref FR KRS H (.

AR 2 m, FTZALT 2 =0 7%, AR
WEAE TS Elif x = - 1/3 m &, X Fix
SN 25, B R 2 R R 29 0. 03 m, 3t
AN B B H =1 m 25 B, PR 1]
G345 545 A PR s 1) 20 A1 385 AR AL BT T
oL IS SUR S S L DA =N

XTFALBSA (Inflow,x = =1/3 m) , BE P, =

Riemann farfield

Outflow
H=1m

Adiabatic wall

Sym
x,=-0.33 m x=0(LE) X, ~2m

BIL i A R e B 2R
Fig.1  Grid and boundary conditions for ZPG flat-plate

1.028 28P, ., i i T, = 1.008T.; i O 1 &
(Outflow,x =2 m) ,( 3% P = P, &5 FHa A
KL 37 82 =2 7% A (Riemann farfield ) , 7 H2 BE [
(x=0,y =0) E Ny 46 #4BE ( Adiabatic wall ) , 4R
i il (x <0,y =0) RHAIX PRI 4544 (Sym) .
2.1.2 MEEEEL

AH AR 1 1 AR AR

Re, = Pelle? u 0
M
— LL(I _ L)dy
0 Pu Uy u,
T,
¢, = T
2P= e (7)
_ . (ou
w Mw( ay)w
uJr = L = u
u, T/ P
V= Ve _ ¥ TP
v, v

Hor s AR oo SRR w ROREET 5 p,u,0,u,7,
Re,, C, 73 5| 27R 5 B Uit [ 8 B | 5l i JRE 32 6
FREC YISy T gl JE R A v ORI EE B AR
B ou,, ut, " N FRR R FET EEH
F1%) JC ik 4 3 32 0 o ML A R

M 2O LT M Ak £k

1) BETEERL R C, WAL Re, 19721L

2)u’ iy K915 4(Re, = 10 000) .

XTI 2, H T Coles -1yt 15 7R ) BE 1 1
A3 (Coles B PT) s

u = %ln(}ﬁ) +C +%7[sin(;—g)]2 (8)

Horr e MR TTHERG T RS
2.1.3 HAAHFH RS 54T

1) BETEE BT o 1 2 45 3 1 24P it
AR P B 1 JEE BHL AR KX €, 1 CFL3D 530 2% SR g %
o, —E VIS THRER

2)u By AL B3 gt TR -



HGH , 55 TR N ) A8 - 49

o Present
CFL3D

ooo2b o

2 PR EE R L
Fig.2 Comparison of skin-friction for ZPG flat-plate
X H5 2 RE A I 2k, B AL B R Xy T EOR R
M3 HraT DUE Y, S HRR P A 2 43 A A
CFL3D W45 A5 AR 4, [A) i 1 Coles FH 84845 1) it
LIEA T

30
o Present
Coles
20
+3

10

ol O T R R R )

10 10° 10t 10? 10° 104

le6)
30~
] Present chOO
CFL3D 4
-
L O
"
20 "
O
O
»
s "-
K

10}

0 =

10 10° 10t 10? 10° 104

lg(v")

B3 AR R L
Fig.3 Comparison of logarithmic law for ZPG flat-plate
3) BAY G AR BERIXS L, BT 4 ST x =
0.970 08 Fil x = 1.903 34 1 >3l {07 1) K & 70 %6f

o, Horp A As bR w/ U, 327 T0 i NI ) RS . 24
BIFL R 45 0 CFL3D W) & 18 4R I,

0.04
[ (3] Present x=0.970 08
0.035F CFL3D x=0.970 08

0.03fF

0.025F
- o.ozf
0.015F
0.01

0.005f

(] Present x=1.903 34
CFL3D x=1.903 34

u/U.

inf

Pl 4 S MR 7 B TR X L
Fig.4 Comparison of velocity distribution in

typical stations for ZPG flat-plate

2.2 wOEEERD
2.2.1  FA) 00

AT RE T A 2R B DR S A A TR
JIRBEE o BT 2R R R R N

{y =0. os[sin((;”;-g)r,o. 3<x<l.2
y=0, 0=<x<0.3 and 1.2<x<1.5

AR RN E XA 0. 3<x< 1.2, BEM LG
%Hggﬂjjﬁﬁ’%']i’ Xyall_st — 0 Fi1 Xyall_ed — L5, {IIJL
A R THI RS R RN L5788 G it ) b 305 A0 9l A e 2
%, = =25 m flx,, =25 m (7 &, FEMPHER M E A
XS PRI A (Sym) |, PR R H =5 m, b
SRR B AR FRIE, A R H R
I P AR 21 AR S A ] o 3 P AR Il 0 A
1409 /> 4% 5, 15 0] 20 Al 641 SIS i, &1 S O
W& A Mol AR T AL
2.2.2 BB RS AT

16 Stk T IR B TE ) RAK C, A R

(9)



- 50 N N

5538 &

Sym
T
|

I 11

i
i
i w T
T
HHHHIHI\!“\Illllllllll
Ny

BIS MRS TE R S RS S B R R A
Fig.5 Grid and boundary conditions for bump flow

FHEEL C, o fii , NEL 6 HraT LR Y Y AT R P T
FAREN R R B Al CFL3D L2 E G,
THAAS 2 1% 28 BH 28 7R U4 1007 15 /0N, (H S AR 43
AW AARARGS o BEAb, i RE I ET A R X
PR TR0 00 S ) 246 A RE 300 % %) 2o 00, L O ot 7 T %02
BEAAEATE , S BUE R B R, XD
PR #E CFL3D DL B Y Fi R e b3 2 R v a1
WEE, MAERE RS S 00 & e R ATt

-0.8 r

— —©— - Present
CFL3D

0.6 F

ol o v 0 0 )
0

— —©— - Present
CFL3D

X

6 BETE ) 2 KOREE HL 23 A X LE

Fig.6  Comparison of pressure and skin-friction for bump flow

2.3 ZHBRARETXRE
2.3.1 HBI5LeA

PRI 3 P B i I AR A0 T 3 A R R X
SRR ), FALE R 10% JR B B AR XTFR L
LA ( Model-A 32 71)  Nakayama [/ 5255 %1%
FARR AT T I, 75 SR A, Se i o
A R R R R R AL B AT TS A
SRR A A

KA M =0. 088 ki Az T=300 K,
HAZRK e =1 m, BT RRKAEHEHL Re, =
1200 000, FfE IR ZEHE 20 f5 %4, Mg C
BUEAN, J 1) 0 A 1121 4> RA% £, 125 1) 230 A 193
AP o BT Ay BE T BN AT A O3 A s TR BE
T B 2 FARE ok B S g 5. E#
FevE B 3 X L Ak A (x/c = 1.01,1.05, 1. 20,
1.40,1.80,2. 19) {7 a3 40 Af o

0

NN \/

i
s 71
1 \\\\\\\mw %%;’

N

izt N\
e\

7
i\

B 7 ST X 5 A0 R G A
Fig.7 Near-wall grid of airfoil near-wake flow
2.3.2 BB RS AT
8 25t T 8 b [X ML TR il {57 ) B Y 43 A
Hop s 2 Fon MR P A 45 R, B R R
CFL3D 1545, 5250 & (5 AT 5 320, #ii A
b w/ U, Fn TR 0 R . MIEL 8 rfrm] LB

0.06
0.04 f
B 4
- o o
0.02 e
oy
i D/‘D/% 7
: )
< o0 " Py
=2 i e { f"
-0.02 f— Present S
| |- - —CFL3D d
o Exp. x/c=1.01 \
5 & Exp. x/c=1.05 \'g
0.04 Exp. x/c=1.20 k. 4
L > Exp. x/c=1.40
< Exp. x/c=1.80 \
& Exp. x/c=2.19
-0.06""' il T T P B Il
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1

u/ Uy
&8 LI 50 X R A A

Fig.8 Velocity distribution of airfoil near-wake flow



4

HGH , 55 TR N ) A8 -5l

A TR R AR AN CFL3D 4553084
A, BAEE(E X A SV 5 F AS
2.4 NACA0012 A ZH

2.4.1 FHA#5LA

A F 2 5 NACAO012 3L A 76 A ]
AT R R ) B FBE TR, oK I S 5 =
0.15, 2% KE c=1 m, ETSHKENFIHL
Re =6 x 10°, 3 i L 300 K, 3 3 T f1 43 1) B
0,10,15 = AR THAEBE 500 1% 5% K LA
W38 1 )5 T, 38 RS 1] 43 A 897 A~ RAK A5, %
] 43 A 257 > WA s, B 78 5 17 R FH 400 #RORE 2%
P, R R 2w b 4 A . BB R ) 4
A IR R PR SCRR [ 15 ], AR B0 B FHRE )
R SCHk [16] . B9 3 BE TE M A% 4> AR R

W lj
s
)

[]
/ln.===“

77
e
,,,

i RN
sl A\‘{k\\\‘\“\\ H "////;,,’llumm TR
N 777 AR
77N IR
y "ﬂi‘l“\\\\\‘\\\“’////////lllla (i

gt

K19 NACAOO12 JfTHE I P 4% 75 14
Fig.9 Near-wall grid of NACA0O012 airfoil
2.4.2 HAAHH RS 54
D) AR B T iR ia B 1 R 8o A, WK
10 Faf AR, SRR PR 200 I R 80
A £ CFL3D WJL-F 58 e, IF HASLR A
W) G FARAF o

0.6

NACA0012 «=0°

ov-ry

-0.4F ~aa_
0.2k 1 \Q\Q‘\
of ‘?
0.2F
QR :
0.4
0.6F
i (o] Exp
0'8: p Present
1E— --l—-" 1CFL3D |
L= %5 o4 06 08 1

NACA0012 «=10°

(<) Exp
sk b Present
A CFL3D
-4 "
: >\
3 : X
oY 2 %&Q
1 i e
N NM
of I b - =IO
1 ——W
5L ) i
0 0.2 0.4 0.6 0.8 1
X
. NACA0012 «=15°
(o] Exp
i Present
Bl T [ CFL3D
QR
of A S W
Ao ool
2 I i i I L L I L L i L L i i i . L
0 0.2 0.4 0.6 0.8 1

X

10 NACA0012 FLAIL i H ) H 8050 i
Fig. 10 Surface pressure coefficient of NACA0012

2) T LA i xS e, 1B 11 5t T T
TR (C, - a) T2 (C, - C)) A R
FBTE AT R R SRR AR 2 R T
PR AN SC B (B L & CFL3D W) & 43R 4. it 4h,
B LA g3 T SA — Ty B B3T3 2551, R
PRI AT LU, 762K IO AT, 78 34 17 A8
TUHRA R AL T SA #EY

Present
——————— CFL3D PP -]

15fp - - - - sa
i [a] Exp

G520




5538 &

$52 [ BB Bk o
L7¢ Present
e CFL3D
] Exp
15k
o L4F
13F
12F
11"/,,,1...,|,.\.l..,,l,.,.l,...l.,.,l
10 11 12 13 14 15 16 17
a/C)
0.03
| ——a—— Present
0.025F —-—-%-—-— CFL3D o
— e S <
0.02F @
o 0.015F
0.01}
i ° o
0.005
oL 1 1 1 1 1
-1 0.5 0 0.5 1 15

1L T R e L
Fig. 11

3 EEMABEE DLR-F6 BE ALK
R A

3.1 HEMBEEK Mg

AU HME N ATAA 55 Y BH o #i T
YEZL(DPW 1) BE£E Y DLR-F6 3 B4 51K, %
BHAAGHREK D =1.171 3 m, PR EK
0.141 2 m, &S ZHF K 0. 145 4 m”, A bRk
EE L= EE ) SR i AR R VTSN I PO
TN, Z il LT RR A R A TR

THA A% Hy ICEM 3R A5 il 1 22 B 452 45 1
DA, IAR AR 148 18] 12 S % FR1E AL FL

-3 7

Comparison of lift and polar curve

K12 DLR-F6 3L 415 MO FR AT K 1T RS 7 14
Fig. 12 Surface and symmetry grid of DLR-F6

BRI IS R B IA
3.2 FERMIEESH

BI3 g5 i T 3 B sQil A B A AR, MIAT 13
HRT AR R A o e I A AR A AR B 210X
(LB /N B

13 DLR-F6 3B S8l AL 4k

Fig. 13 Streamline in the wing-body intersection

&l 14 Sy HLEL B8 5k 457 /b 43 5] 0.239,
0.331,0.377,0. 411 {15045 C, FISCEfE Exp
X ELZE . M 14 Hml DU BB TS5 3R
LI SRV S5 384T

1.3 3/5=0.239

Present

Exp

0.5

-0.5F

K 1
{).4 0.45 0.5 0.55 0.6

y/b=0.331

Present
o Exp

oo




SR AL ST NE I B A ©53

1.5 1/b=0.377

Present
Exp

o

P
LN S S S B B B B B S B B N B S e A |

[=tN
Y
w

5 05 0s6

15
y/b=0.411

Present
Exp

—_
LN B e e |

| | (1

14  DLR-F6 3B 2H & AL I AY li (37 6 ) 43 A
Fig. 14 Pressure distribution in typical stations of DLR-F6

4 #Fit

1) EF4FS SSG/LRR — o 211 J7 R | 1%
VU AL BT e T 01 0 0E S8 TAE. N
TR TR ST A 1E 1 A SO A SR AR
EWkE B CFL3D TFREE a7 T X b, B AR
G RFL] T SRR, X TR
BUETH ARSI AT T X E, UE B T %A A
REMSAR 4T M P2 TR R AIE o

2) %} DLR-F6 3 B 41 AR TF e T BUE B,
BTN ) 43 A AN SE B (B W) 5 AR AT, R B %
B ARSI 2138 B ST B 1/ N L4325

3) XFF NACA0012 FAIZGE3E, XF b T 55 i hif
JIRSERURT SA BRI T ) R B R R A B
T, BRI RS ) T ) R ORI S5 S )

G o MR JG Sk B v BRI N R0 K
90 [l 43 B I 8, 9 AN I AR = AR BRI 8 B FE A

5 2% 3k ( References)

[1]  Spalart P R, Allmaras S R. A one-equation turbulence model
for aerodynamic flows [ C]//Proceedings of 30th Aerospace
Sciences Meeting and Exhibit, 1994.

[2]  Menter F R. Two-equation eddy-viscosity turbulence models
for engineering applications [ J]. AIAA Journal, 1994,
32(8) . 1598 —1605.

[3] Chou P Y. On the velocity correlations and the solutions of the
equations of turbulent fluctuation [ J]. Quarterly of Applied
Mathematics, 1945, 3. 38.

[4]  Rotta J C. Statistische theorie nichthomogener turbulenz[ J].
Zeitschrift fiir Physik, 1951, 29 547 - 572.

[5] Donaldson C, Rosenbaum H. Calculation of the turbulent
shear flows through closure of the Reynolds equations by
invariant modeling [ R ]. ARAP Report 127, Aeronautical
Research Associates of Princeton, Princeton, NJ, 1968.

[6] Lumley J L. Computational modeling of turbulent flows[ J].
Advances in Applied Mechanics, 1978, 18 123 - 176.

[7]  Speziale C G, Abid R, Durbin P A. On the realizability of
Reynolds stress turbulence closures[ J]. Journal of Scientific
Computing, 1994, 9. 369 -403.

[8]  Speziale C G, Sarkar S, Gatski T B. Modelling the pressure-
strain correlation of turbulence: an invariant dynamical
systems approach [ J]. Journal of Fluid Mechanics, 1991,
227, 245 -272.

[9]  Wilcox D C. Turbulence modeling for CFD [ M]. La Canada,
CA: DCW Industries,Inc, 1998.

[10] Cecora R D, Eisfeld B, Probst A, et al. Differential Reynolds
stress modeling for aeronautics [ J]. AIAA Journal, 2015,
53(3): 739 -755.

[11] 9RBEE. wBiks BEA% =X (WCNS) ik i $5OFI 52 2% i 3 5K
EREUARTIORSE [D]. 4 p E 2B IR 5K R
Rl 2008.

ZHANG Yifeng. Investigations of convergence acceleration
and complex flow numerical simulation for high-order accurate
scheme( WCNS) [D].
Research and Development Center, 2008. (in Chinese)

Mianyang:; China  Aerodynamics

[12] Rumsey C L. NASA langley research center turbulence
modeling resource [ DB/OL]. [2015 - 08 —28]. http://
turbmodels. larc. nasa. gov/index. html.

[13] Coles D. The law of the wake in the turbulent boundary
layer[ J]. Journal of Fluid Mechanics, 1956, 1. 191 -226.

[14] Nakayama A. Characteristics of the flow around conventional
and supercritical airfoils [ J]. Journal of Fluid Mechanics,
1985, 160 155 - 179.

[15] Gregory N, O’ Reily C L.
characteristics of NACAOO12 aerofoil sections, including the

Low-speed aerodynamic

effects of upper-surface roughness simulation hoar frost[ R].
NASA R&M 3716, 1970.

[16] Ladson C L. Effects of independent variation of Mach and
Reynolds numbers on the low-speed
characteristics of the NACAOO12 airfoil section[ R]. NASA
TM 4074, 1988.

aerodynamic



