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Structural ensemble dynamics theory for engineering turbulenc models
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Abstract: For decades, turbulence models are built upon dimensional arguments with
numerous empirical coefficients, which yield two problems: absence of physical interpretation for
parameters (thus limited adaptability to complex flows) and poor prediction accuracy (relying on
experimental calibration). Only a deep understanding of the similarity principle in realistic
engineering flows can make a fundamental change. After a review of current research on wall
turbulence, we suggest a new symmetry-based approach, the so-called structure ensemble
dynamics (SED) theory, which aims at discovering universal symmetry principle imposed by the
presence of wall. The theory gives rise to a universal multi-layer description of all Reynolds
stresses (hence a unified description for both the mean velocity and turbulence intensities) for
canonical wall-bounded turbulent flows, based on the concepts of length order function,
generalized dilation-invariance ansatz under a novel Lie-group analysis framework. Five steps of
the SED analysis are proposed to renovate the aerodynamics studies, including collecting data,
verifying symmetry, defining order functions, determining multi-layer parameters, and
developing adequate turbulence models, respectively. The framework opens a new avenue for
analyzing empirical data from experiments and numerical simulations, then developing new
turbulence models with a physical parameterization and much more accurate prediction.
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Fig.1 Comparison of the mean velocity profiles predicted by
SED-k- model with experimental measurements,
The red open symbols are from Princeton supper pipe experiment.

The black lines are from the SED-k-o» model [’

12 T T
o Re=98187
10 - o Re=68371
a4 Re=37690
gL v Re=20250
" o Re=10480
" — SED-k-w
= 6 F
3
\%
4 |
2k
0

1 10 100 y+1000 10000 100000

2 SED-k-o BEEHIEMNERSTRHENLE,
dENAEERTTBREE LI HE,
EagRERITEERDD
Fig.2 Comparison of the kinetic energy profiles predicted
by SED-k- model with experimental measurements.

The black open symbols are from Princeton supper pipe experiment.
The red lines are from the SED-k-& model*"”?

24 ETEMRESZERHHRITER . SED-SL

i T 45 R 25 HE AT DAL 77 K R B4 iR B
REW R RN, TR UL E#ES B —4 RANS
J5 i B A EE A, 3 2 B & R i SED-SL #2 A (SL
B 1K stress length I3 TECFED . ATET
— & EA 4 SED-SL #5584 i FH - 21 i 52 B 3 8h
— RHNERE MK — B A e T — A
R Ta) L, BT T )23 0 3 3k 00 A B (L5 3.1 1),
FLVR 7 — Z BV 28 L R 0L FH AH 6 1 9 2 G A0 B3R
G5 ARATNG B O e DA% 0 T TR R Y 25 2R

S AR ZR LR S X i I 30 R 46 0 TN i £ )2
SEA8 B ) B RGP AS DB T 45 ) 2R 2 3R ) i
DAY N T RN A 2% T Bl L A ER O TR S e R A
THBEDBE B (ST A HE A ) N T K eR R AL D L TR
BF SCRT DR PR i s it 5 T R, X —

RSNV 2 Wik i S By 5T s N B RS E AV IR S
W EMIZTT . P, 250 REEHENSA BT 2 n DL
VI SE U SRR Y L 9140 DA U B TR A AR DL &
YT . XL S B TR BT B e, (H R RE
T 29 FARSRAFAE AT HJ2 75 20 A X B T R - £y
Tt B R B A R S T DA 2 )2 A5 R S 50 2218 AR
Aok 2 7 33K A 45 A8 AR 25 B N T 21 1 A ST £
T B AR ) SR B, S B IE B L X TR Y R — 2R e R
M Bl XA R BE AN EIE AT AT 0 L 0 HLS 2 TR R K
Ty B R i DA A ) A

i, FATT 2 3, 76 D)2 Ui 23 I 0 B R 00 4
T, W RE T 5 ) 09 22 )2 5 0 G AT TE L PR AL (8)
WA B, KI5 S 8O Wy i 1) 22 A ) — A
ZIREMBE L M oy EATRE AR, X AE S
P BT I 30 4 B A5 R U O e 1 AR A, o — A
2] R 46 2 b A AUAE AR 3h & as OB AF TR N RE
Gl B iz, J5 5 78 ST 80 09I B K7 pR %k, Z) 1 £
o1 FE R B IR A5 H W REE . TR R T RS N
K7 R B A A R BOE X L2 S8 A7 A8 1k,
JR T P RS L 25 5000 X6 X 8 N 2 1 ATF 5
ST AT 4 30 528 0 B v LA R i @, A ]
JE 4 i - 4 WP B TR BN A .

T FRATEE R — o B B SR (8] AL A 28 e
iz FHA5 0 2 27 B0 10 AR 5 3k, BOAS X6 3~ 18 i U
G0 TR B 110 22
3.1 XMERREREEHER

X T R R B IR A e s R R
—N R MR S 0w [ BR BE D I 25 3 (drag
prediction workshop, DPW) I Rumsey % A 9 #
I8 L 520 CFD 1545 R By Hr = 22 52 it B AU F% 4
5T DL Ko A%, G v Ji S B o 40 24 15 00, B R AR AR
HHEZ 1% Durbin(2018) X 48 H 6 5% it id 7
A B RANS 581 b - TR ok 33 2 — A 3E 3R
EHE7 T

M f 32 T R T SR AR A A R AR A, —
FOE X RETIA —D K T REE 1y 85z 7 f, H
BEAMRVBE K A F Warren Ml Hassan™ , 5 i 32 ik i



5013

ARYRIR AT+ TH [0 K I TR T i A A A S BIE Y 9

Yy — 08 b AR by i T RS 1 B [ B A
s =1 — Yy + 71, (10)
Horb g oA SOREPE 2R 80, OB A O B i O e Bk
AR O S B R BN AR Ak, L A B B Al S R
5 U R P AR ARORE S I AR e R 2 R Xy R
HZMA R EP AR e shkmm, HEARE
P % R ARl Menter™ 32 19 ¥ — Reor % R 45
R PR ST A e B R R T SR R R k-
wy S RREEIRBR (o p R SRR, o S BT R
B Ly SRR R ) L % A R AR R AT T Ak
$E T 8 — 1 Wik 3h 3h B iz Oy B T R BRIy
Wiz TN
dCy) I pp;7) 9
dt 31]- 311-

Jy
':(#+#eff) 77:|+Py_€y
dx;

[@ED)
XL A i A S R AR R L, B AT
BT Dhawan 1 Narasimha M 52 56 545 U1
SRR N EEY /A Wl 1R/ TS R R (R TRy R R
FFERR iz )y R 20 0 o8 B 0y R e A7 R . X
— BRI AR — 2 h 5 — AE AR E BLS TOR
R AR T AR ek A T 2 RS Ay 1 7 ' (LA ARl — >
LU0 PREL F oo IE o X —BERY 7 552 BE B8 1 T
T ) ok B L, D R A DL K e
B X T U Bl AR Y A P RO LB . X T
AR AR WA [ VA Y B T A A
ST AT 1] T T R R AR g B, 2
xSRI X T 2 AR A s B aE vk . B, AT KR
W AT RS MRS R E R, X 2
PRI B BTN DA T R T 5 38 6 3R i 22 () 4 Ak L 7
17 3% — o i g B AR LR M L DL B 5 4 BT A o6 CGIE %
). H T A AR R Y A TR PEAR KRG B IR AN B S
N 3 ) I SCAS RE RS AN [+ 8 R AL ) CIan A i i 3t
JE 186 B R 43 B8 B B, LA R ORE TR B 45 64T gt —
() 20, BT LA X T AR TR U6, X U 4 T R B
SEATHER I 43 DRI ME 1 =B, T g DRI X ) i v 8 P KA
il SRR, T AT AR A el AR L W e £
(52 22 I 2, Anderson" ™ 1R R 45 H o w55 88 75 B 5% Bt
M) “TE A" Re + » S A 2SN W S 855, S B ok
T A BRI AL L RAT A S AR i R AR RE R Ok
DIt G IR O AR T B O (P T IR BBE T L T
FHRS B A BE R 2 LR TR AN R AE CLE G (52  A >
A1) e BE R T B A JBE A 2 SO R A I [R] D
FREESE H =R RA K. TR, BEA = A AT
IR IE R AT R B AR B T, Bk &R
ST A AR A B S R XTI S 3 R A T IR AR

SE TR 3 BT FIRCAE S 40 45 IF 9 O vk R BE N — A B
BOLA D5 T BESE I HAT 5 & B AR Z R
S A7 AR A P IS R T FRATTA L 38 AR
B VA BRI e R P R AR 1 i A T BIF 5 L R AR A
BRI B A S e B R, A5 R 25 BB AR
A BE i L A SR ) Bk L B LIS AR R S S
16 AR A WE T 22 i 52 2% %00 T BE i U U Bl o T B AR A
TAWEFE b JUAS 1 9Bl 1 1 3 e

T FRATA A G AR 2 AR T B 2
MR GERY A JE T L A A 5 2 20 i — D RS
ARE R E AR MR REGZ T o R
iy B . LAk U TR R R A T AT AT — A7
b Ui T R EORE T Y (] b 52 3 RE T A X FR 2
W, TEJZ WX JE Blasius XFFRYE 78 7800 & R 14 36 I
X2 SED it B & LY 2 J2 S5 R B . AP
H S TF IR 7 BRECTE U 1) 07 1) A9 728 A0 B 12 02 31X — A oof
FRVEZ M) e . h T 22 2 450 B 0 AR Le s, ml
DA AR — > D A i A 22 A SR L B 22 J2 54 72 1k
| Blasius HLZ 45 B, AL, R A 2=
SEAE B A SR U 1 L 3 BRUZE DT T 2 A5 A
(757 kAT I F 224k

x )08 S Rt
ly =15 (—j [1 -+ (—) } 12
X X
. —1.2 5.5
a2 (2)
Xy X
10 7 —6.7/10 10 7 1.2/10
)] )]
X Xy

(13
Horpr 2 RAEWE 1) AL A AR 2y R R AR AL 5
Iy o XL S8 53 A 8% X T BE X AR A 163 114 )RR 1 22 i
JE R RE s 2 (12) R (13) v, 22 2 45 4 114 BR T e g
SR 10, K A2 FrRIKM I (o TE L 18] 7 18] (1 7
JESEH i AR A BR BE 0.5 S ok B T2 U 0 A B A8 i
B2 5 (EL7E X 107 T BE THT W W AIE S itk S #2450 AR
K P Bl A P B R S8 4R SR B A L 3 I E Ui
-3 20 CHI R 7R BE U %2 48D . X BT, 30 (12) BEf8
iR A [ S Y A 5 R K i HE A% GE e R A R ) AL 3 2
Ab o AR T i PR R o 78 T 1] B 1 A2
RGP — 2 RIARE D 5.5, 0 2 T3 R 5K
MR ST 36 KA B I B 45 R (DNS 45 R Bl 1.5) 5
TIEARE RN L2 BN R BUL . S RAT T
VA2 by R A Bl T 5 | 36 4 55 i e 4 0k A v 4 i b B
G MIAE F R AU it 910 B2 25/ o8 A1 3R B 4 3l /s
o b B0 IR AL D 45 20 (12) — B B 3 17) P 2 45
H o X SR, 108 B IE R A AT R B




10 = K8 % ¢ W #0378
WX 1) 76 0 A D PR R AR B . WP ST A B X T TR S JRE W i R AR S )2 R DAY X L

TR IR AN ] S AR B SRR B
i LA KR Re.,,

“U R O ; 25

Re,, =
{7 Iﬁﬂé/}lb{ﬂ'ﬁf}lb FA 6 2R 0 2

1 1.5/4
Rew =01+ (1))

Ho s B E Tu, =0.65 HK 3 P EHEM A& 4
Wisok. E HAREENY I E X, R ARERE 5
BREG IR 5y P e W /D T 0.65 %0, Re,, =~
3.3X10° FEANALE s 75 i Uit BE K T 0.65 Y0 B, S 4 Aif
B R R — 1.5 AR E R, A2
L3 o B S 8O Y 83, T2, S T O e ik
i) SED-SL {1 Ak AU

T Fe AT B A SED-SL AR KR B X — R 51
TN AT BTSSR, A AR A 2K SR 30 B 45 B (]
3) IS R A i B v A 2 () FAT R 4 A
FHZ (B 5) % . SED-SL AR 3 SL 551 rh 4 B AS T
Wb i EAOR

TSR TS AT 5 T A AR U B0 G i 2
ARG, K 3 iR, — X T B4 T,
v U2 52 5 HE L 43 R S&CK P 2 B R R
B RA R T3 RANF-Hr g2 v R e A
PRORY ) 6 v 52 56 . S&K 3256 Y T U IR R R
0. 18% , it LAXT I Ry 8K 6 4 °F- M i 54 )2 % R T3
RGN0 45 3T F 38 B P AL B 32 A TR R
T it BE 52 W) N 0 B T, 4 o0 O T3A-, T3A I
T3B, B 2R3 i i 43 A 0.87%.3.5% F1 6.5%
AN TR SR B o RUBE R % HE A £ 4 Brandt %54
25 iy DNS 1845

E%jﬁ{iﬁ X
~ (Re,, /5.2 X 10°)"° (H

o RO 3 E L B R

14

01 ; .
0.010 mS&K o L/3*=2.5(DNS by KTH)

AT3A- & L/§*=5.0(DNS by KTH)
0.008- ®eT3A © L/5*=7.5(DNS by KTH)

¢ T3B — SED-SL

0.006\
Q\
0.004

0.002

0.1 Re,/10°

B 3 SED-SL #2 8! (41 fa 2k ) Xt FRFFIRIT N
EHEAHNBNE LR (Z0/S)M
BEETEEMN(ZOHS )T ER
Fig.3 Comparison of the streamwise development of skin
friction coefficient for transitional flat plate flows between the
SED-SL prediction (red lines) with experimental (filled symbols)
and direct numerical simulation (open symbols) data

Lol 4 BT S R LR B Sk SRR R 2% (R4S R i A

|35 T s NI 507 2 G N - B By o N U

5 S B 1 B — AN S 22 ERAE 2 %0 LAY L 5 S
W 14 15 22 JLF- 45 1)

70

60}

sof

a0}

S 30

20

= EXP.-Re=2622
® EXP.-Re.=4635
AEXP.-Re=8261

v EXP.-Re=14717
¢ EXP.-Re=25062

10 < EXP.-Re=400531
» EXP.-Re=72526
O i o T2 SEDSE
100 100 10" 10° 10° 10° 10° 10° 107
y+

B 4 SED-SLEB (AKX )WMEFEXERNFRALRER
THEREINENTNSIHHE(FEA)HILR,
HRER,EENIRBEETEL
EEERNER T HBZIE
Fig.4 Comparison of the mean velocity profiles for
fully developed turbulent boundary layers at available
Reynolds number between SED-SL’s prediction (red lines)
and experimental and numerical measurements

(black filled symbols). Highly accurate descriptions cover

the entire available range of the Reynolds numbert**

Xof A 7 R e 7 0 A2 I Bl SED-SL A
T[] A R A8 0 Bt DA B 78 43 kR DX I Bl AT R itE AT
Ko Z0mE Gl 5 BT . X E R R S DNS(Ma =
2. 25) AT FR4E AR sh B 45 3. ik DNS 5431 fip
IR 2l 1) 7 2y BE T IR A 2l X N AR AL 2 B
gammal BE'E R 20, FEAR B 118 5 DNS Fir Jinme i
P B —50, 25538, SED-SL R SE 3L T X
P37 10 GALBE IR YRS B %) |1, Hoh Retau=230

Qb 4 P TET SRy B A DX R ST 38 g . A Y R ) T
KR EE N5 DNS 8l 1494 25 #57E 520 LA .

SED-SL #% 45 85 8 0 ~F- 18 S 1 % o 90 B9 K 75 s
B A 2, B A K B A U O S A CFD i
BRI 4 . A WA A R X R — R BUE i 1
AL FRAT GBI 5T 2R B L SR R A R AL I BT Y R
iR A A B A N7 T T BRSBTS R L E AL 4
R EMLAE N T Ry 5 2= ) T o v R AR .
3.2 ERRzegmn

B 3T ] I IR 14 i TR B X L, SED-SL B AU
e R AR AR IS B A I 1 ) B S It e A
B0 AN [ 3 2 6 47 1 59 I 4R A5 X8 55 50 45 R 0K 1 21
i, B, £ % NACA0012 Fl RAE2822 W K23
TEREC T AR T BEE 6 Iy A SE0
P SR 4T, SED-SLAR BB AL 25 1 12301 50 50 1% 22 i)



%1 PRI T )RS v R e R R A B A 5T 11
2.0 . . ; : : A5 H 56 DNS odls 7 st L
O Retau=230(transiti e i e " .
o Retmao0 o B2 B T = 4 LR 5, SED-SL A th B
1.5F 2 Retau=450 . " R .
e TSR K 10 s, X s M6 =
., Lof HEPLE I HE . A AGARD Report™ , [/ 10 %4
TRV A R ) R B A R (AR
0.5 v ﬁetau=ggg WO S g s vl DLgk se Ak, R o B W A7 e
<o etau=
or — SED-SL 0.054*—;—*—;_.'_ EXl:I’. 0 éase]O
: s s s - 0.024 1 fr Casel3a| o BL 7
0.0001 0001 001 01 10 oo /7 -y
( )y 0.0201¢ 916 B é/Caselz = SED'SLé Case8
a )
- 0016100070 075 0:80 0.5 /;// Caseol
"1 Retau=230(transition) v Retau=500 > 0.012k A//j/"’/e/“ ~Casc6l
L © Retau=390 & Retau=560 | : e
1.5 & Retau=450 —— SED-SL “Case7
e 0.008f .
R “Case2 Casel
1.0 02 0 02 04 06 08 10
~ r Q
0.5¢ E 6 RAE2822 BEARMFGTHAMENRBITELER T,
| EAAETKRHIE, SBRE SED-SLIHEER,
0 : EERSAKATHLR  FEE BLEETEER

0.0001 0.001  0.01 0.1 1.0

(b

B 5 SED-SL #5244 )% Ma=2.25 W[4
FiRmBTN S EEREEBMNLER,
(a) R AR EAHEHEERE; (b) FHEESFHE,
EEANTRER A6 AEETEERD
Fig.5 Comparison of the mean velocity profiles (a) and
mean temperature profiles (b) of compressible flat plate flow
at Ma =2.25 between SED-SL’s prediction (red lines)

and direct numerical simulation "*1 (open symbols)

FR 14 T BH. Ty 28 E ]

£ %F NACA0012 F1 RAE2822 W & 24 38 JF (1) B5
LS (Ma $0(E 0.7 BT, SED-SL 5 8 S 50k
le =0.3,y 5 =85, % L% AGARD Report H
OS2 B SR RS Gt R G R i
B B TE TR B ) R AR R A&l 6 N 7
iR, AT SED-SL, BL. SA =it i b 50 B
B THRL S B 8. SED-SL 03+ 5 45 R 0 B AL T 4
AR 5 2 AL,

HE— 20 R TR AR A B AE B 1Y 3 AR B il
TR K 22 2 S5 R AT AV R A AR BE i g
% S W 390 B 80 1Y U 43 B )2 PR , SED-SL A
T [ AR AT X T R A 43 5 U 3h RS i 20 L, A8
5K 9 JBR T L NACA4412 K £ 43 25 3 sh s f
NACA0012 i 530 1 7T J&) 3108 30 J0d 7 3 sh ) 1 33
g5 K 8 JBR NACA4412 B 4> B M, <4
A7 5 Ak R B 0 TR X LE 5 9 R R NACA0012 7
I 300 A K A ) 0T 0 B 0 B, B — 15 20 64 - 3 S 4 7

Fig.6 Comparison of lift coefficients (C. ) and drag coefficients
(Cp) for RA2822 airfoil flow under different attack angles.
Black filled symbols are experimental measurements-** ;
red open symbols are from SED-SL model,

green from BL model, and blue from SA model

0.08 ————————————t
0.07F  Ma=0.74
0.06f —®— EXP. 1
—o— BL . L
0.05F —o— SA \‘
— A z
004l SED-SL L

0.03F
0.02

N

sy

0.01F Q@g;%? ]
-8.4 -012 (I) 012 Oi4 O.I6 Oi8
CL
B 7 NACA0012 EEIAREMATHAENRHY
HEERI, EFIREE 6
Fig.7 Comparison of lift coefficients (C, ) and
drag coefficients (Cp ) for NACA0012 airfoil flow

under different attack angles. Legend is as same as Fig.6

—obRbaanoo—iobha S

OO0

toi—

1 J
05 06 07 08 09 1.0 1.1 1.2
x/c

(a) SEHPE G REO M B IX Y



12 O W B B - R %37 %
® EXP. z
0.10f— ST 0.10 0.10 /g\
— SED-SL Y
> G
0.05 0.05 0.05} 08
0.6
0.4
0.2
0 0 0 %2
0.5 0 0510 1.5-05 0 05 1.0 1.5-05 0 05 1.0 1.5 04
0.6
0.10 0.10 0.10f i
-1.2
>
0.05 0.05 0.05f
1.5 T T T T T
0 0 0
05 0 0510 15-05 0 0510 15-05 0 05 1.0 15 r
U 1.0r b
(b) 4385 X AR (Ca) P R ER T b 7 ) 119 - 349 338 3 ) I
0.5F 1
8 SED-SL #2Z!3f NACA4412 B XK 3N I
(Ma=0.09,A0A=13.87°) )it B 4 & Y oof ]
5B mEe#ERA kRN 3
Fig.8 Comparison of NACA 4412 airfoil trailing edge -0.5F 1
separation under Ma =0.09,AOA=13.87°*%] I
A0 04 06 08 10
SED-SL model C;=0.9506005,C,;7=0.3066268 G
(b
! B 10 (a) MCHLEREENRHS T
14 (b) SED-SL 1 SA # i+ H i M6 HIBRER B E
1.0 , =
g8 =095 REEHNREH PGSR MR
8:3 Fig.10 (a) Sketch of M6 wing; (b) Comparison of surface
%2 pressure coefficient at z=0.95 between experiments"**
:8;% and models (including SED-SL model and SA model)

05 0

0.5
X

1.0 15 20

() SED-SL 5 B3 35 % H 70 55 19 58 — Bk 18] 53

-<b>=<uv>/<k> =3T/4

PIALSIHSARS
SARSATIS
RSO RAND

DO BN 120000
SIHSI
S vt

SOOOOOOOOOOO00D
O — 0.

SOOLELEELELOE0S!
Rty ettt
S et stiere
FoDAERLLSASACRZ
SRENSHEILD2EITS2

(b) K —WBEZS 1Y DNS TH5545
9 SED-SL #E % NACA0012 KB fiEEE 55
F3hd % B (Ma=0.3,A0A=15.18")"
Fig.9 Comparison of NACA 0012 airfoil separation
flow for Ma=0.3, A0A=15.18°"*"]

T MR U X T 22 2 A5 44 BT 7= A B B R O AT LA R

4+ B 22 R 5 52 B X A — A 01 100 19 3880004 A0 . 1140 A 7 99
0 T 3 — A AT ] i A R R A

SED-SL #7 f) s ) B AT R vE i . B
B SP3BT Y 3 1) 9 22 )2 S T a5
HE 22 J2 45 K 2 00 i ) (RG22 g 1)) i 2 1k ok 220 m
PR SIS . FATAAR L X — AR AT DUHET 2 A
N oy B AR B AR = AR R Sl PO R
LI BEAEAE R GEH N FR VAR 2 A7 AR /Y L TS N &2
AR BV B AT D9 AT LA i 5 3 2 50 25 18] A2 AR S B
SEME AT IS AR, — Bt 5 SR RO 1Y He S 2
KB 14 3 2 S500E CAn T B 0 28 50 9 T #r ] B A1
[l AT T 2 J2 4540 2 B0 2 (W) i A2 AL LA L ) 3 O
2 Xt i L 140 5 V2 4 4y B %

SED-SL J2& — A fif it 1 A QRO B, £ R0 78 1y 56
R DL T Y PR R L PR S 25 2 R T R BB ok
Z20 1 i 3 286 A I, AT AR i RANSS J7 2 1
RE X — PR T 3 2 e 0 i X O B i R A
BRI TA TR T 8 AR 10 2 0 o EL TG HL R B 3 S
GRA K5 W sh &M Y H R A WIH) L X o2 S 1S
FEL A7 R E AT BRI . T SED-SLL A58 515 i 2% %<
M b 2 2 A5 LR SRR e R AR AL RS 1
BIS BT 58, OF i e Al DAgs 0 Bl B o 2R B L A



5013

ARYRIR AT+ TH [0 K I TR T i A A A S BIE Y 13

713 %F 24 28 U 3 T Jo o 0 . ik — A R0 O i ) T 5
JEAR WY
3.3 BEERI(KIHAOHSH)HHN

e R P AT B B B i b R R v R R Y
ROVE T PURLNE . R I A7 A8 PR T B R O A R
P8 ST A A58 00 A SO S8 o A X 4 7 ] ]
Hh 9 A S X e B AT T A O 9 A Sl AR ) Y 95
I, IR B IE v K B el Ok 5 AR S B L B8
fifp P A2 R A — R B RN, B SE N X — AR A
RSO PR B TN 4 3 42 S8 ) B A8 b b 1) JEL B T R
ME LS R M 1, 5 ZEN IR 2 IR B R R XL G
TR A B G R AT R AR AE O T AL
F1% FT i) 7L

RS- ol NS IR LINER B U R =S =g i LN N
AU AE DR SE 8l ik i iz 19 1 4 pR B, T EL B A B fE
T CABED iz A9 32 s B BT E LT

/ "4
s _ v Tpewv
uv

— (15
o
Iy~
T
1= (16)
z dT
o 7Y

H T P J AR A0 52 3 B AT 19 240 0, DR G R AT TR il AR )
KAERERLO FRYE . SEBRE B L 33 26 pR U 70 A T TR
#4515 E DNS B9 I TR . il ok 50 &
B AT AR BT F 2 )5

6= (T) ﬁzé

Tr‘ef
gy i 7 R N 7 B B O R Y R BG4
DX LA A ) 7 4000 30 PR AR A, o TR BE A7 7R 5 80
TLEEI IS Z 2854, X —E G T — 1%
T ECABLBE 3 0T S TR ST B R R S B ) 1 Y
i it 220 1 L2 2% SCk[28 D)

SIATT X Lt SED-SL 4% ] L & i
T ARG A T ALY B TR 45 - AR B 1 5 3 10 A
2000 g 11~ 18] 13 BRI 56 40 0 A 35 A AE A
VY AT TR 45 7 AR 3 DNS 2401 (11 52 56 0 5
(P12, LA K e i 75 S it ) 52 90 3491 (1l 13D,

XoF T A A BE T AR 1 AT R 45 F- AU 3l A Ma =
4.5 BB REEL BRG], 1B 11 45 B T R R
T (37 B A ) S 457 3 R ) T L % P B3R 5 T 5 DNS
s By %t e, W] LU B SED-SL KB Fil 5 DNS
Bl 0 R 22 7E 5 % LA S TR B2 O = T BL DL
SA AL,

~

an

L4F & DNS:Re=700
12l * DNS:Re=750
’ 4 DNS:Re=800 2
1.0 - - BL 2

o8l 77 3h
-, O8] — SED-sL
0.6F
0.4F
0.2
O> 1l 1l 1 1 ]
0.1 1.0 10.0  100.0 1000.0 10000.0
v
(a) V- 35 3 B )
3.2F
2.8
24F
&~20
1.6F
1.2
0.8 . : . .
0.1 1.0 10.0 . 100.0 1000.0 10000.0
y
(b) -4 3 B %
B 11 SED-SL =& (L&) AEMELHILR

(Ma =4.5,Twall/T7i“|‘=2.5) B Fo il 45 R
SEEHERDER (R) LD

Fig.11 Comparison between the SED-SL’s prediction

(red lines) , BA model (blue lines) and SA model (brown lines)
with direct numerical simulation (symbols) of compressible
flat plate flow under cold wall boundary condition**!
(Ma=4.5,T /T i =2.5)

X A A B T AR Y T R 4 AR Bl L 4 S R
) SI2 B0 39 S Mee 24 1) 8 75 0 XU 52 36 25 S0
0,5 DA% 5.5~6.3, T 1.6 X 10°~4.9X10° ¥%
BER DU SR S 45 00 B3 51) o Tk i I B2 2R 0494, BE TH]
B 300 K, Hofth 2803k 1 frs . it 45 R
Wi 12 fros, 7] LLE 3] SED-SL B B X T A 6] % i
VBT B P e R A AR A AT T A0 SOKS A 1 221 i

1 BEEFHEIREFANSHRE

Table 1 Parameter setting for case of supersonic plate experiment
Case 1 2 3 4
Ma 6.3 6.2 6.1 5.5
Re/m 1.7 X106 2.6X10° 4.9X10° 1.6 X108
T inf 570 690 800 1560

Xif T 7 AR HE R B T X EE Y S 56 BOE R
NASA 2= FIBIF5E 0 A B Bk % 6 8 7 3 XU T )
@ RN S AN £ 7 NI iR N S A5 1) 5
PRHERIAI 635 mm, T K 5°, 1 Z s R A AL
RN 0.002 54 mm., SE 5 H AR AR A L R
(0. 3~2.03) X 107, B [ & BE o K i SR 1Y 0.59 £,



14 = KB

71

o
e

¥

1% EHRVE

REIR 5 J0 95 0 I B 1 LA R 4,838 (R4 BE) | 3k Ui i It
BER 0. 4%, BARTR S SRR 2 BroR . BE R 1Y
FRASE RN L an & 13 fT s . SED-SL A5 A [R] 4 52 B
T A [ ok i B v AR R T AR RS At 20

Casel
0.002 B EXP.-shotl
+ EXP.-shot2
- —— SED-SL
O 0.001F —— Van Driestil(1951
0 1 1
0.002
U 0.001
0 i
0.002 —Cased
U 0.001 & -
0 1 1 1
0.002 Cased
G 0.001
% ’ 5 . 0 15

x/dm

12 SED-SL #28Y (L& )X B EHLFRE
AEEFH TE@MARMTINE R
HEALINHEE; 044 SED-SL AN L& R
Fig.12 Prediction of Stanton number for compressible
transitional flat plate flow under cold wall boundary condition
The black symbols are experimental measurements™" ;
the red lines are from SED-SL model

x2 RERINSHEE
Table 2 Perameter setting for case of flow over straight cone
Case Re To/K T--/K T war/K
A 2.03X107 519.26 63.32 306.36
B 1.77 X107 519.26 63.32 306.36
C 1.41 X107 505.37 61.63 298.16
D 1.05 X107 505.37 61.63 298.16
E 9.19X10°¢ 505.37 61.63 298.16
F 9.19X10° 449.82 54.86 265.39
G 7.22X10° 505.37 61.63 298.16
H 3.61X10° 491.48 59.94 289.97

X R R R B 0 7 A MR B T2 B A
80 o P 240 AR SR A, DRI, A K AT LT R
Moy AT e . (HR % T S 2000 Y 1 B, 2
BT A X PR AN ke T S IR B B, B R A
TEARFLERE AR i) BRI, X — Bl &
i 1o A K AT B E

B X e s AT A 6 A X LA R I — X
(ELAFH L 454 2R 25 B T 92 B A e 20 I e T
Re B AL . DRI o DA S5 36 2 000 i 295 2R o) 52 B R
AT 85 R AT HMEE IR 25 R ZR B I — > die T2 B B
Fl o AR BRATDRE X AH 5 T A0, 75 20 1 BE T 2 5K T

4 BE Bt ey as R b AR R RCZS Y RO 4
o TR S R RO AR T

Case A

0.08
0.06f
0.04
0.02f

0 L 1 L 1 L 1 L 1 1 1 n ]

0.08; T
0.06 [ h
0.04 .
0.02 .

5 O L 1 L 1 L 1 L 1 L 1 n ]

0.08 T
0.06 .
0.041 .
0.02 T
0 I T T R E |

0.08

[ T T T T 1
0.06[ h
0.04[ b
0.02 7

O 1 n 1 n 1 n 1 z 1 " 1
0 100 200 30X0 400 500 600

hlh

13 SED-SL 8 (SR £k ) X 18 75 i e ¢
MBBEARATMER,
HEALWHEE"; 44 SED-SL HAMITELER
Fig.13 Prediction of wall heat flux for transitional

supersonic straight cone flow,

The black symbols are experimental measurements™"! ;

the red lines are from SED-SL model

3.4 XTRIEZFNEAFAR

YR Bl 4 5 T U 4l A T Y B DDA G, AR R
B A 10392 56 FOR Y a3 25, X T BE T I8 45 44 1Y 7 2
BALMENE A T F 5 B9 A PR DB 3 | R
A A A RUEE AR T 45 1 55 22 i U 405 493X SE A T
SER BN Ay S i B A0S ) AR E Y, i 2 B
Bt AR IS B VI OC . R RS KR ZBAERIA
(7] A 1 235 ) %o T B B i Ik A oy B (HLR X A T 4G
e 3E R4, LR i 3 vh B 49 T Y A R AR A
TE& 4l

A 25 1 1 I 5 08 T BE T4 ke 1 AR 2
T IRAT AL G A 42 1 B U BEL SR e 6 R 7 Ei ) S
U Bl O R E B R AR B T 3 S e B AL
il 1) 2SR 32 T R AR BE T ) K PR A (— 2T R
O By R BO R T RRAE 8 45 8 8 K/, ST i i B
LN e L TREB U N (0 N TR TSR G VR |
DAAS SIS 6 Y BE 17 EE BHLYSL0N . 3@ 5 H SED i B 2
XJ JE) R 0 B R S 24 R ) T AT 20 O Aok A
Choi et al. (1993) “*' ) K EI-Samni et al. (2007)
1Y S5 AR ) vT LUAS B T 98 BH ET S 22 R S5 A 28U
AT R o FAARR UG, Yl BH 2% B Ay R T A X
BT Ry MG R B0/, X — )2



5013

ARYRIR AT+ TH [0 K I TR T i A A A S BIE Y 15

JEL B 4 7 A e T B T 0 BELATL 75 A A B R
TR G5 RGN 2 2 R A 2 AR A
I T — R HESR, X —WF5Ria i T
TR B AR TR I HEdk
35 XTCFDEAXE

HHT, CFD Y & JR I 85 = K B L & 880% | i nl &
M BARR SR AT — 2 22 00, LR I AE T CFD 3B 1
it L 50 B AR A SRR SR W55 L AR Ok, 3R 2
HAE CFD IR M AR L OSSR TEEW
FUEMF I, 3 B 20034 2 46 b 7 T A A | ok
A T AR 9 8 T 8 B4 A7 A2 X T CFD 9 58 U R 25 45 51
HEMIEM . JLHAE W K K oy 3 R 4 5 30 3h (1731
B, U WA . RANS J7 5 8 Al fE 1F B 4 41
e, B, [ PR R a1 T 58 LES 303 DES
AR W IR A Bk (H R HE AT 7 A8 R I S RE
() LES, 5 @ 57 76 B [6] - 25 Z6 a1 9 RANS 3H58, 3L
RE M T 25 M B, AN R, #5776 X
T AR ZNN IR 9 RANS DR AR A ) 1A
(A5t . Bl X B BE T R R I L AT — 2
MFER AR 55 J2 U0 L 0 T i 37k A2 4 S 0
LB ) B A DA ST T i A 7R % 43 5 ) U B o
K v

RRAE X T LES s1E & 50k, w8800 1 5K AR MK
SEXT S F 3 3 T I BRE oR B AT R L S5 R 25
BEE XFBE oA £ RS B0 2 i 25 X LES A DES S8R &
BRI R B EEMEH . X W S E — A
W B 11 o B A 5T AL A

4 #&

UTAF SR L Bl T BRI S BOR A k2 i AT T
ELMA T REREY. hTHIE L — ERA SR
P A S, 5 BT Tt VAR B Y 0T L i O — LA
TEXT A BRI b b, R A 8 H A5 AR
P it AL O 70 A A A e A e | AR dfE DA 4 A 40
ROR o AR s Y B 5 BB, a2 KRR
SRARANER MG . A SCHR S T 4540 2 25 B8 12 50 L
X R e g R E

i L RS ) 2 8 L RS 78 0042 4l R X dle 1T e
9 ML bR A . — I 9 B A (L BE 8 i ik —
PR BN . T 2R ik — R B T B0 A, I
I BRE NS LU B T HURE — 28 B3 2l Y ML 1) At 3
ST HET . S ARGHBRE L LA T X —H
P B S ST B AL ) s B (831 45 AR T 3 s 4 B T
FZ VLB, I AR HE ) B v 8 3l s L OO T BE
U Sl BRSO 2 20 B 8l . X S8R S AR 1 A

T3 1 22 R 450 . R 2 2 450 2 8B It 3 (9 A [] i
EIAMEN L, — B NG5 B b e T s
SR AR BB 5L 28 B — S X T A DR B
o 2 )

T VBRI 3 118 28 96 K040 v g i X Bk v i 3
() RO R B 2 2 S5 40 280, B 2540 R 473
N TR KRR — D EENE, AR
B X ISR — A B IR Y AR A BV B A — A R
S IAE AT T A () B R 36 UE R 3D 8 A7 R R Y AR
P 5 #7077 (BRI R S 80 L fE i BT P 42 48 B AE
IHfe T TR E N . X — 8 LR Uk, S5 1 R 2%
FSSIEL T — AN HNE B E K s,

T NG5 R 25 B % JIr 7= A 1) i 3 A AR
A AL 58 di T A5 AL i AN oA 1) — R BV S 8O %
W A 3 . R, AE 5 S I B Y X L R
W, — B —SE ST T R, AT A7 Z0E E iR
23 9 121 5L )2 00 40 BEAR Ak (B DL )2 TR B A AR AR
F AT LA W0 20 O S0 i R Ly R B T AR Ak
X — N PUIE S AE N BT A TR 0 R A T X R R E
20, T AR U S T AR A Ml X o 3 3h T R S B0 T 1Y
TR o DA T A A X g i A5 78 S 47 200 35807 9 0 7
PR HRT. 450 R ZR IS FUR AN XA B A — S b
BERYHEAT T 2 5000 28 IR . AH A5 78 K ok — Bo i )
W.BEEEZMEE NS5, B E K& %0 1
THE A B0 UEAHE T, DA 7 A DRI Y U 3l 3 T
FEARME CGRIE |48 85 A0 45 PR B SE B TR 2 2% Ui 8
H) — 2F e 1Y) 22 )2 48 A YA ] AT 55 B 4% 28 52 % Ui 5
FRORG B T . AR S AR R R AR — R LA
H TR G 20 A T 25 708 15 3 v A LR S 40 0 £ 1Y
WG A Sk TRAAZ R HGEE.
XEEfE B H AR BB R i a4 i — R
Jr& 1 R0 PR AN 2 DT A A B [ 250 04 A R T AR A
A7 BN RIEAT 4 2 A BERAATE T (9 2R
P A5 DG A 11 ] B,

5 2% R G ST 0 T8 TR T & 5 0 5 5 B AT
SEZ A Y AR e RNk A, 7 RO S e A L 7
T AR/ D Ll T PR BOR R
G853 BT e i 5 KR RO I B . X — P B AN T
— AR B R YA 1 BRI VR R P BT R S e
e 1) TR it DA R AT 5 2 () 1 25 1 K — 25 Y URD
e A5 (B RSP Aty F 5 %) K MR AT DU TR T I
RN A A B . B 2. HELA (DNS # LES 5§
SEEO KA R BT O SRR AT 2 R A
JE B 20 25 RS A 09 2 80U 5 3 NS BUN A2 46 Y
rh L AT DR B B 45 4 1 R Ak X e B A IR



= 13

16

71

o
e

= 537 %

2T LA 2 i R Y A B Y b, R ok T
T i T AF 5 OB B B

WA AL R LR A RE W LB 5T T R
W7 AT 45 RIS IUE 1 BE i it 42 30 Hh 4 L4
A F A 3 WU ——— ROV o ™ SR AR AN A2 4 T 4 8 Y
X PR R i 3 45 4 A B AR TP LA . AR
19 BB BUETH S 2 i T A B T A A0
FAT T Fe B IR X AR A ) AL R AR P SR TR A
2R . ER 3 LA U0 A A s D) CRID T SR A %o
A JUT 5 V7 P9 o o Al e ) o2 s B A i 7 BE AL 3 B A
P BRI IR R R E R G E T By, R KT
i UL 2% B Ao A 0 28 LA A R T X — 28 A A ik
U] 7 3R 22 5 25 i) [P i R F) °E RO R I 52 B B
ZER O T 30 B L 25 R T 5, B AR
BE T NATTX i 37 4 LML ) 0 2 R B A L 50 220 T AT IR
{19 i UL 3R 4% 019 A S0k IO A R TR O A 7 A
Xt I AT S8 A B R HE B e AR .

S5 K 2 25 L T 48 71 19 2 3 3 A 6F R AR ke B
Cal A2 A D 12 5% i i bk 31 5 F ¥ 598 ) 2
FE oy BB A 802 X PR 29 A R S, PR ik
YL T i 137 W AT O R Ik 29 3T i 3 ik sl 4
F . DATESCF i it RANS J7 2 9 % #5 P 0F 5% . 4 A
AR i B GE AP 24 B L i UK IR RE A 2 A i 1Y
SR, A R BEE SO AR B Ky eR R
I W33 CF 285 1) 5 bk gl 5 CR e 1z 1) 3 JA] ke
TE R . 3k — e pR RO B L 2 Im 1 i I 169 4 A B RUEE
Womr BN RE ST SO AR AR AN A i Y O B AT AL AR
L, XRERY NG BCE UE T i Az 3 A B B, A
1113 7 (B AT RO 56 6 Ml 220 10 1 B it Ut LSS AE AR B 1)
HESH-Z R A5

(EAHE T 22 )2 45 A0 2 BE dim 3l 1 AR o 1k 45
oy A A R A T A S A AR M AT T AL
GE— o AT AT [ BE B 30 114 i 370 8 1 A T 203 08 1 2
JREH AR R B4 OE T 1 2 R A5 M (e B s A
ARAR s X TN AL 2% WY AP M R B . 2 R S5 B R0AT
DA B 2 s o) b i getg e qh . TR A i R 45
HIE QI T AT LARE T 4% 28 52 2% 0 8l 69 1 ek B0 B
J7 ¥ s N B8 BOHE vh 4R B2 )R 45 40 2 BT 5 T ) 2
A s T JSERT T 1596 52 2% TR T 3 9 3R ek Y i A
J7 % T S R I A

Z * X #:

(1] JAME, kM5, =3 i mar m )] hER . YRy
R, 2015, 45 1-5.

[3]

(5]

(6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

ZHOU H, ZHANG H X. New problems of aerodynamics[ ] ].
Sci Sin-Phys Mech Astron, 2015, 45: 1-5. (in Chinese)

JETE , SRWAME. 5 FRZ S B B 0t 20 M R A 1) Y S
B At 20 [J]. o EER . YR )% K30, 2012, 42 1-5.
ZHOU H, ZHANG H X. What is the essence of the so-called
century lasting difficult problem in classic physics, the
“problem of turbulence”? [J]. Sci Sin-Phys Mech Astron,
2012, 42 1-5. (in Chinses)

B, T, i, 5. CFD Bl i 09 & JR ik 5 R[],
Jra e, 2011, 41. 562-589.

YAN C, YU J, XU J L, et al. On the achievements and
prospects for the methods of computational fluid dynamics[]J].
Adv Mech, 2011, 41: 562-589. (in Chinese)

EAR I, PN S AU Bl AR AR R A LT .
Jent: B2t . 2013 34,

WANG Z G, SUN M B. Model for combustion and LES in
supersonic turbulence flow[ M]. Beijing: Science Press, 2013:
3-4. (in Chinese)

wIELL, B CATER RSB RIS LT B R
B F1% 4R, 2017, 35(4): 516-528.

GAO Z H, WANG G C. Aerodynamic shape design methods

A

for air craft; status and trends[J]. Acta Aerodynamica Sinica,
2017, 35(4): 516-528.

WILCOX D C. Turbulence modeling for CFD [ M ]. DCW
Industries, 2006: 124-127.

ARPRIR, WRME, RN, S T A R L IR R R RE T I L
fin GBS RILT ], v [E A2 Wy BH2E Sy 22 KO0, 2015, 45 26-34,
SHE Z S, CHEN X, WEI B B, et al. SED-based studies of
turbulence models for wall flows [ J]. Sci Sin-Phys Mech
Astron, 2015, 45: 26-34. (in Chinese)

SPALARTP R, ALLMARAS S. A one-equation turbulence
model for aerodynamic flows[ J]. La Recherche Aérospatiale,
1992, 439(1) . 5-21.

RIRTR. EARGEFFERIM]. dbnt . B, 2012, 97-
99.

SHE Z S. New theory for complex system[ M]. Beijing: Science
Press, 2012: 97-99. (in Chinese)

AR A AR L (M. BOE AR, R HORER,
ER AR, B ARPA R 2y, 10000 DA ES . ¥ B
. duat: B WAL, 2000.

SHE Z S. What is the century-old difficult turbulence problem?
[M]

Technology, CSA, National Natural Science Foundation of

Ministry of Education, Ministry of Science and
China. 10000 Problem of Science: Phys. Beijing: Science Press,
2009: 163-174.

PRANDTL L. Berichtiiber die entstehung der turbulenz[]J]. Z
Angew Math Mech, 1925, 5. 136-139.

MARUSIC I, MCKEON B J, MONKEWITZ P A, et al. Wall-
bounded turbulent flows at high Reynolds numbers: Recent
advances and key issus[J]. Physics of Fluids., 2010, 22 24-30.
BODENSCHATZ E Prandtl, GOETTINGEN School. A voyage
through turbulence [ M]. Cambridge: Cambridge University
Press, 2011: 40-100.

von Karmn T H. Mechanische ahnlichkeit und turbulenz[ ] ].
der Wissenschaften zu
Gottingen Fachgruppe I(Mathematik), 1930, 5. 58-76.
BN, XUWT, BMCR . 5. R BE AN 5 SR 2k AR XY BF 5T
RIELI]. J1%3E e, 2007, 37, 417-427.

Nachrichten von der Gesellschaft



5013

ARYRIR AT+ TH [0 K I TR T i A A A S BIE Y 17

[16]

(171

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

DENG X G, LIU X, MAO M L, et al. Advances in high-order
accurate weighted compact nonlinear schemes[]J]. Adv Mech,
2007, 37: 417-427. (in Chinese)

Fobas, MR, XTS5 Bk A% =X WONS 76 = £ 31
M F AL BB ]. =R E Ty F R, 2012, 30(1):
28-33.

WANG G X, DENG X G, LIU HY, et al. Study of DSMC of
algorithm and model for hypersonic multiphase rarefied flow
[J]. Acta Aerodynamica Sinica, 2012, 30 (1): 28-33. (in
Chinese)

SHE Z S, CHEN X, HUSSAIN F. Quantifying wall turbulence
via a symmetry approach: A Lie group theory[J]. Journal of
Fluid Mechanics, 2017, 827. 322-356.

CHEN X, SHE Z S, HUSSAIN F. Quantifying wall turbulence
via a symmetry approach: Part II. Reynolds stresses [ ]J].
Journal of Fluid Mechanics, accepted.

SHE Z S, HU N, WU Y. SED based closure model for wall
bounded turbulent flow[ ]J]. Acta Mech Sin, 2009, 25: 731-736.
SHE Z S, CHEN X, WU Y, et al
statistical modeling of wall-bounded turbulence[ J]. Acta Mech
Sin, 2010, 26 847-861.

SHE Z S, CHEN X, HUSSAIN F. A Lie-group derivation of a

New perspective in

multi-layer mixing length formula for turbulent channel and
pipe flow[ AJ. In “Turbulence colloquium Marseille 20117, p.
436-455, Ed. Farge, Moffatt, Schneider, ISBN 978-2-7598-
1145-8.

B BE i Ui ) 25 0 R 2R BE [ D, Jb st KA1 % A ig 3,
2012.: 92-99.

CHEN X. The structural ensemble dynamics theory of wall
turbulence[ DJ]. PHD dissertation of Peking university, 2012
92-99. (in Chinese)

CHEN X, SHE Z S. Analytic prediction for planar turbulent
layers [ J 1. China-Physics
Astronomy, 2016, 59(11): 57-63.

WU Y., CHEN X, SHE Z S, et al. On the Karman constant in
turbulent channel flow [ J]. Physica Scripta T, 2013, 155:
014009-1-4.

CHEN X, HUSSAIN F, SHE Z S. Bulk flow scaling for
turbulent channel and pipe flows[]J]. Euro Phys Lett. 2016,
115: 34001-1-5.

CHEN X, WEI B, HUSSAIN F, et al. Anomalous dissipation

boundary Science Mechanics

and kinetic energy distribution in very high Reynolds number
pipes[J]. Phys Rev E, 2016, 93: 011102-1-5.

CHEN X, HUSSAIN F, SHE Z S. Predictions of canonical wall
bounded turbulent flows via a modified #-w equation[]]. Journal
of Turbulence, 2017, 18(1): 1-35.

SHE Z S, WU Y, CHEN X, et al. A multi-state description of
roughness effects in turbulent pipe flow[]J]. New Journal of
Physics, 2012, 14.: 093054-1-16.

WU B, BI W T, HUSSAIN F, et al. On the invariant mean
velocity profile for compressible turbulent boundary layers[ ] ].
Journal of Turbulence, accepted.

SHE Z S, CHEN X, ZOU H Y,

distribution  in

et al. Prediction of

temperature turbulent  Rayleigh-Benard
convection[ J]. arXiv: 1401. 2138, 2014

XIAO M J. SHE Z S. A new algebraic transition model based
on stress length function[ CJ//The 69th Annual Meeting of
American Physical Society-Division of Fluid Dynamics. H29.

00002. Portland, Oregon, U. S. A. 20-22, Nov. 2016.

[32]

[33]

[34]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]
[49]

HASSANM Nagib, KAPIL A Chauhan. Variations of von
Karman coefficient in canonical flows[]J]. Physics of Fluids.,
2008, 20: 101518.

RUMSEY C L, RIVERS S M, MORRISON ] H. Study of CFD
variation on transport configurations from the second drag-
prediction workshop[ R]. AIAA 2004: 0394.

DURBIN P A. Some recent developments in turbulence closure
modeling[ J]. Annual Review of Fluid Mechanics, 2018, 50:
77-103.

EMMONS H W. The
boundary layer-Part I[J]. Journal of the Aeronautical Sciences,
1951, 18(7): 490-498.

MENTER F R, LANGTRY R, VOLKER S.

laminar-turbulent transition in a

Transition
modelling for general purpose CFD codes[J]. Flow, Turbulence
and Combustion, 2006, 77(1): 277-303.

FEfs . E 5o, BT 5w T 305 vk 0 w8 i AR R R
(D). AR BR: . BB Jy 2 K30, 2009, 39: 617-626.

FU S,
boundary layers based on RANS method[ J]. Sci Sin-Phys Mech
Astron, 2009, 39: 617-626. (in Chinese)

ANDERSON ]
dynamics[ M]. McGraw-Hill Book Company, 1989; 219-228.
FRugsi, U EAE, SRBEE . S5, ml R L SRS IRT S DR 5
KRR, 2R3 I, 2017, 35(3): 311-337.

CENJ Q. TU G H., ZHANG Y F, et al. Hypersonic boundary

WANG L. Simulation of transition in hypersonics

D. Hypersonic and high temperature gas

layer transition: what we know, where shall we go[J]. Acta
Aerodynamics Sinica, 2017, 35(3): 311-337.

SCHNEIDER S P. Flight data for boundary layer transition at
hypersonic and supersonic speeds [ ] ]. Journal of Spacecraft
Rockets, 1999, 36(1): 8-20.

SCHUBAUER G B, KLEBANOFF P S. Contributions on the
mechanics of boundarylayer transition [ J]. Technical Report
Archive and Image Library, 1955, 39: 411-415.

SAVILL A M. Further progress in the turbulence modelling of
by-pass transition [ C]//Engineering Turbulence Modelling &
Experiments, 1993: 583-592

BRANDT L, SCHLATTER P, HENNINGSON D S.
Transition in boundary layers subject to free-stream turbulence
[J]. Journal of Fluid Mechanics, 2004, 517 167-198.
VALLIKIVI M, HULTMARK M, SMITS A ]J. Turbulent
boundary layer statistics at very high Reynolds number[ ] ].
Journal of Fluid Mechanics, 2015, 779 371-389.

SHE Z S, ZOU H Y, XIAO M ], et al. Fazle Hussain,
Prediction of compressible turbulent boundary layer via a
symmetry-based length model[J]. Journal of Fluid Mechanics,
accepted.

COOK P H, MCDONALD M A, FIRMIN M C P. Aerofoil
RAE 2822-pressure distributions, and boundary layer and wake
measurements [ R ]. Experimental Data Base for Computer
Program Assessment, AGARD Report AR 138, 1979. A6-1-
77.

THIBERT J J, GRANDJACQUES M. NACA 0012 AIRFOIL-
ONERA[R]. Experimental Data Base for Computer Program
Assessment, AGARD Report AR 138, 1979 A6-1-36.
https://turbmodels.larc.nasa.gov/nacad412sep_val.html
ZHANG Y S, BI W T, HUSSAIN F, et al. A generalized
Reynolds analogy for compressible wall-bounded turbulentflows
[J]. Journal of Fluid Mechanics, 2014, 739: 392-420.



18 O BV S EHRVE
[50] MEE D J. Boundary-layer transition measurements in turbulent flow over thin rectangular riblets[ J]. International

[51]

hypervelocity flows in a shock tunnel[ J]. AIAA Journal, 2002,
40(8): 1542-1548.

VEARIGE. BE B AR T 45 M RN B 2l AL BT . #2015,
45, 111-140.

XU C X. Coherent structures and drag-reduction mechanism in
wall turbulence [ J]. Adv Mech, 2015, 45. 111-140.
Chinese)

CHOI H, MOIN P, KIM ]J. Direct numerical simulation of
turbulent flow over riblets[J]. Journal of Fluid Mechanics,
1993, 255: 503-539.

EL-SAMNI O A, CHUN H H, YOON H S. Drag reduction of

(in

[54]

[55]

Journal of Engineering Science, 2007, 45(2-8): 436-454.
AR, e AT AR A R R L) ] i, 2009,
39: 387-397.

YE Y D. Studies onaerodynamic characteristics of high velocity
vehicle flying at high altitude[ J]. Adv. Mech., 2009, 39. 387-
397. (in Chinese)

TR, T CFD &k B AR B BUE B BT 5 [ . =8
R, 2016, 34(1) . 1-4,

ZHANG H X. Investigations on fidelity of high order accurate
numerical simulation for computational fluid dynamics[J]. Acta

Aerodynamica Sinica, 2016, 34(1): 1-4. (in Chinese)



	1 佘振苏
	1 佘振苏-1

