51 A2 71 I 2021 4F 6 H

4

o 5 i@

BB E ST IR IR T B B R i i SR R R
Foual e h FH B 4 58

iR # R

VR R A WU TR 22 B, R 300072
2 o [ R 2 g ) 20 9T T AR 2R M 24 I 5K A s %, Jb s 100190

B = " TR B SO N R R VA2 —, B E IR B TR K R R AR
(ARG TT . SRR, BEAE) RHEIRAOZ . M5 A8 WAT A R 22 L. TS0 A R 11 Ja) 4
TR B VR E BRI 1 2% ) P A 5 R AR IS HE SR NG R I ) B LB O, 2 o % i
Jai FS RS2 AR AN e PR AR S (1 ) PSS P A HLAR, O T 2R IR IS E R BB I R B IR
PR Dy T IR BV HE S AT 280k, vk T — 2 el A A R I B AR A T 5
T AAE G BE L AR RE Rl 00T 5IAAR TR 106 KA, TH S EA T A FAR ML R, JF
S8 ORI O R AR K S . S AU 45 R 130 2 PEASE 25 ) A8 TEO LA P B T
BRYF.

KR HREFRARE, HRTRN, KEEEEEL, RS ES

hESES: V211.3  XEKARIEE: A DOL: 10.6052/1000-0992-21-016

WCRE H : 2021-04-09; 5% H #: 2021-06-02; £E4E Hi AR H 1#: 2021-06-07
* E-mail: dongming@imech.ac.cn
U772 MRy, S0 RSO B VR 1 v P I S RO b S RS8R R, 2021, 51(2): 364-375
Li S T, Dong M. Verification of local scattering theory as is applied to transition prediction in hyperson-

ic boundary layers. Advances in Mechanics, 2021, 51(2): 364-375
© 2021 (SFHERE) WA



5% 2 3 IR, W] R B R PR A e R P SR e ARG P A A 365

1 3|

]l

SXoF 00 2 B R ) A 2PN it v P TRAT A U e I A M . A RSP B R R A e B
SRR TN, AFAE = A5 B PR U AH OC 1) 55 A 1) 8 (Kachanov 1994, JAE Rk 645 2017). (1) & 32
P ) F IR B P S g N SR RO R RS A I R (2) ZetE R AR ) ik kAR
BEAS 2 AT A6 30 52 v R 2R 8 IR (3) B AN - 1 2R ME SR 30 SR AR 3 22 DKM 1 I 3F 4 1k 4 4
KA TR s E PG R TIN5 9 eN Y2k (Smith 1956, Cebeci et al. 1980, Su & Zhou 2009), &
F2 T 2 MRS T PR B i B AR L (2), 10 0 AR e Pk A S H 2 R R e IR & vk
P BB LA MR AL 1 OAE VB Nk S UG B %308 (A0 R 2 2 L (R AR AAAE B A 2 1958, 1%
A IEHUE (1) 5 (3) M5, SN K 2 5000 i e 1 0 B R S B, AR SEBR kAT
A5 R AR MM R 58 A6, B AR AP AE WO RE oG . 2200, S B S5 Rt o8 4, i e AT 1 i R i) e
W) S A% 45 R e N 12 IC 92 2% FE ). Schneider (2008a, 2008b) Al Wheaton 25 (2010) F S22 W, #A
J5E FRIRE RS G T DL kR 5 3 0 L 2 B PR 1T Fajid (2006) AT Fong 25 (2014) 43 513 ik 5256 5 H 4%
HE B U (direct numerical simulation, DNS) & Bl = 4 f Kt o 78 — & 25 £ T v LA 5% SR 4 1R
Tang 55 (2015) 38 i R 52 96 J7 R 5T T el 75 1 52 b 38 RSP Bh 7E Y R T I I
PR Wy AR T R Ry T s RE R R A R S e L B, R R AT SOORE Al 1) B B 9T AR . Wua Al
Dong (2016) fi§ Hi, 4 R ASAEAS 1K) K 55 ) 51 58 A48 1R I 1) JROBEAH 24 I, 2 1Pk A5 e MR B g eV ik 8y
DRAU, R, Al AT R T ) B e A e Jr) B U BEAG  AE % SCE ) A AT ST 1 A A 7
BUH, 2 J5 % BE 48 gl 3 ) 21 5 75 3 ML) (Dong 2020) LA K 8 75 38 55 5 48 745 3 ML (Zhao et al.
2019, Liu et al. 2020, Dong et al. 2020, Dong & Zhao 2021). SZFx -, Jay i 5 A8 % 4 41 1 5 i 3= 17
TEW AN HLEL, 2300 A2 Ja 2 1 (R AR 5 B i P R S AR A i OR BN R RS S) 5
2 P RS T R S EBOE (R0 308 52 A g SHe U 2 A A A AF A i e S 3 IR AED). #E B (2020) X R
PO BRI AR DA B PR LE] R IR SR R AT T R G M SRR B R A R Y )R 542, Dong
FLi (2021) 38X 3X W5 FPHL G Ze PR 303 (R340 TF e T 4H 3500 B B AR, JF s R S R gk
1T T RGHT L. H 2 R BRAE 2 3B B, IR0 & $sh AR Gt e 4. A STl sk — A
BB A 5 2 AR Ve e B 7R O )2 v O SRR B, T BB AR — RVIHLRS T 5%
W) ik R A Ik AR S B 5 R S B TN R AT 40 BT B, DU IF SR O B 7 B R
e PR RG R

2 YiEEESRIESE

RS 3 B P ) B ASE 2R Sk Ay KRS G 1) v R PR O P ARG S, W B 1 TR SR 4 1 5 Fong 55
(2014). Zhao % (2019) F1 Dong #1 Zhao (2021) AH W], h#F 4 Ma. Ky il BE T 5 FAL TR 7 8L Re;;
7399029592, 48.69 KA 1.32 x 107m ™" A5 BEBE [ A7 76 =MW IRSZ . FE R B 5] 704 o AR AR [R]
FHHE T, AT B ACRT 21 FE B 43 591 24 125.3 mm, 185 mm F1244.7 mm.

DUER SRR 0 oA 8 D s S TR R R AR bR AR TR AT R A5 6T P AR L 5L (1) Blasius A
BLE A T DA B 2 A 1) HE RS TR O = 1.99 mm, AR SCIEHUX AMEAE S B RN S 5 KE. X
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FE, ZANTT R TC RN AARER A (2, y, 2) = (2%, y*, 2%) /o5, Forh Lhs * A ENE. AR oD
48 AR 5 oy = =30, @ = 0, @y = 30. & 4 A*E*Lmﬂﬁﬁ/ﬁt%%ﬁﬂm(x)zg{u
cos | 2 (o= a0)| |, b0 € [ — G-+ G| I RO A BB ER B 15 918 46103
o h =024, d = 2.37. FE VS P ATE WK A, W 2 Fros, 6@ WAL BR & (€0, ¢). T 5k
HU—42.65 < € < 230.65, 0 < < 50, 0< ¢ < 23.64, vH 5 WK H 0k 2129 x 151 x 128. %% 4 i & ¥ DL ok
WS REIAT L ENIL, B2 S W Res, = toodp /oo = 26307, I o Fllvo 43 51l R SR ST 1) 33
[ERSBESTIE-TEES 1§

25005 5 B A W AR AR bR R ) = 4 AT R 48 Navier—Stokes J5 FE4H, K FH A B 22 2 v 00 LB . 78
THSSE ARG, X IR B B WENO (weighted essentially non—oscillatory) 22 43 #% =X, &b 14 1l
K DY B w22 43 4% 2 B TR) 4 12E SR LU-SGS (lower—upper symmetric Gauss—Seidel) /5 i%; 7F
VHELAR B I, 0 PR H B 3R 2 73 A 5 F P TIUR T S BI ho 22 43 a6 5 I TR SR ] =

(C)1994-2021 China Academic Journal Electronic Publishing House. All rights reserved. http://www.cnki.net
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Runge—Kutta 2%, F AR & #od B 0 & (2017). B e vk 5 e W R AR, B /E B 1 1) =41t 5
Wik =01V . ﬁ‘ﬁiﬁf\u%%j}‘fr%masmsﬁﬁ b SRR SR AR HE G S 4%
b, BETHCA TG # . 5@ Sl i F A, Jorb Jo B 0 BE TR JE T, 0 6.88. —HESL A 5 &
wE, e )ﬁ'ﬁi’j’jﬂﬁ%ﬁﬁfﬁéﬁﬁ‘ﬁiﬁtp T Y i ad #2 . 2N D5 NS RRIE AL S 30,
ﬂ%ﬁ?’ﬂz [ Gi (y) Pz “"t)—i-c.c.],Ei\quﬁﬁ%ﬂ?%Z/l\ﬁEEjJ;q: {,o,u 0,0 T}/\%U%mmf\
IR E L VA R R ) JE R R R IR BB B w A AR BOR R ) K, Ak R B4 R AR,
c.e. RN B, e = E e WA E B, BN ST S SR AT IS AR R, (SO kil
2555, CLORUE DL B TG S S i A% vk s 8 1 SR F R I R 45 . AR 45 € w1 B, g ] TR
4 Orr-Sommerfield (O-S) J7 #2445 th. fEASCUHE T ol B 5 MEESI S Wk 1 s,
3 IR TSN LAL, AR AR AR B (1) B K2 —ay, BP0 bR R ST I NGB, O &
Z0) 1 RS 7660 5 AR ) 5 W, AR SO BT O T ST AR R RS BE TR P A UG, 23 AR ad A Case 1
5 Case 2.

*1 ESHEEH

i w; Bi Ao

1 0.6 0.7972 0.001
2 1 0 0.001
3 1.6 0 0.0005
4 1.8 0 0.0005
5 2.2 0 0.0005

3 HSIRILHI N HEIE

& 4 74 Case 2 IF]°F B3 Hs 07 I S5 A8 22 2= &L g FHHE 0 o0] 1 35 3 IS 1E A5 TG 26 # i IX R B
MR 4R & LS AR A tan = (Ma? — 1)"Y2 ~ 10°. B 5 3 — D o8 T2 = O I 1) s 1 5%
Tﬁ%z@a‘*ﬂmfﬂé AT DA A A B A REDRE 7C F 3 AR ey Hs DX TR U ARG S X, 9 et A o A B T 1

4, AH AR R AT YR B &, AR RS T T i R L. g B B R R
Zhao % (2019) SCH R K] A(c) WA AR GF. AR R B 9848 R e 1R B R, PR L T RS2 8
'] Blasius fi#.

Xof 3 75 3 A2 i %6 E Tollmien—Schlichting (T-S) B2, HURE 04T 1E 42 3k 3 it 88 K |
M ASE 4 BREETT (Wu & Dong 2016); {H7E =18 75 34 5t 2 ) Fujii (2006) 18 i 5256 A 3L T A5 & 11
g, MM R 22 A2 WL B2 (1) Zhong TR 1) — R S EE TA4F (Duan et al. 2013; Fong et al. 2014,
2015) & W], FH RS 0 H 25 02 JF P AT [R] 20 B3 1K P 3 3 K i ok s S 4 3l A7 IR . Zhao
25 (2019) 3K H =K fife 18 3 B 26 % 1k Navier—Stokes J5 £ (harmonic linearized Navier—Stokes equa-
tion, HLNS) 75 5k 800 5.92 THUR, %@ 5 RECE RSN A . e m) 80 LA SR R 76 K/
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LST-m=8,n=0
LST-m=9,n=0
LST-m=11,n=0
DNS-m=8,n=0
DNS-m =9, n=0
DNS-m =11, n=0

10—4 1 1 1 1 1 1 J

—50—-25 0 25 50 75 100125
T

& 6
2 vt 2 EWIEE S5 LST (linear stability theory) M| £ & 89 Xt th,

Casel, m=1,n=1

Case 1, m=2,n=2

Case 1, m=3,n=1

se 1, m=5,n=0

o I, m=8 n=0
g I,m=9,n=0
g I,m=11,n=0
B 2 m=1,n=1
2, m=2,n=2

2, m=3, n=1

2, m=5n=0

2, m=8, n=0

2, m=9, n=0

2, m=11,n=0

0 1 - L J
—50—-25 0 25 50 75 100 125 150 175 200 225
T

& 7
&3 5 I 2 8 B R AL

T B2 RIEAT T RGBT Dong Fl Zhao (2021) K i & 5 Bl L #LAE , % I % 45
TR ZIARE . AR SCH) DNS AJ 325 Ji 7 AZ AL I = 2 P e 4R B AR S i
X B DNS 73 2 1R 3 2 BEAT (] B A e

ZK

T
qn,m(w,y) 27‘CTZK // (z,y,2 t)e nﬁozfmwot)dzdt (1)
0 0

FEA Gy (0,0 NI Dy mcsg & 0] B E K nBo ) Fourier 73 8, wo = 0.2 FEH, By = 0.79724 KLU
e, T = 2mfwo IR S ], Zae = 61/ Bk JE 1) T S JE ) oy o M IBEINF 0B BE. B 6 25 1 T D0
HESE R S RSB (R’ 1R BN 3, 4 A5, BT N K (m, n) 23 51 4 (8, 0), (9, 0) I
(11, 0)) (e 5L b 43 2o (10 8 L (60 L o PO AR D9 1 e KAL) 5 488 P e P 808 Y00 425 238 1700 %
o, AT LAE t AE e = 0 LR, R AE S R0 Eh (11, 0) JLT 2 P84 K, 76 RAE A 21 0.01 1R 4% )5 3
NARZE A B B i $ 30 (8, 0) A1 (9, 0) 75 R il AT LA S AR 21 5K g A8, S KR P 3l (8, 0)
R B W (BT 31 T 0.042. B 7 R 2SR 7R T S 22 A% T TR A B e G A S S RO ) X3 T

(C)1994-2021 China Academic Journal Electronic Publishing House. All rights reserved. http://www.cnki.net
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& 8
V3 — 1% & R

AR, SRS B (mo= 8,9, 11) 7E AR 2 PR AT 5 X Jd S k. IR 26— B (m =1, 2, 3)
FE T I KR, A AT A DR 818 K 1 = 1304647 fE = 180LL I, 4% B 4t 8 1) ik 50 o &
FAE, e IEAE AT 0.01 #] 0.02 2 1819 ), X B0 i P K 58 . X — 3 & 5 Dong Al Luo
(2007) % 8 P A HEL L E B AR L I R AR ] Bl T 28 RS I S ME B K et e AT R
WA E T 02, B AT =2 IR IS 1 0 (B 58 AR 31 42 RS TR I i, 3 R A e A flah ¢
5 RS B — B 3G KOl B .

7 PR SEER R IR Case 2 &SR, BAITS Case 1 1) 3= 5 X 5 A& 7E MRS ST B T, ¥ 8h i g (8
FAAE B B Bk ER >, IX dE — P R B 7E R A IR AE . 51 NGBS R E.7 (Wu & Dong 2016) K
AT BRER, How O RS EUE T I R 2 Bl X L0 I T I Case 11 &5 15 2.
XF TR L 10 P EA A (m, n) RS, 78 = AN KRS JC AL 103 5 R EGEAE A (m,n), Za (m,n)
M Ty (m,n).

Zhao %% (2019) ik HLNS, 15 2 AH [7] 5 i HON Res,» = 26 307 ZLI0 T (1375 5 28 2006 004 11 43
ii. Dong Al Zhao (2021) #E — 0 F#T T #AS 8 11X — 45 32 Rel 52 M. SEBR b, A0 =AM
Wi 0 BT Kb X Y () T B Res, -2 ) A 21648, 26 307 A1 30 228; 1fif A Dong Al Zhao (2021) (¥ 45
BTG, E=AHE BTN T ~with ZedE 5 . B 8 45t tH DNS il 352 i fn = 0, A [A) 53
E T T, T b5 Ty 1 B AR TR 0 — 4k, BEAb BT R T AR AE A 52 by REDRES G v o0 A 6F 12 1) 6
SRR SRR R . K a i ) HLNS (145 5 (% B Zhao et al. 2019) {00t BT R A& A 1R
U, 534k, 4E HLNS TH5 b Pah g e oh et 16, (B 78 SEBR DNS Hh, 26k ) OB 3 17 4E 4
WA (IR O(0.01)). 1F 2 1 & 59K e 45 A — S50 35 56 3 K, 310 I = 2 P 2808 7 Jm) a0 10 o A
R AR 59 . BB 2 i 31 55 Al St B B i, KRS 0 o6) 4 3 11 Ja3 350 50 255 Y 473 T 3 AR 3 G

F 5 Ja 5 U BE 18 (W & Dong 2016, Zhao et al. 2019, Dong & Zhao 2021), X T4 kN a5
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X104

- -~ Casel
Case 2

LiSIN

&9
B T JEE T A B0 U 1A B R L

AR VB TR B G AR B B R E 1 AR AN AR AE XY R R AN = Z; In .7;. i 3 W %%
DNS il 5 H i e sh g {4k (B 7) KPlw = 1.6, 8=0 (m = 8, n = 0) MBS TEF PLAT A7 = F 1o
A7, 3 e S VERSUE PE B I N VR I 45 R AR [ Gl A A AE = A RURE TT AR R IE A R A
T LASEH R R 1 I A A A AN = 0.3736. 75 % G0 1B BRI N5, 24 B 16 6 ) DL 30 MR 4l e
HEAR BOR N A5 I, A B4 R A TS A7 AR AURE o i) 00, i 2] HE S R B e I AN 2 IE
FEWRI 1, NN 2 B e B 1) e PE LB 1 K N~ ANIN B 0 R A AR Al Nk, #e P sl th 2 v i
I 1 P MR 8 1) W B I8 B AR TR 7 N AR SC 0, G B N AR 3.23, T ik Y Case 2 i £&
XS5 Case 1 i Z AT 5 Az ~ 9, Xl Ja) 4 AR BELTE TN £ 4% 498 i % 1

9 45 HY T BE T BE FHL AR BT U 1A A AR A ORE T O Y BE T ) 0 (Case 1), Crith 256 22 18 o /],
M2 = 11354 TF 4 B 20T 5. %t T Case 2, Crith 2 AR RURE G PR I AT A W] Sl 1 B, (EAEANIZ () 1 T
[ R 3 P AR W AE AR SCRAUL 0 T o0, RURE e (g 2 7 R B A 1, IX A AT Cr it £k il
FUAE TH AL B AT B B 1. o 3 Cr i 2 5 1% n 7 1 e SR KRS 46 i, WAL RS e (10 A A6 48 B R B i 17
Az~ 7. 355 B TGN (10 e 40 i A% 8 AR W e, AN T Ud B T Js) 0 130 B 8 11 T S

4 g

N T IR IE J F TS B Ve A e R A A SR R R RIS B, AR S T R A
FAL DL 0 90 AE T BE T -5 6 55 5 TR RE 0 10 vl Pl J J2 b 5 TNAR [ T iR R e A, DAGE
75 SORURE 700 B BRIK SR 15 240 F 4548

(1) a3 L A T80 N Pzl B oy B de A RUAE, S S0 i R 06 P Sl Ak ¥ i
245 R JR R O B I e A ) L R, B g R oD R, BRSO B R s
By e M, (H LA SR AT DU AU it S8 3 4 55 AR 2 PE B Be i3 4L

(2) T I IZ 55 A AT LhoE vk 5 5 RIS IS (1 3 PRI 1 IR AR AR, 3 T it O P sh e e
SR FE . g AZ AL 15 20 1K) B PR AT B ) AR A B A3 3 T R B A IR 3 E
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{EAS U W AR S, AR SCREAUL IR 00 v, el REDRE 6 5 D2 I e 4R ) i i e/ X il A St vl
(RIAEURE T 8 /b, HAEAAEURES G 1) e BE A AR S N T o, B 22 50 DK RS IR R RS o6 m] A 4% R i A%
ST [N, 5 b 3 BV HRS G, A5 S RS PR R R AR B 8 X R, e AT AT el A
WAER 1, ROR2AEH T 2D 1 TAE.

Misk A

AR B ERBEE R RIE

BT U 52 56 7 1 15 S B A 5 i, AR R SR B 5 A 1 S 5 R AR A0 SR L. O T IR AR S
P AT (8 GO I v 2 = AT v o O 7 < N = Ao o - (G 2l A
x € [—42.6,107.9], T 5 ¥ ¥ B A8 4 1201 x 151 x 128. 4 T A ¥ 3 A6 5 56 (0 BE B B AR, W46 B
((w, B) = (0.5,0.7972), (1.0,0)H1(2.5,0)) FJ M 1B B 5% K 24 0.01. [7] I o 5577 199 4% £k 2401 x 151 x 128 A1
1201 x 151 x 256 K%, JEA0 = P& N oF S i O 2 24T X0 L, W A-1 s, o] DUE Y, i)
PO A% P 035 0T 5 45 SV AT R W) T 1) D0 A T 0 A R RS 0 B I DX TR G (LIS K. H TR SO
DA TR 2 B R 1) SR B A S R R A 7 9T LA AT LA A A SR B I A ik RS B R kA,

X —4
16 ¢ 10
1k I=1201, J=151, K =128
== == [ =2401, J=151, K =128
12 —e— [ =1201, J=151, K = 256
510
S8t
6 M
4 h o )
—50 0 50 100
x

Mt A-1
A B WA BT By B T EE R B

4 =104
10 3 Zhao Lei et al. (2019) Casel.5 E 10

r Zhao Lei et al. (2019) Casel.0
103k DNS Casel.5 i
3 DNS Casel.0

5 103

4102

10! L L 10
100 150 200 250 300 350 400
xT

1

Mt E A-2
3 R L E 98 L 5§ Zhao % (2019) At

(C)1994-2021 China Academic Journal Electronic Publishing House. All rights reserved. http://www.cnki.net
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B Zhao 55 (2019) B 9(d) 19T L8, BB vE 5 T PLah A s AL, LIRS B A-2 s, P4
2R ) . DL RIS UE U] T A SCI T S SR T RE .

G AT BIE R B ARRA R G I BT (U20B2003, 11772224).

& EZ x|
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Verification of local scattering theory as is applied to transition
prediction in hypersonic boundary layers

LI Site! DONG Ming**

' Department of Mechanics, Tianjin University, Tianjin 300072, China
? State Key Laboratory of Nonlinear Mechanics, Institute of Mechanics,
Chinese Academy of Sciences, Beijing 100190, China

Abstract The " method is one of the most widely used transition-prediction approaches with clear
physical meaning, which however fails to take into account the effects of surface abrupt changes, such as
roughness elements, gaps, steps, etc., in boundary-layer flows. However, the latter appears frequently on
the surface of flying vehicles. A recently developed local scattering framework provides an effective means
to address this issue. Based on the physical mechanisms of transition, the theoretical framework quantit-
atively describes two regimes, the local receptivity and the linear-mode scattering, leading to a modifica-
tion of the transition criterion by the parameterized receptivity and transmission coefficients. In order to
confirm the effectiveness of the theoretical framework, a set of direct numerical simulations of hypersonic
boundary-layer flows are designed, namely, introducing the same inflow modal perturbations for two
cases with a smooth surface and a rough surface, respectively. The transition processes are simulated, and
the roughness effect on transition is quantified. The numerical results are found to agree well with the

theoretical predictions of the linear-mode scattering regime.
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