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1 K<@6

[Ee+ E@ =,XY NX# P-CY AE6N2> <A’Au X T.L'NI. G)f WD | zEW ", X 37%
"(SOR, ,uYpAaE@ =NX#,l G,X1 KANI(Kachanov 1994, < & > 6#% p 2017). (1) 6 «
OKANI: £EA7%+# D|V)E 9Ee+ J%"¥ 0 6 O,XE>/R; (2)4“ 0 0 KANI: £EA 0
80 V)iuEe+ O4ArKS,X; B)E@=9B: . Bn4“0aD|3/A 10 EM24“0E@ =
¥*x6. 1B O *U,XE@ =NX# «"© "© (Smith 1956, Cebeci et al. 1980, Su & Zhou 2009), W
20U 1b4“ 00 n 0)UAZ nGE £EA (2), 5a"M24“0E@ =@ B a+ 6«0 fn,X4“Q
DAY XI" '0Z —-D@)U. AY)UAZ,Xi& 1T)c¢*i, 3,04 act: 0j , At
«"©"u Y5%x<% (1) 4(8),XEij, Z -DX.BnEW Lcé& EGj?UX , YBrL N2>
<><M6\L’. "< $¥, FWG TT,uV2k2- A4ALm AAL1 F¥%O0U -, 5aWAIE@ =,XE
i 043X "© ""©5%<%,X. Schneider (2008a, 2008b) "~ Wheaton 1 (2010) X rP'>< &, EW {
z,X2k2- A1 —E CY AEGEs+ E@ =; 5aFuijii (2006) *Fong 1 (2014) U YETE>rP  4,Ey
D & 3 (direct numerical simulation, DNS) ¥), "4E2k2- 0t OnS5ERA!SE@ = |ES.

Tang 1 (2015) ETE>N¢"0 rP” «"©-80J ZP-CY AEGEs+ 1 6 O D |0 4E2k2- L E¥, X
(EO+L -BE>/IR.  Z A/ 2k2- IE@ =,XE j )U, LO?UE™> E2'45,X)UAZ-2€0J* 0. Wu
Dong (2016) U1, ' 0 6 O,X"IKS & F¥%OU -, X# & z,0'E, 400 n0)UAZ & "©
, 18, 2AX1Z20+,X)UAZ S T F%7@)UAZ. UAT[0° , 2 AG"Y%X nAE6
,  aALUAZ>«|S CY% AE6 (Dong 2020) : 2CY AE6 AP-CY AE6  (Zhao et al.
2019, Liu et al. 2020, Dong et al. 2020, Dong & Zhao 2021). rL P, F¥%0U-I[E@ =X E | ?U,
Uep )U, Uy FY%UO« O( FUOU - a7%+# X D|,10*i5a%” ¥Nqé&,X 0 8 0) a
4“060X Fu7 @( FLOU-a9# 0 60,1 0*i5a -4a5U,X ). :7 a(2020) O
Fvu 7 @)UAZ Ut b gli R,X-€0JE )E> Z2i43X4PEA. J\i 4E 1N _ F%O0U =, Dong
CLi (2021)E-IE-@/j R4“0D|,X$eé&0O)Z437E.X,EyD 83, J~"48p a)UAZE™

> 72143 1", A133% L$U #L!%, JpUYD|XM24“GE@ =. [3A'AuOp

LEyD 63¢ : AP-CYAEOEe+ /EY 0 60>%"¥, Aulk WA i O2i 62k2- XE

i B2°¥E@ =,XE>/R, J~D 48 p )UAZNX# E > 437E !I", P A F¥% 7 @)UAZ UE@ =NX
# X2 z.

2 (Y*<L$NID !ri#

[EY 2, X(=)U & _ 0u2k2- XP-CYAE6GSEs+ , V *1 /. 9# 5E aFong 1
(2014) AZhao 1 (2019) “Dong * Zhao (2021),l &, P@C? DA 9# #yz &) !LEAID

Uy , : . A"eM6,0YDp# 4&80YA)a OUxA6(S,14aX
2k2- , WA G S 4i,XCx/+ Uy mm, mm ° mm.
11 " p2k2- — 5B s&+10Y0i5¢é $ U2i. ETE> A _4y $¥ G SE«+ , X Blasius ||

0?2- At 1kIAt @ X f/inz , [EY2E-p 0 "G£4t é,X -5xKS z. E-
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1A2 oKpDy+°4}h2/ B «|32'.f;*

, Ype&X GE£4t$ 0 ,J PU* YGE4t . Y p2k2- —X
"GE4t $ 0 Uy , , . JIE p2k2- X 6(S U x
, J , Uy UASIE p2k2- XP-~za‘z. U [,XAu
1k , . UAulk x5BC '5% , V *2 /, Jioyc '$ 02i . Aulk 3
a , , , Aulk5% D . @(=)UGE 19
# —GEE > 'Gf4t é, E5an LEAID N Uy 9## &E6

z 4o |T£ 021 D.

{ </ C '$URXY4AE A _4y Navier iStokes ¢/R4~, G>*ii YL$ AU"© 1 J/+ 7.
Aulk T # E, [# NMG>*i hL WENO (weighted essentially non ioscillatory) AU &, TE£ GNM
G>* 'L — AU & EKE|E G>*iiLUiISGS (lower iupper symmetric Gauss iSeidel) +"©;

Aulk D | E, i# NMG>*tihL ECNC AU &, TEGNMG>*U AL — AU &, EKE |[EGs>*u YL
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Runge iKutta"©, K '/ 7E>/R?+Cl.Z (2017). Oj Aulk 4En 1 #, G i *1,X YAEAulk

3 EY%OpD X UO(. Aulk39 -4-n A _4yBlasius?:, PEs+ “1-G>*li & |[Ee+ 5
E, M6 “$¥/I A 0SEa Al #y,XEe+ 5E, J "GE£4T «M6#y z . J4ET1 # Aulkn
a, "W)a& O x5B i Y4EAulk3 , Aulk Y4AEE@ =E>/B. 19-€é9 b(MUBOD|,
6 & ,J RO ></1 pDJ; Uy></ §zA
# 8E60z A"©O 8E6z A) &E6 z “#y z,X(M U N D; Ne)[, ) &"1 D, DAY
></ AEEA. UY4EM2n D 63, PREe+ 5EaAulki # E,jla, T1- *U0 Ee
Ee+ 5E, 1+AeD| i@ 061Aulk3. )AaG>*i <O6Ee+ 5E. 4-n,X SR, + A
4y Orr-Sommerfield (O-S) «/B4-1. U [Aulk*% , EY2 X5 p6OD|X-DV="1 /.
*3 )/ ZAulk39 - @, aaNe)[ D [,X rKS)[ , O X3 "UAS [é9XD]|. nGE
+2k2- [E@ =,XEj, [AulkZ $¥ G S a u2k2- *+M6,X &/j * %, Uy UA, Case 1
a Case 2.
>7 1 W7 bg,|
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 ™ *<AJ 0 E+N OPA

*4 Case 2,XG # _0,X1 4“e 0. 1£p2k2- G # ,XAI7U TE“# ><),
_4y i7|167"q21, JP@C??! . *5E 019) Z L E¥,X ol
4“e O #4", Aw#U. R 02k2- b$ XP-_ aBR$ X" _ ,#4“30UICKLE¥a
E, U2k2- 1ta p0),Uls, Jazk2- LE¥,X# 320 . ¢nGE£Db,R, A48 pa
Zhao 1 (2019) [ X O4(c) U\ Q. UC#/s0U ~Ct 6E°,XP R$, G # 3C_E¥bp«D |
, X Blasius ?-.
i bn AEGE«+ ,XTE 0 Tollmien iSchlichting (T-S) o O, 2k2- TT—E D [,X rKS,
¢5a SE@ = o ! (Wu & Dong 2016); (P-CY AEGE«+ , Fujii (2006) ETE> rP" ¥), Z,1 j,X
48AZ. t20:"i -E U 6, X Zhong AONI4™, X 021 é D t 0 (Duan et al. 2013; Fong et al. 2014,
2015) >< &, 2k2- ¥% 1 —E Ne)[" b al9Ne)[,X D | rKS, 5aiP-Ne D | Y e O0*i. Zhao
1 (2019) G>*u" ?-Aa"f _4“ 0 & Navier iStokes ¢/ 3 (harmonic linearized Navier iStokes equa-
tion, HLNS) UP@C? D 592 1% R, [EA@2IDa9# D|XNe)[A)&"f D172k2- 04
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*

+Fg " 2F0+° g h :LST (linear stability theory) M°"w3y E+° %!

*

0eO#UOqghlé"m= B

Y15B,X G2IE™> Z2i43,X D Aulk. Dong " Zhao (2021) G>*uP-LEAI D#4E¥)UAZ, [Al),B54-
Tz#A 2.Gz. [,XDNS AE 0O!9)/ At (M24“0E@ =L !%0,X E j.
i+ DNS k ,X# E> YG E-6

J Ne)[ A )& D , X Fourier UGE, TNe, i"q
D, EKE < 6, ) 4Aulk 3KS z, -€ED|GE. *64-1Z $¥
e™%RL 1 80D |(="1 XD |3, 4 5 WA ihX uy (8, 0), (9, 0)°
(11, 0)) , X YG EUGEX (YG EUGEX3X"©&0O0 ) a4“ 00 n 0)UAZNX# 48 p, X |
oALRTO =011, O0,XD |[(11, 0) “"4“QrKS, U E' 0.01 ,XGE£4{aE™
9M24“ O0OE 'L !%.. 5a D |(8, 0) (9, 0) uR$ A3/A Ea,X , Oa ,XD|(8, 0)

X A E Z0.042. *7 X<.4“) ZEIiNe)[R,XYG EUGEUE‘'X# & 3Y,X
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$eé?” . P-Nel "8 O( =8,09, 11) iM24“ 0OE * aE™EG6>D £. "Ne, X1 08 G(1, 2, 3)
U!6rkKS)[EW", WAA?O4A rKS °C. 14, @L D|,X6Y| zC_
bO n, WA,X 10.01 0.02 KE"f|, E-AE AE@ =G U " 4. E- OE>/R aDong ~ Luo
(2007) iP-CY AEG 8JUE*+ 7% E@ =,X?" _,la: + bl "6 0,X4" 0 rKS)[EWP-, WA E@
=X PD|; , %YVY4EX"Ne6 O,X 3/A M24“0(SOXE i, E@ =!6N>e?° ¥;
160101 O060,XrKSCK 3€é&  0*i.

*7 Xr4“></ Case 2,X48p, WA acCase 1,X ?2U y : 02k2- LE¥, D|[,X
,08 X3CCC—",E-E OI9ED|URS X$eé . é9EaA@2ID  (Wu & Dong 2016) 9
GE£ éE-OCCC—, Jn R$ ab$#aE¥Y I", E-G ,X#aE¥ AETE>Case 1,X48pk .
i b!£ pNe)[A) &"1 D4~ U XD, UY p2k2- @ XE4@2IDA,O0 ,

Zhao 1 (2019) ETE>HLNS, k ,laP@C? D" 26 307 * %o R,XE& @2i DLcNe)[,X U
x. Dong ° Zhao (2021) E” O!9*U#4E¥)UAZA|AZ ZE- O48 p X Ej. rL b, [ Y p2k
2- @I5B1ihXLEAID Uy 21648, 26 307 "30228; 5a ¢ Dong ~ Zhao (2021),X48
p 9,8, E-YpPLEAID 1ih,X a /E4“M2 yE¥. *84-1+ DNS D BAII,X , aaNe
MRX a ; E-G INe)Gj,& 068, 180 G>*i,X(MUKS z 2k2- —@ihX $¥
G SEe+ f/ilnz. O E-+ THLNS ,X48 p(EY7%Zhao et al. 2019) . iI", WA ' U\
Q. °&, UHLNSAulk , D|> A’ 4“0,X, UrL DNS , YoD|/&E4£E ZM24"0Q
(S O ). @50 i 6N4- TEW O7E,XE& @21 D, E-AE aM24“ 0 h U F¥% 7 @E>IR
O*UEW . 5aGSD]|¥) M24“0L!% E, 2k2- ID|,X F47 @ hjAE¥ >Ea Q@

2i D £EA.

B F¥% 7 @)UAZ (Wu & Dong 2016, Zhao et al. 2019, Dong & Zhao 2021), bbF#.0U
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iLZ *Kg2' celé"m =+° B

-,X G SE*+ , E&A@2IDAE@ =KU ,X-& ,iuihaG2l . ETE>?-3
DNSAulkI,XD| $& é(*7) ¥), : ( =8 =0,X00UE@="!4 D

I, E-aTb4“00 n0)UAZ, X «"©4- 1,X48AZ,1 4. EIE>A1 8 O U1 Y p2k2- @,XEa @2i D
AtlkIE@="$X-¢& . U043 XE@ =NX# "© , '"OEL=XD| B4“Q
YUAZ G &4E, Ax E@ = ¥*6. 5aib, 02k2- ,X 1%, LO?U*li+ EA@2ID.Bn,X  Al7
E@="9%, JAx 'OEL=X4“0D|0jd 0 EE@ =¥*6. B "©, YD |+4"0E>
#05 OE(SO,X EY2E@="$ .. Ib [1%, EYaX . 3.23, E 5aAl 1Case 2 /E4"
A1 acase 1 /E4“ X /IGE , E-  F% 7 @)UAZNX# XE@ = !/IGE.

*Q4-1Z M6 =L2ID"# &X-&. I b $¥ *M6,X ! %o (Case 1), /4" 4G 6 E A,
ac @OY &e P-. | bCase 2, /E4“i2k2- LE¥ YEW A& RL!, 0A&E°XR$
ap«D|X(SO64 U [03X1% ,2k2- —E Z 0 & O,XrKS, E-Sk /4" ;
&e € XI5BY ol 8tA E4“ 0O "8& R O0OE@ =,XCK Y&e, i2k2- X, 0iSE@=r!2Z

. E- a)UAZNX# XE@ = !/I[GEM2 yE¥, ¢53AE aZ F¥% 7 @)UAZ X AM4 Q.

4 5A0

ZP Ae F¥% 7 @)UAZ iP-CY AEGE+ E@ =NX# ,X2'z, [ANAuzZzO+,EyD o
319%: Uy i $¥ M6 aUy8t F2k2- ,XP-CY AEGE«+ ¢é9,1a,XAY 080, tn
GE£5x% 32k2- [E@ =,XEj. k V R48AZ:

() EE>"apr% RD|YG EUGEX$e &2° , nGE + Z2k2- ID|$e & XEj,
A48 pa F¥% 7 @)UAZXNX# T U. aE, D 48 pE 0!9><3, <Q' F% 7 @)UAZ A'D
| 4“0,X, JASp 3 AE¥ h*ib£EAD|U M24“ QL 1%, X$e é.

(2) ETE>EA @21 D A1 nGEAulk P8OD|XE@="$X-& , E5aBnJiD|
3/AXEj. +At k XE@=!5B,X-8GEk ZEyD &3XPA-.
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KAE &,X , [83X1% , +2k2- éCK,XE@ =X o IGEEW 4. E- + b [A’Au
X2k2- EW &, el!f p2k2- XP-zEW". U,6rh*t , ETEQ [,X2k2- ASE@ =!/I
Eta . aE, »m A'Au2k2- , Sk DD|,XNe)[ G£: il *8 XP-Ne , Y A6N SE@
= |E3, X, E-U 05U R O!9,X10.

Lz <A

Ib¥%-*0U'rw 26 UCPAA+

+ bN¢"0 rP° X6 CD|a¢.Bn, \L'"D 48p arP 48 p .487E(1". ZP A« |
Aulk,X AM4 0, O] [Aulk5% E > P Ae. ++- [Aulk,X5% ‘2z, *# &Aulk 34y-A
, Aulk5% D - . ZS# |UE-AXCx/+E@ =, A Y D|
( , ) ), X >er . aEAulk Z5% D
X# o, IJNY +5% RAulk 1,X E4E> ", V*AL /. ALRT, # &
5% ,Xt3IAulk48 p"uY Ej, 54)85% ,Xt3SE@ =406 2$!# X +90.+b [E
G'Y4uX E@ =!,X F¥7 @ 0*0 AE@ =CK Y I5B, tA1Ax [Aulk5% E’ 2’ z?U". !8 &,

Kp* $

984} h ae 7+° iLZ *Kg2' ce %!

Kp* $

e O#U O"m =$@ B : Zhao Ou (2019) %!
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EY 2Zhao 1 (2019) *9(d),X ! %, Gi ,Aulk ZD |,X# &$& &, JD|#yzV *A2 /. 85
A£4'2B U. 1PPAAEaZ [XAulk4§p AM4 X.

7 ANA [« NS7%' /¥ :1G¥ XC } (U20B2003, 11772224).

g 69 % )d

:7 8. 2020. Es+ E@ =NX# X F¥“ 7 @)UAZ. ON& | o::y, 38: 286-298 (Dong M. 2020. Local scattering theory in
boundary layer transition prediction. |CTAAIERODYNAMICAA3INICA, 38: 286-298).

Cl.z. 2017. P-CY AEG atJq SEe+ p# n #u 0,X-€0J. [ . ¢AZ []. y"0: y"00Q: (Zhao L. 2017. Study on
instability of stationary crossflow vortices in hypersonic swept blunt plate boundary layers. [PhD Thesis]. Tianjin: Tianjin
University).

<&, O#%o . 2017. Y GEXONKEP-CY AEGN?> <Es+ E@ = $!#,X o pKANI. ON!& |0 ::y, 35: 151-155 (Zhou H,
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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 e“ 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.

Keywords hypersonic boundary layer, transition prediction, linear stability theory, local scattering
theory
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