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1 K<@6

KSO019, # |¢ # $# XE@ =0O,E 7pON7p yN2> <A’Au ,XT.L'Nl. + b #
X =L "&A# a "b$!# , $.BNX#E@ =I5B N2> <lé |0 alé |&AA’AuX GK . )f W
D| zEW"E, E@=E>)IRUAB8OD|,X6«0A4“0 0 AM24“ 0 breakdown “$!# ~p
L 1% (A'E>/RB 3>«/A 7% E@ =) . 5a')f WD | zEWP-E, E@ =A6N¥*6 06O D| 0
X bP$, E->/A «CAE@=€én +E@ =. UE-OE>/R , Ee+ 11),0 z,X5048 X (3
> /A M26OD]|). Bib, M26OD| Ee+ 204318+ %" ... Xih; GSEe+ X Y
4“060ODIFN UD>D£X, + bWA M217x,X, WA AtU& YL$ 3Y - -DrKS
X D | (Trefethen et al. 1993, Henningson 1995) . i-€ O rKS &, 5 14§ X TE’ M24“ 0OE °. +
b zEWQO, 50 DeJATEy??¥E@=, W7 O 6 0 D|E™EOGrKS, JO4ce D7ES$!
e,X 1), 2 5 4, X breakdown (Zhang et al. 2018) .

Y oli+"© At£EA5 (1,X-€ O rKS. 1 O/j «"© G>*UEe+ </RBAulk (Leib et al. 1999,
Ricco et al. 2011), At «"© Tb#4E¥ U d, £EA7%+# X#uD|¢ G S!4IE 9Ee+ J%"¥5
U,XE>/B. ©0O/j «"© G>*i O 1D |£EAS5 G (Luchini 2000, Tumin & Reshotko 2001, Paredes
et al. 2016). Al «"© 45x<% é+ D |4 50 KE,X G6(, %EIE> Lc &GETREs+ U VYL$
3YIKSO ¢, XD|. <Q'1 /j*"© £EAX(=)UE>/RB&aV1l O/j«"©#UD, UEWa (V
5x<% 141Jq z %7 E i) ,XCY AEGE++ , Al«"©,X"?2-L’z00"bl O/j «"0©.

*M6 P,X F¥%0U - E@ =,XE | 7<M6,X. Oj , Ib7% E@ =KANI, *M60U - A ETE>

FYs 0 « 0 (Dong et al. 2020, Liu et al. 2020) 4“0 6 O,X F% 7 @ (Wu & Dong 2016, Zhao
et al. 2019, Zhao & Dong 2020, Dong & Zhao 2021, " f(M ":7 & 2021) @/i E E@ =.:74
(2020) O IE-@/j E> Z2i43,X4DEA. J 6, iin + E@ =E>/IB , *M6OU-ALE 50
178 0 D|,X¥). " 1 (2020) ,XN¢"orP'><a, iINAD7EE@ =!5Ba!l, élc- |
N#Az ‘zXrt, [E@ =X —E 0*ur . J\[0Jgz4©# KANI, Paredes1 (2017) O 1oV 1
b4“ 0 o(= 80 n 0 +/R (PSE) ,X O1rKS)UAZ, -0 ZP@C? D 7.32,X )xEe+ XM2d
O D |,XrKS, J5x3Z%""1AM2 G> 0 AJq' F)[1 26150-€ O rKS,XE . + bPSE
I s Y Navier-Stokes (N-S) */RE> Z o(= &, "5a %6N £EA +M64¢ =, X ™ %o; 5a i b Uy «M6
OU =,X U _KANI, At «"© J AEO*(i. % Y TbA&"] 4“0 &N-S +/R (HLNS) (Zhao et al. 2019)

+ U _KANILX UEO)UAZ. 2 A, X-20J>< &, HLNS «"© i D |$& é, XNX#2'z4,Ey D

631", AulkGEA'& @ p DGE4{. EGj?U,X , 81 «M6, U+ | N éCK,X# | Uls, i0643
, X PSE Aulk ¥ 7, 5aHLNS ' 6N +A«8C Q,XNX#2'z. ‘5a, [3¥)O +1 bHLNS «/R
7J Lc2i43, X OiD|)UAZ, *tA/ IN ( FLOU-) in + E@ =E j,X(=)U )U.

2 bri#
2.1 (Y*< W A

[ -€0J,X(=)U B _ P-CY AEGJq (Ee+ , V *1 /. EY2q(,X!4i X 1 mmA
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(2 . 0 _KSz 450 mm, 29# «3aJqg(b><M6,X ?! ( ?)) . U P><M6C/e
141110 mm X I5SBA'5SBO p I N, % G"Y4 b><M6,XEe+ E@ =. $ U S&EY 2 {i b><M6 !4i
XU0& @, EY¥Ig X (MUKSz, 9#E06z (MUEGz. 18 GE4T,X$ U E
KE

[, YGE4t-Dtb U3, 9# (=)UGEtRU3’". "GE4t,X§z AE6z Aty z
A _o Uyn

9# P@C? D 'LEAI D n

J ,  Uy></ AE6 |0 :T£ 02iD.
2.2 ©MwD!bp°oW

€E# QA></ G # D| X't

J ., , , ></ D |,X

Oj "?-G # , G>*lin-house -- O Hyps-CFD (Cl.z 2017) " ?- "4EN-S «/B, G>*iip E
KEEA - X +"©,E # n . ¢/R/«7 Ei#NM TE ONM U y S*i hL WENO (weighted essen-
tially non-oscillatory) AL — A U &, EKEG>*i LU-SGS (lower-upper symmetric Gauss-

Seidel) &. E° A'S5B 7%+ 9# Ee+ 5E, +M62 $¥/I A OSEA Al #yE++ 5 E, Aulk 31
G>*Ué|! Ee+ 5E.

' 4Aulk D |$e &, *i P As [10Y,XOiD|+"©,XAM4 0. Y4EM2n ,EyD 63
X +"© 8Aulk G # ,X+"©,1a, i' 1 bHyps-CFD -0, ?U5x<% )& -¢éaEKE/AU
X2z, [X)&Aulk32Op)a"IKS (+ D|,X)a"1D.Bn), Ee+ PEY2<O5E. Au
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1k39-5E4-n1T # aD|,X t, UAulk31-G>*i Es Ee+ SE#\L8D |-
Ee+ X | @. EKE *i YL Runge-Kutta «"©.
[G>*ti,XD 63--O F>*ibatlgGS (zhao et al. 2016) AyTcU 2iN,XG S
(Zhao et al. 2019) Ay AL z' G S (zZhao & Dong 2020) A ?!Ju (Song et al. 2020) 1 & _,X
0 n0aE@ =-€0J.

2.3 0 AHLNS i0A°6 N | b i#

23.1 HLNS 710A

UINLEY, G #,X# & za'©4 z,IE¥, '5aM26 O D |, X(M U *M6 i | NL E¥ ¢
E6+L-. E-2b U _KANIL @C '$ 021 R, D|></

J, ° DJ|XUNe)]a)ad" 1D, WA rD, D|UxND, C C ></ &aEEA.
U&@) - 9N-S «/B, £¢G #3$uCt, X N-S /R J+9 » NM, Ak 4“0&,XN-S «/R; Ua
(2) -94“0 @N-S /B, i Ak HLNS /R

J 21 D-%L ?+Zhao1l (2019). UE° @, G*ULED |Ee+ 5E () ; U-*M6 a,
G>*ii “$¥/1 ( ) A'0SEa ( ) Z1#yEe+ 5 E( ); UAulk39-@+4-nXD
| 6 N D 0 Ee+ 5E; 1-G>*ii 1# Ee+ 5E (Zhao et al. 2019) . [, XHLNS --O £

>e*(] bAulk F¥0U - [Ee+ 0 6 O AE@ = E j, XKANI (Zhao et al. 2019, Zhao & Dong 2020,
Dong & Zhao 2021) .

2.3.2 6 N|Pi#

ZzGED | i4-n!5B @,X6NGE, n @ pD]|aGEX Y/A

1b!8 Y/AONKE n 6NGE£8x D

U4-n KE Y6NGErKSO 0, XD |>/A00iD|. n AUND

IROID| ", AUND20O0 EXD], '8E,XOIi6NGE T,z



184 oAAA:AAAETAAA) H 1 K

z"?-01D|, G>*iiLagrange , D"© T0Y O i2i43. n V R Y/AONKE

J ONKEAulk 3. Tb!8 Y/AONKE, A1n HLNS1k $L,X Lclk $L

J X Lc &GE, " # ></ UFY/A UE>/B {*6,XEs+ NM. | UFYa/A

UAk Lclk $,X><E’ 4

+9 ¢Ee+ NM ,XP-L aGE, J O4ce 6 a></

i Lc AGE 4- nEs+ 5 E

AS" # X1 ONM O, k

SAUND 00, LOI""N,XPO&, G"N-U

0,X&e+. E-?2U" & (14) CEc @b Y/A 0. + /B Ak a(14) CE+,Xx1 ONM 0. U
4(9) (12) (13) -9 &a(14) CE+,X1 'NM, Ak
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+ a(15) 1 ONM LE, Ak

E->e/A0 LcHLNS /B (AHLNS) . LO?UUTX , + b Lce/BasY «/R aBu,X A O,
AHLNS /R 1 0 Aulk,X9 -, 1 0 Aulk3XT1- E-as YHLNS «R!7Q,lj. +
d(15) 1 'NM'1 YNM 0, Ak ) @XOié5E

+!18k sYD| LcD|XAVYS5E

J Cy " C; D, ib4“0KANI, At D,XEY 24T1E jAulk4s§ p.

Lc +/R J p4-1 UsM6 @, XEe+ 5E, & U-M6@ OX. 18, i @,X *M6
G>*U Lc +/B C . i @,X *M6 @, &(18)4- I,X,XEs+ 5 E & $¥/IEe+ 5E-",0,
—'; Tempelmann 1 (2010, 2012) X 1A,, @ 1$uCt "$¥/IEe+ 5 E.

EA - 2 -HLNS «/R(3) AAHLNS «/R(16) ~Oié5 E(18), A%<k OiD |z J6NGE
r,z. EA " 2.19Px V R:

(1) GAulk39- @lc 4-nA¥YD| ;

(2) U KE " 2. HLNS +/R;

(3 + 4(18) k LcD]|u @XAYSE ;

(4) U0 KE " 2. AHLNS «/R;

(5) + 4(18) k Xy .. XD|AYSE ;

Gjal9pPx2 a5 ,E AUND /, G .El %LO3 a4 d8EA-GA
/.

2.3.3 HLNS D AHLNS 7i0A,°/ii ™

+ 2.3.1 a23.2 A-1, HLNS AAHLNS «/R IE° & +M6 @G>*iiZa ,XE«+ 5E, U @7%
XAulk39 - 4-nD|,XUxND, G@7%,XAulk31- G>*ii 1# Ee+ 5E. HLNS &
AHLNS «/R X # D DNMG>*i5& L 2"z, X Lagrange /* 71k SE> D /+ 7, A48 uC A —
5xZhao 1 (2019) ,XL )B. is YHLNS ¢/BZ Lc*/B,XD /+7 Q4ce {*6Op-D /R
472143, 6 &

J 4E-WL , ></ 4E-TGE, ° # 47"© 4,X5% & D, +
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% )KpDy+°4} h.f; *

9-5E ( & ) {*6,XM2U$ 8% ...NM. G>*i '(M&D: — g (MKL) " ?-4“ 02142 (19).

3 Ax1i5 O < &

31 Axlig! #w bGf5o

EY %%™IN¢"0 rP* (" 1 2020) X# -D, P@C?D 596, )ILEAI D 2E, = 3.34 1 10'm",
9# M-#y = 87 K. + bN¢"0 rP,XEa> EKEEW-A, <M6#y z2ax#y = 290 K. Z«"“Au
1k, GiIN,Xe?2 @. $¥ @)U, J6(SUx

J, ( INX#Az, $ IRX"*z, iN,X —15B, n . X $¥°$, E-G

a . kAEAX , [IN6(S.Z $¥iL!" Fu7@,X h, & Cr O EjCh Q.

[[XAulk<Q' 46N <& rP° X1%, H6N¢s)UbUd F%“7@ hi5a,XE;.
Aulk i N O*u R,XT # E, 2# 8Aulks , "© &Aulk 3¢ M6 B E %"

é. # &5% &+ E1401 p, e GINLE¥tS; "©O 845% & E301 p, & i M6 QEW 5L, *2)
I Z1NL E¥,X5% 2143 a0, O ™)/ Z1/2 X# &5% &+ 41/5,X"© 45% &s. i
GUAYINX $¥JgGST# ! 180 9-5E.

3.2 0 b#w5 O

TniN*z$=2 EY%T/jL_XIN#Az ((=0.1A0.15A0.2A0.4) Aulkl #. 5%
"G OP A¢?eL YA, *3 ) ZINLE¥XG # o1 4“eO. INIG # _o,XA
17 1 _4y7|6""120,X 6 &, . :#8F 3></7|6™Y, 4v8F 3></ _4y"Y. Lc-#A z,XrQ,
7|16™Y zEa#a £4a, 5a_4y"Y z £aardq.

*A(@) ) Zaa#hA zi N R +M6E6 z > U)[ X# aUx,J 3,wabo
S<# | {*6 Uls. O 4-1X p1% 1),ZUls; Lc- (,Xr0, 3,Ea#a£a eUa
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*

Y s"m-COuh3é* (a) (A= 0.1, (b) (A= 0.15, (c¢) (A=0.2, (d) (A=0.4

*

98# O%)7iLZEKO -3(3(a) ®6iLZ- C(b)+>"m=2/

1), X# &15BaARS/|. *4(0)E-) Z+*M6 _o g & XUx. Le- (,Xra@, _o
Ua Ea#a£4a 5aEU _fzz oA Ea#ara.
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% ) +"'m =EK OOu h3é * 6"m3é *. (a) (A= 0.1, (b) (A= 0.15, (c¢) (A= 0.2, (d) (A= 0.4

*5 ) Z¥*0U/leXTiL #A zXINY# &E6 z,X1 4“e Ol 7# 4“. [ bEW
# XIN, Uf'y —MAE¥iIN©°{, eU/s"y IEW &; Lc- I R#A z,Xr 0, Ule"u 1E&#A
ra, eU/"'u,X —348R$/|. E-0),B5a-%61N,X™ % (Dong & Li 2021) 20 .

33 43]6N!Db

NI [XE)U6_72-D, NE"drP* (" 1 2020) # GE  $¥ *M6 ™ %0, XE@ =I5B ii
Mack 8 O4“0 0 ,XP$. E-AEAE-OE@ =E>/R2bn +E@ =, %L 650,X$eé&A*u0i
D |[E¥ £EA. Tumin ~ Reshotko (2001) AParedes1 (2018),X-€0J¥),, n 50KY O X
-€0rkS6N o, 18, [%-80Jn 50,X$eé. *6 4-T1Z 0 $¥ M6 ™ % R, 4aa KEY
Oi6NGETr,Z 'Lc)&"MD ,X-&™ %. 8Aulk3X9-1n, EKSAulk3T-S ' XA r
t, @01)&"IDL!" ("TKSrt). E- + bEe+ Lc- AR$ ,X¥)5arn, W 1hXO
i50,X)& z3,1hra. 8Aulk3X1-Tn, OI6NGETr, Z 'Lc- 9 -15B,X A/l r
tafa b -20J,X*%, Odr,2z ihX KE [65150], JOi)&a"'1D , I8E
"4z 1970.
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*

&E' (@ & (b) "98@I0A 7,D6)Fl E+dK»«=" e+° B

*

,DeOT" (@ & (b) 0+°¥-)oe ,LZ( )

EY % O1 KE[65,150] -€0J KE, *74-1Z)&"1D XOiD|UuAulk39-A
T-@X(MMU*M6, J r4* (MUN DX rF%, <.4“ (MU N D,X<.Fva. O *M6 E4£*U 9 -
@,X"©8E6 z6Y |, X OO0 E> &06é. 19 -9, # &E6zD | EW 4, 5a)&E6zD| OQ;
5ai0l-@, # 8E6zD | Uliftup R4AEZZ :+X 0, J E°Qb o, ><), V
Zhang1 (2018) 63 ,X 5 U48 X. EY %) &"1 D XOiD]|, G>*iiDNS «"©Aulk D |

X$e &. + HLNS 2143NX# ,X50u%$e & aDNS48p U\Q, V *8@@) /, *8(b) )/ Z#
&4E6 z D |, XONKE4§ X.
3.4 VG /3/6N!b°§

T nAulk 3 KE [65,150], G>*ii T b HLNS 7z AHLNS 2143, X O i D |JUAZAulk & a#A z
iINO*UR,XOID|6NGETr,2. V *9@) /, @pt% IihXOi)&" 1D 4z 2.7 a
28, F%INSYyE¥Oi)&"TD,XOiD|X6NGETr,Zrt, 5alE°/«Oi1)&" 1D, X0
D|[,X6NGEr,ZEi\a *9b)) Z)&TD 2.6 a 298x EY6NGETr,2 'Lci N#A z,X
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(@) HLNS :DNS @Ii0A+° g h ! U %!, (b) 6"'m =EK O e O+°/'K 3y °( )

*

(@) 98# O %) 7+°, DB)F0 E+6K» » =" oe+° B, (b) , D6)FO E+6K» % )# O+° B

-8, Le-#AzXrQ, ' roafa u#A z (=02 E, 'EE A 2170. EY¥%)&"'1D
XOID|, G>*iDNS «"©Aulk J i ( = 0.2 ,X 1 N 0*ii B,X$e& &, + HLNS 2i43NX# ,X

50$e & aDNS48p U\Q, V *10(@) /, *10(b)E-~) ZiNE R X# &6z D
|, XONKE4§ X.

*( &(5),X6NGE£8x D zGEM2 6 O D |\ X6NGE, *11(a) )/ ZzM2 6 O D | X6NGE ™
# axX$ee. M28OD | Ui NLEY¥Y¥OEW ¢E6,X+L -, J6NGE U F¥%a rt; Lc- AR$
X$& &, 500R$ 64 IN!XrKSESO, ¥*0Z-8&. ZzGEE-O-é, é69&0
é6NGE N $¥ «M6 ™ % RM2 8 O D |, X6NGES$e é. *11(b) )/ &
a#R zINRX& OeéeD|6NGE. iiNpP$, & O0éD|6NGE4z 1, ><aiNi9-@,X0i
D|ZzD|ub$ X$eé "™uYEj 5a0iNXR$, &0eD|6NGEC_b D. At A
nGE + INIM26OD|$eéXE . 6*UWu ~ Dong (2016), Zhao1l (2019)4“0 6 O
Fva7@XVE, n At D 6NGE 0" $ . ></ IN—E zZM26 O D |, X ¥), ><
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*

(@) HLNS :DNS @i0A+° % ) *T 7+°q h ! U %!, (b) 6"m =EK O ae O+°/'K 3y ° (( = 0.2,

)
*
98# 0 %) 7+ , D@ O+6)F0  (a) 6~ ,BEFI  (b)!e'm=+$@ B
/| iNe zM28OD|,X¥). *12) ziR#AzIi 0" $ XEj aa#AzXIiN

—EM28O0D|,XrKS; Le-#Azrd, INSX—E O*ti r0&a£4& el (=02EE A
1.1.

4 5 <Ad

Al FLOU-iM26 O D |$e éE |, X(=)U )UJ¥)nGENX# «"©, [1 bHLNS
732143, ¥)ZO+£EAM260OD]| (50) $¢e,XOiD|"?- S. At S++- ZN-S
/R2143,X U0, ‘5a, Wa EO*iib£EA $¥M6,X5 0 ¥)E>/R, E-6N £EA5 G 0 FY%OU -
LE¥,X ¢E6+L =?" _, E- 1b064301D|"?-+"© (Parades et al. 2016) @.

TbAl«"©, [-€0JZ9#P@C?D 5.96, ?! i4f,XP-CY AE6Jq SE++ Fuu INT
n +E@ =XEj. -€0J¥),, INiM26 O D |,X$& 8CK —E 0*li, €0 [ -€0J,X — D8x



192 o]

>
>
>
>
p=2
>
m
>
>
>
T
[N
A

*

IS | Kel%)# O (+°2 ¢ )

Kp* $
984} h e 7+°EK O(a) 0 O (b) ,LZ %!

EY, (=02EX—E 00O 0. E-a" 1 (2020) N¢"d0 rP° ¥), X3 IN—EE@ =" ,X?" _
nag,ou. , [D 48p "©AarP48p.nGEI!", E- + bAulk5EArP 5E,
UOnACx. Oj , rP P XING6(S -46,X,5a [ ZAulk+*“, [JE™> Z $¥@)U; J

6rP> XIN*z3!" [1k_ X* P Y& INX‘za#AhzUy (25 mm,

1mm) A @75 mm, 1.5 mm) A Gmm, 2mm), + b50,X# & z\KS, E‘'XINE-ca
500%i. °&, L8 Z50 De,X$eé« FW%UINXE jteé, JU¥) YL$S 1a%’¥

X 8608037« INXEj, 586-O Jpiu [5x<%.

Lz <A

0 b#wAx1i,°5t r © JPAA+

ZP AeAulk, X AM4 0, [IN1(=021N*%,XT #Aulk O)5% UE|)[-€0J. U
# &5% "©&45% Uyt30a& I"Y +5% RBAulk,XT # *M6, Kp *Al4-1Z & a#



116 -fa ClLz :7a 1 b'+- 2"©iP-CY AE6Es+ M26 O D |$& &,X-20J 193

&15B@,XE6z §z"©4XUx. VO /,# &% "©&% t3a k ,X48pas
5% k4§ p2’.B U.

7 ANA [« NS7%' /¥:1G¥ XC }(12002235, U20B2003).

g 69 % )d

:7 8. 2020. E«+ E@ =NX# ,X F¥7 @)UAZ. ON!&|o::y, 38: 286-298 (Dong M. 2020. Local scattering theory for
transition prediction in boundary-layer flows. !|CTAAIERODYNAMICAA3INICA, 38: 286-298).
" ClL%, L8E[, "3#o, X[, 670Y. 2020. )&iNz"# (IP-CY AE6 G SE*+ E@ = E |, XAOP -&0J. (=)U:
Yy, 69: 024703 (Li Q, Zhao L, Chen S Y, Jiang T, Zhuang Y, Zhang K L. 2020. Experimental study on effect of transverse
groove with/without discharge hole on hypersonic blunt flat-plate boundary layer transition. !CTAAOHY SA3IN, 69: 024703).
"f(M, :748. 2021. F¥%7 @)UAZ iP-CY AEGE«+ E@ =NX# h*(,X"P". 0:E"), 51: 364-375 (Li S T, Dong M.
2021. Verification of local scattering theory as is applied to transition prediction in hypersonic boundary layers. 'DVANCES
INA-ECHANICS, 51: 364-375).
Cl.Z. 2017. P-CY AEG atJq SE*+ p# n #u 0 ,X-80J. [ . ¢AZ []. y"U: y"0Q: (Zhao L. 2017. Study on
instability of stationary crossflow vortices in hypersonic swept blunt plate boundary layers. [PhD Thesis]. Tianjin: Tianjin
University).
Dong M, Li C. 2021. Effect of two-dimensional short rectangular indentations on hypersonic boundary-layer transition.
NITA*OURNAL, 59: 7 DOI: 10.2514/1.J059957.
Dong M, Liu Y H, Wu X S. 2020. Receptivity of inviscid modes in supersonic boundary layers due to scattering of free-
stream sound by localised wall roughness. *OURNALAOFA&LUIDA-ECHANICS, 896 A23.
Dong M, Zhao L. 2021. An asymptotic theory of the roughness impact on inviscid Mack modes in supersonic/hypersonic
boundary layers. *OURNALAOFA&LUIDA-ECHANICS, 913: A22.
Henningson D. 1995. Bypass transition and linear growth mechanisms. |DVANCESAINA4URBULENCEA6 A3PRINGER, 1:
Leib S J, Wundrow D W, Goldstein M E. 1999. Effect of free-stream turbulence and other vortical disturbances on a laminar
boundary layer. *OURNALAOFA&LUIDA-ECHANICS, 380: 169-203.
Liu Y H, Dong M, Wu X S. 2020. Generation of first Mack modes in supersonic boundary layers by slow acoustic waves
interacting with streamwise isolated wall roughness. *OURNALAOFA&LUIDA-ECHANICS, 888: Al0.
Luchini P. 2000. Reynolds-number-independent instability of the boundary layer over a flat surface optimal perturbations.
*OURNALAOFA&LUIDA-ECHANICS, 404: 289-309.
Paredes P, Choudhari M M, Li F, et al. 2016. Optimal growth in hypersonic boundary layers. !')!!A*OURNAL, 54: 3050-3061.
Paredes P, Choudhari M M, Li F. 2017. Blunt-body paradox and transient growth on a hypersonic spherical forebody.
OHYSICALA2EVIEWA&LUIDS, 2: 053903.
Paredes P, Choudhari M M, Li F, et al. 2018. Nose-tip bluntness effects on transition at hypersonic speeds. *OURNAL AOF
SPACECRAFTAANDA20OCKETS, 56: 1-19.
Ricco P, Luo J S, Wu X S. 2011. Evolution and instability of unsteady nonlinear streaks generated by free-stream vortical
disturbances. *OURNALAOFA&LUIDA-ECHANICS, 677: 1-38.
Song R, Zhao L, Huang Z. F. 2020. Improvement of the parabolized stability equation to predict the linear evolution of
disturbances in three-dimensional boundary layers based on ray tracing theory.. OHYSICALA2EVIEWA&LUIDS, 5: .
Tempelmann D, Hanifi A, Henningson D S. 2010. Spatial optimal growth in three-dimensional boundary layers. *OURNALAOF
&LUIDA-ECHANICS, 646: 5-37.
Tempelmann D, Hanifi A, Henningson D S. 2012. Spatial optimal growth in three-dimensional compressible boundary



194 oAAA:AAAETAAA) H 1 K

layers. *OURNALAOFA&LUIDA-ECHANICS, 704: 251-279.
Trefethen L N, Trefethen A E, Reddy S C, et al. 1993. Hydrodynamic stability without eigenvalues. 3CIENCE, 261: 578-584.
Tumin A, Reshotko E. 2001. Spatial theory of optimal disturbances in boundary layers. OHYSICSAOFA&LUIDS, 13: 2097-2104.
Wu X S, Dong M. 2016. A local scattering theory for the effects of isolated roughness on boundary-layer instability and
transition: transmission coefficient as an eigenvalue. *OURNALAOFA&LUIDA-ECHANICS, 794: 68-108.
Zhang A Y, Dong M, Zhang Y M. 2018. Receptivity of secondary instability modes in streaky boundary layers. OHYSICSAOF
&LUIDS, 30: 114102.
Zhao L, Zhang C B, Liu J X, Luo J S. 2016. Improved algorithm for solving nonlinear parabolized stability equations.
#HINESEAOHYSICSA™" 25 084701.
Zhao L, Dong M, Yang Y G. 2019. Harmonic linearized Navier-Stokes equation on describing the effect of surface roughness
on hypersonic boundary-layer transiton. OHYSICSAOFA&LUIDS, 31: 034108.
Zhao L, Dong M. 2020. Effect of suction on laminar-flow control in subsonic boundary layers with forward-/backward-facing
steps. OHYSICSAOFA&LUIDS, 32: 054108.

(B+i4e " °kk)



116 -fa ClLz :7a 1 b'+- 2"©iP-CY AE6Es+ M26 O D |$& &,X-20J 195

Study on the evolution of non-modal disturbances in hypersonic
boundary layer based on HLNS approach

SUN Peicheng'® ZHAO Lei'* 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
® State Key Lab.Aero., China Aero. R & D Center, Mianyang 621000, Sichuan, China

Abstract Laminar-turbulent transition in hypersonic boundary layers is of fundamental importance in

the design of aerospace vehicles. Subcritical transition, occurring upstream of the linear instability region,
appears frequently in conventional wind-tunnel experiments. The subcritical transition is usually
triggered by the evolution of non-modal disturbances and their subsequent secondary instability. In or-
der to reveal the inherent mechanisms governing the impact of abrupt changes on hypersonic subcritical
transition, a numerical framework describing the evolution of non-modal disturbances based on the har-
monic linearized Navier-Stokes (HLNS) equation and its adjoint system is developed. The advantage of
this framework is that the elliptic nature of the original system is retained, leading to the ability to deal
with the rapid distortion of the non-modal disturbances (streaks) in the vicinity of the abrupt local
changes. For a hypersonic blunt-plate boundary layer with an oncoming Mach number 5.96 and an angle
of attack , the impact of the cavities with different depths on streak amplitude is studied. Numerical
solutions indicate that streaks are enhanced by the cavities, which agrees with the experimental observa-
tions in quantity. Moreover, the enhancement effect peaks at a particular cavity depth.

Keywords hypersonic boundary layer, cavity, optimal perturbation, subcritical transition
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