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{18 JEE BEL AR A 3 Y S AT T 38 DX, VRS OO A 4R AT R RAT 2R BN O B AR T IR G B 2 IR
Poaly o BRI, Fe PO PR AT BB 2 L AR AR breakdown A1 i DU 4>
B Bt (kB2 BB PRl AR . T 4 R 5GP Bl ik B v I, R R A e R AR A AR S B R AR IX
(1) i, XA RN 5% B B PREOI G S AL PR 75X — i R, i 2 i o IO R BE () 4 iy 45 f (e
BRR A ARSI S)) A5, AEBEES RS 23 5 ) Z GoRE A0 S R we R B 53 b i A
MRS TS S T B, i e A AR A, B AR AT B B A R D AR E
I3 (Trefethen et al. 1993, Henningson 1995) . fEWF A K 5, 4507 g5 M S IA B AE L R AN, |
TREEROR, 40 AR 5 IF Ao BHEMOR Fe 4R, R o5 3CRF Z IR AP 2 i 1 K, I 5 45 30
BE (1) HY B S 2% 7 1] breakdown (Zhang et al. 2018) .

AT W b 7 T DA IR A5l IR A G G B8 — M7 ke R L X T BETE S (Leib et al. 1999,
Ricco et al. 2011), %77 vE 5L T-Wr T 20 4, ik 8 s vb i P8 80 PR e adk N 5t /= 000K 4%
w5 IR FE . ) — b7 0 2 R H S P 8l ik 4% 5 (Luchini 2000, Tumin & Reshotko 2001, Paredes
et al. 2016). 1% J7 AN AN TR BN 15 45 Z ) i S B, Bt A B 17 B 5 4k A2 AE A IR IX
S5 N G B DRI AR B BRSO T A B R AN G B b T R I, AR AR B e (W
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et al. 2019, Zhao & Dong 2020, Dong & Zhao 2021, Z= ¥ 45 A1 # B 2021) W5 FhHL & 52 9 8 . % 01
(2020) B IX P AHLTIBEAT T R LA . JL I, AE M Im A4 5Ol B v, BE T 5 AR 7] LA Wi 4% iy
DA IR RAGI BN B R e . 4= 555 (2020) B XU S50 2 W, T RS AT 5 S50 07 B 5 A, ELBE A 1]
R FSE RV 5 FSE (1) 388 00 o] Bt 45 F 412 328 A FH 84 et 06 KAl B2 580 ) 7, Paredees 5% (2017) 85 7 gk
TP EE 2 PE DT RS (PSE) M) S0 K He, BF0 T DAk Eh 7.32 (1 2 BRI 5t 2 v i) AR
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AR SCR I B AR AR RS O 8 T T 5 F50 81 AR (Zhao et al. 2016) « 7 8060 S MRS (¥ ~F Al
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Fa 30 (1) AR N-S 7 R, W25 1 B U306 2 (¥ N-S 7 B R 252000, w75 31 28 kA 1) N-S 77 4 K 2(
(2) ARNE AL N-S J7 2, Wi ml #3 ) HLNS J5
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A~k ~ AH A~ 2l|q ~ ~ AH ~x 2
—(L*p*,4q) + (A"p§ — ||?1|LEMqo,5qo) — (APt — ———MG,6G,) = (15)
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ol (15) P 2B —T0oh &, w5
L*p* =0 (16)

XA FRAE B HLNS J5 72 (AHLNS) . 75 2245 tH 102, BT f B 7 f2 5 SR Ak O FR Vo) 22 5
AHLNS J7 F2 52 Ll fE RS N T, BlaofE A TRk 1) L X 5 5 HLNS J5 R E 40 A7 & .
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PR 7 FEIF R 45 proE BE TR AL )3 S 4, B AR AR BE I Ab A2 B e (1. Uk, fEe = oAb BE TH
K FHALBE 7 T2 4 p B 7E 2 = wo b M BETIAL, 3 (18) 45 H I 134 FL44F 55 o B 1 S 46 A 7 )i
2 Tempelmann %5 (2010, 2012) FIEEW, Hlao = 0 LA & o B8 34 741
EARSK M HLNS J5 72 (3). AHLNS J7#2 (16) Mt 41 (18), nI 3kA5 st 5h e HofE &
WA IEACK AR B
(1) 7E T E N Mo kb BENL S5 € WILR BN Go;
(2) 7E X [8][xg, z1 3K fif HLNS 75 F4%;
(3) d1X (18) 13 2 £l BE P BN 1E v Ak I W U 4 1 s
(4) 7EX [8][z0, 213K i AHLNS J5 F2;
(5) B2 (18) 13 2y 4B I B W1 4R 2% A1 Go
AL 2~5, 1A H bk B, BJR(G) — JR(g)] < 1073 38 5 K7 3 ~ 4 IRIEACRI 7y
sk

2.3.3 HLNS 5 AHLNS H1ZH =81

(18)

1 2.3.1 5 2.3.2 A7 40, HLNS 5 AHLNS J5 R A5 37 55 B i Ab R ] 1 [RIRE 1 30 57 A1, 72 % H

(0 TE SN T 38 45 58 P03l 1R 40 A1 R B, A8 A 1 v SR SR R A S Ak AF . HLNS 5

AHLNS J7 F2 516 0 5 200K H 5 5 DY B RS FE 1) Lagrange 25 B8 1 04T B0E 2 8L, HE41E Bl &

7% Zhao 55 (2019) BB 5% B. X B4R HLNS J7 F2 K AF: Bif 77 72 0 B0 25 6 2838 7 A — MR 2
ARG, B Hh

Mo= 7 (19)
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3 HEERKSH

3.1 HESHERRMEE

BB I 9256 (2832 2020) I S 5L, SHECR 5.96, AT W4T Re, = 3.34 x 10m ™,
KR T, = 87 K. HH T U S 56 (132 47 I TR) 45 6, B 1 il B2 MY =53 T = 290 K. o 1 7 fd it
S FE IR R 455 A AR O T AR BE, IL AR A

F(z) = 7% {tanh <”£_5”CA+O'5D> — tanh <9HA_O5D>] (20)
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Ab LI R RSt 1401 A, ELTE VTR BRI 0 s 3% ) A% s 301 Ay, HL7ERET AL R 4R B 2 i
TR T TR BT R R Gen R B AR R T 1/2 B R RS S5 1/5 IR 1 R L RS =2
Qb 24 AN 5 TR ) ' e A~ A e AR 38 4 1 3 G A A S N 1 4R A
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B 5 eSO 3 2 AR WG Al g R R R PR (TR A A 1) 3 JRE PR A B e 2 TR DA R i . R T AL
VR KT MTR 73 725 90 O 3 (VTR 22 0, EL 23 B 9 RS B s B TR O 8 F) 488K, 20 B v RS 8
FEOR, Hooy B oo i ) R S X — IR SRR MR R 2 (Dong & Li 2021) ZE18L.
3.3 LMEMHEN

BN A SR Ay BRASE Y Ko Z2 40, W S 06 (% 9 A5 2020) 0 2 21 't W BE 1017 100 1) e AL B AE
Mack A8 2 PR R G DX L. 3K 40 WX — R Ul B T2 i A 4R, 301 4% iy 1R s A ) H e AR
AT AU A . Tumin F1 Reshotko (2001). Paredes 5 (2018) MBI 5T &I, %€ & 4%y H A ik i)
WE A HE K RE Ty, BRI, A ST 8 0 451 BB AL B 6 TR 4t T A DG BE TR 0 R, AN IR DX TR Y
I LRE S & G BERE 1n) BB B0 AR A A Dl A v SRR N [, S T S AT G I
o, H e Ot JE 1) e BRI (BRI IN) . 3K S T S JE BE A 1) T i R AR T 8 J5E (R TR I P
DB 25y B JE 1) RORE A AT B8O 35 o S Y 2, U RE R A 2 GRS N A B S A2 SE 1
TN S .6 B R T, d KO A BT R I A DX TR] D [65,150], I d5e 0 R 1) e H 8 = 2.8, Ui
G 2124 1970.
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Ak (1325 o SE B0 P e KA HEAT U — k. FE N AL, 0 1 S 55 Pt Bl s /I T e 1 3ok 255 e By e K
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W& E(x) = E(z)/Eo(x), HoH Eo () G BE TS OL T AERLS 3N K fe s 46, B 11(b) R A
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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 —4°, 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

R, R A WU R 5 e By B8, i A . 32 EEE ST 4
MENRGENE . W RS RE R ARR A REFF R, 25
ENERY RS S e SR

Received: 13 January 2022; accepted: 24 February 2022; online: 4 March 2022
* E-mail: lei_zhao@tju.edu.cn

© 2022 Advances in Mechanics.


mailto:lei_zhao@tju.edu.cn
mailto:lei_zhao@tju.edu.cn

