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Simplified linear stability theory for boundary layer of three-dimensional
curved surface
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Abstract: The magnitude orders of the terms of the linearized perturbation equations (LPEs) in body-
fitted three-dimensional curvilinear orthogonal coordinates were analyzed. Results showed that most of the
curvature-related terms were represented by high-order small quantities. The LPEs in body-fitted
curvilinear orthogonal coordinates were greatly simplified by neglecting the high-order small quantities,
which resulted in the simplified LPEs. The tedious derivation of the fully LPEs in curvilinear orthogonal
coordinates was no longer needed. The simplified LPEs can be easily obtained by extending the Cartesian
LPEs to body-fitted curvilinear orthogonal coordinates for the convenience of beginners. The simplified
linear stability theory (LST) suitable for boundary layers with surface curvatures was developed based on
the simplified LPEs. The accuracy of the simplified LST was validated in the boundary layers on the
curved surfaces of a subsonic sweep wing and a hypersonic sharp-nose cone. For the former, the growth
rate of crossflow instability predicted by the simplified LST deviated from the result predicted by the full
form LST less than 4 x 107°; for the later, the simplified LST accurately predicted the effect of
circumferential curvature on the neutral line of the Mack mode. Numerical results showed that the

simplified LST had almost the same accuracy with the full form LST.

W %5 H #A: 2021-07-18
1E & B %EE01977—), B BIER . [kE S0, Wk, BF5807 10 0 sl R P SR . v RS R 3R 8 7 ol A2 Z R sl sl
BAEEE: BE1987—), B, BIHEZ . -+ I, W+, P985 1 i she e 1 S0 A2 HAk . E-mail: lei_zhao@tju.edu.cn

Lei, WAN Bingbing, et al. Simplified linear stability theory for boundary layer of three-dimensional curved surface[J]. Journal of
Aerospace Power, 2023, 38(11): 2583-2590.



2584

= B

% %38 %

Keywords: linear stability theory; boundary layer transition; three-dimensional boundary layer;

curved boundary layer; linear perturbation equations

FL 23 R RAT i 3 2 1 B0 J2 0 5 I T [
FFGAR, FEAR X EEBERE . A I | W) AR IR
T R SO0 75 5 B A 7 AR B s i T, MR
FE PRI (LST) & T 5% Uit sl e M AR e 4[] R 114
A BTN T HZ — Wi R 2R e
TU 75k i S AR, U, LST F A T
FEANTT FE 46 T sl 0 RS e 1k B i [ T 3T 40k
LST & 2 T 58 n] R 48 AR A s T 2052
A B R M RN Bk () RS, L T R R A2
EER R,

LST J&#E /Mg B 5 W T47 it s i) Sl
SRR, VLS R T R R, e
ST/ SR 2R S AR LA AL, v LIS
BN A AP 2h 7 B2, SR 5 SR WS- AT AR 52
W4 3h Fom MAT A IE S, T HE AR 20 T X 1Y
P Bl 7 B A ¥ U o T A s O R, S
T 1) 31 AR TR R AR A () R S A B i R
R A

LST 3l 55 W 4 iy £k 1F 58 Ak A 28 45 4 fifi
AT LA LT A A 2% 11 A8 A6 92 1) 4 R = 4
BN EHATRRE M. LST MR 2k 1E 28
A bR R ER — A AR AR R S W AT (),
PR Y s LN E N ENCEA DAY St 30
PRgk R ) )3l it A7 Fi W45 7 o (R, Mk iEsg
s bR B BiAE R B, W BIANME AN TE], Pt R RN
Al 25 [ 7 BN TR, Pidle R BT gER A . T LA,
FENG A =2 2 1E 22 A6 b5 2 R B/INR Bl Bl
52 2%, N T SCHE R e = BB 4[] R 5 30 ) %
T T 23 08 2 =T A fe ) CSCk b A B — A
Ty A A ) o B EAE NG A H ZeE AE A bR
A /N R, b S BB H A S A

T BRI A B 2% X 22 W TR T 238 1) 5
M), LBl XoF 7 SR 0 B AR, 22 ek R T i R b 2y
3 KORIF R R R K, B, R 5 R N RE
A 4 | R 6 TR Gortler i 2k k2™, w00, A
= 2 2 1 32 AL B FR TR AR 1 it SR AN X SR
FE A B, 5 R B 4 = 4 il 4k 1 3 Ak
b 2 T e T O R 0 B 2R, VR 2 T R (L

d o’ 0’

0 0 0
(Fat+Am+Bay+Caz+D+V”axz+V

RBHEEr. A.B.C.D. V... V,,. V.. V.

JE—AN 7 ) A R, A g U 2 A R R )
il e g e O AR, AR AR AR E 2 45 Y
% R R AR e M R

AR Sy 2 AR R B ) 9 sh AR PR AN
P ) RS SR 4 =AY, AN R il R el —
A7 Y R AR AT R R U E A R (R, &
SHESME N B R AR R 2R, TN sh
T a7 R SR LST F1 eV J5 ¥k F % &2 2%, LST
e Ik BT A S S MR R, Rk, — 4 RE
T [86 A 14 5 2 1k 30 LST A eV 7 B By AT M B
KB AT A, S8Rl A
T LA R, PEAR T LST & " ik T&
TR e

54 IE A2 A bR RN, R ILARAR R T 1)
JINHIE B AR T T L, BB A — SN T SCHk A
), AN SCHER [16]. A REE BN RILBIRR T
/NI B 0 R B LR L 3 1 T B AR B it 3RS 4
=l L AR LST KRR, b N A 4 4k
LST T H W5 A 51 el Ky fiE .

AR S It 49 43 AT, A 220 W AR it 2 E AE
AR TR 28T 8 B /0N, (EATS SR AT 35 T il % % B
E T I 2B DR, RO AT Ak 4% i 2 1F 28 A A
NP B AR O R, R R S A
2 i 1A 0 A2 MR R T T

1 ZMEREMETE

11 HFILERRETHMMLIZ AR
TEAfE S M 1A il 26 1E 52 AR s 28R 19/ Bl 5 7
H, S 1] B ] A R L AR A 2R T B9 /N0 8l 7 72,

AL A S Al
i 7 ) Bk 5 O A S A Sl i, B
4=q0+q (D

/ﬁ\:tPQO: (PO,HO,O,WO,T0>T%%%T‘iﬁmiﬁigg@%
AU, q = oo, v, w T TR/NMEE . (DA
AR JLAE R & T B Navier-Stokes J7 F&, Ui 25 3
AR TR, O 2 AR LR R T, B A 2t
P sh 7 Al LR iian g

5 32 32 5?

nyﬁ+VZZ@ +Vy 8xay+Vyz ayaz”/” 8x8z> qg=0 (2

Vio VI AT qo B BR KL, B SR 25 th BT R



511 3 WEARAE =4l i B2 0 R AR AR e 2585
Rk Ay s, WG4 pH 281 22 A6 AR R P I0] | 34 00) R

1.2 =4 IESAIRR TR/MMLIBITIE
- 1N PuR =N E s v LN S
SEHEBRFR o SRR TT I, oAb I 1 £ 1E 52 A A
FARIRIC N (x,y,2)0 y JBERTE ], x 1z 5350
O ) R[] o TRZBE TR A 3 1) B 1] iy 58 242 23 5

o~ —~ ~

dy 0z 0x ©0y?

T FE(4) M R BUERERR T 5 RARA X, B 5
MERA K, R (4) M RECE R LT #E (2) B 2%,
P A Z b 2 B BLAE LR WA 5 T

D R4 M RBUERE L2 (2) Z AR
ZAEE T, W (7) BB 2.

2) IR (4) RBUEFFAEER T A Ly
QM E .

1.3 Z#4HHEET SRR THELM/MMIZ AR

LST M)— A M PATI . AT
535 B4 AR Jo SE AL AT L B A by B 0 M, RIDTUA: [7)
M OCEE A 2, 20 = B /N S e o X Tl £k
TEAS A bR 2R, TR AT LA ek 220 ph 387 2 1) 7o B
NG, DU BT [ 238347 ok 1 G S e, 3] LA
KA

X ARR(2) . TR (4) AT R A, Hp R
g 1) B [ g S 500 235 0] g S 500 W) — i 2, R
W HFTXRE(2) , TR (4) B RBUERE T = )
OIMT e R TSR, AN R AR BRI TC R N
SRR E LI L M B2 24 SURRE 6 h
SHRE . TR (2) 1 R BUE M4 8 WA i
R PR &, Bl e) B9, e~1/Re 5B AH L 1Y
IR TR P et G Wy B T D e S 2 T
REHLE R . JrRE(4) P B T A& 1M e 9
Y EE Ah, A R SR R R I s R
BOA BB, BT 8 WS FhiE Tk, 8
TR, /RN e, e, B TR TR, &
N Nee. se. e, e g15:8, HH

11 1 11 1
TH R oty O UH R ety

B T — SRR AR DL, BE T R AR 0 R K
TR REEE, Blr > 1 ey > 1003 5 Ak 45 DA
2 Sl R R TC R WA R R AR IE R T 1)
e, Flle 8 k-5 R B AR A DG /N . 7R (4)
T, B H Ne e, a6, e, e, es:eMTAALE L
e, & P BN E BN, FTLLZBS . TRA
PR, 7E R T R RN AR R A K T il A2 TR B A

(5

&1

BEVERREEN S Gawi DR
H1=1+y/r1 H2=1

N ES A Sy T USRS
A (2) 8 LA A

Hy;=1+y/r, (3)

2 2 2 2 2 2
<F8t+A8 +§£+E‘£+5+f/ma—2+vyva—+vzza—+f/ 0 1% 0 p.0 )q’:O D)
X

0z2 Y 0x0y TV 0ydz Ve 0x0z

$ETT, BT AT DAL i 3 100 B 48 A 6 R ST AT L 22
BESR 2 45 T B 22 s A Rk IO

2 T7 e (4) ZBOE R 8 20N T e B/
e, NS 7 A AT UK i fk . J7 e R AR R
R e s N5 HRA L —Hr/h e, 22
LB el 0 RAZHLH B9 2 S Ik . L X2k
PRIC AT A i 8 28 RO e, U 5 25 ) 7 Ak 2R KR
TS5 A% T AR A 1 R LIESS AR &R T A R AL
TR AT G o 3 AR G AR

— — 1 — — 1
Ir=r,A=—A,B=B,C=—C
H, H;
Y7 Vxx X7 X7 sz
Ve= o Vo= Vo Vo= 3 (6
V — ny X7 — ‘/yz X7 — sz
Xy H1 s Yy H; s> ¥V H1 H3

X — fRT I A AL 3 0GR AL T 00 A
Aepr F NI T R R A AR T U AR o e Ah,
i 3T T 4 B 8 A X 3L KU B AE AR B B D
19 6 MEFILH, DR HARIEE TS pHlFE . i

1 1
dl ’d3: ’ljl\IJ

- rH, r3H;
Dy = D3+ pod, + pods
D3 = Dys + poitgd,

Dy, = Dy —ugd, — wids
Dy, = —2pqttod,

7

534 = —2powods

D3 = Dys + powods

AL, RO 25 R R 7 R AR RO [ 22l
3(6) A= (7) g BB A, B AT 45 31 3 2 0 AY
7% T i A /N B 5 e B R BGRER
14 WEREZTLIRRTHREETRE

5 R ILA AR 2RI, TR R AR 22T LR
FHHESFAT F AR B, nDRE /N IEEh S 94T A E X Ch
faT i, AN R s o 228R W A 1 38 46 b
A FBYUE I R AR )

q (x,y,z,t) =g (y) e e e (8)

Forh w4 3 B T B WA, o BN B IR



2586 o= 3 % %38 4%
) KR 4 BB, el BB 0 3 (8) 5 A 0010
feIE sl i #, 15

0.008 |- -

~ -3 - ¥\
D"‘Baiy"l“/yyaiy2 q=O (9)

H

|

D = —iwl +iaA +iC-a*V .~ f*V..—afV.+D
{IAE =B+iaV,+ipV,.
(10)

W R 2 IEAC AL bR R R Wi AR S R L
AB AR FR S8 AR, AT AR AR By B () 80 265 2 T A 2%
4, 451 an 6t T I B8 A5 e RE T RN 3730 B, AT LA
Wia=v=w=T=0,

HIR - 2848 i, /N3l J7 #2041 Ak i 72
WA T /NTFe~1/Ref) i /it o 2R T2 M)
M, IR RRBBEIER(SEKE )BT R
10°~10°8 2, BEleN107°~107" 89, hR)Z4 X
JEE B O3 B SRy K R G, R T I AR R JE K
ORI, P (5) e L e Mle 107 ~
10769 @AM/ IR 3l 75 78 i A 2006 (14 /N i v
WK NeeMee. 5588 ML, #fkhR
AR B 7 B A 3R AR B b T SR AR (R
T M R PR BN B 7 2200 A B oK. Mz, &
FERRER AL B0 5 R A 30 T H S 0 5 )23 B A X
RIS AP VN P = E o % K ha T TR /52
B LST 77 & 5 58 8 % 200 LST 7 # 2 A LT 4
[F] PR 2 o

2 HESERKEIE

AR 3K SR FH PR A~ B840 36 i 87 3 8 =0 LST
Jr RS e LST 5 f2 HA JL-F-AH ARG B . 5
— AN S S SRR BN, TH T R R R
KAT W RFR, FERRE T 0 MR, 5
AT TRk 6 1 i S AR, 1T
T8 — B K LA T-S(Tollmien-Schlicht-
ing) PR AR, F2BEAG I ] it 2R 09 5
2.1 D#k% 0.8 B9 NLF(2)-045 [FIRE

P NLF(2)-045 38, S5 S50 0.8, 7%
B ECR 8.739 x 10°, JE 45 ff Ol 45°, U fh—4°,
K H OpenCFD-SC!'7 i 54 2 i A3t , 1F 53 rf ok
M Iimm RS KB AR R TR (E R
DLSCHR (18] FSCHR [19]. & 1 45 T3 A R TH
30 5 44 SRR FE 5 RE T ith R AR Y LR, B ]
Pl NI A S v KA O E A R A R A L
T IA B O 09 0.99 754k X ki BRI
NG, R U BE G005 BE T HH R 2142 R 1Y

0.006 -

S,0/R

0.004 |

0.002 |

0 01 02 03 04 05 06 07
x'/c
B R BRI A R RS AR AR LU
Fig. 1 Ratio of boundary layer thickness to curvature radius for

the upper surface of wing

LU A Soo / RTE T 25 A 55K, B 5 184 3893 /)N 2] 0.001
MRS . TE T SCHEAT R M T 8 19 d iy Ao
(0.013 fi5ix KAL), HHLAE K 0.007, AT ULEE T i %
B S AT /N

43 ) R FH U A il 26 0E 38 AR AR B SE Y
LST 7 #2 . i LAY LST 5 12 Je A 7 f& fh %
B LST J7 R o 590088 I 0 e B B O A 7 Ip 1 18 K
K2 25 T R TADF R AT 45 1t ke, B 2(a) A
i R oA el e N L [ VA Rl o e s N
& 2(b) R R TAT I A 25 55 THA AT e R T R
X R P sh i 8. B b SRR 2
LST R 25 5, 775 R @ X9 LST
TTRETHA SR, B2 T R il R
PGSR B 4 L0 LST s 45 R S
SERE LST i S48 S 46 %k w22 . 1 2 15 46 &b
AN, N TR SR B AT e Bh, @i B LST U
FEA T 45 R 5 5g B0 LST R R 45 S5 &
RUg, daxt i 2E 4 BT 4 x 1075 B ff i 98 28
B LST Jr R4 e R KG 1 . Z W ih R 5,
JIr A K OR I AR K, X 5 AR GR—8 . X
Al 451 23R B8 g 1 B B A s A R L i
AR AS B 2
2.2 OfFEh 6 SBFEIERELHE

ZHESCHR [20] BT S B0 TR TR BRI
B2 A, DRRECK 6, BN 63.3 K, S 4k
B BRK 2420 1.27 mm, 2E4Eff 4 50, SCHRES 2.2
T LAERSL PN S B K, TR0 32 500,

ANERE U 1 H P T DA O R R AR R T
AR S B L, R R e M e b R
Yo PEFEIEER K 0.46 m Ab B FEA R, A7 B Y R
]l %k 0.024 mm. Kl 3 R T LEM A E A



55113 WEARAE, =4Ehim SZ MY AR e s 2587

010 prerrre | [f] LST J7 BT 5 0y 28 — A 8 5 55 B T-S %

L e AN ZR, w. B3I AP Bl A0 A3 28 0 1] % 48

08 Lot 1° Pl o 7 AT s 7% 05 5k LST 45 3 1 5 51

F °  Simplified LST 558 LST IR my a5 R AL H 756, 1 2 0% Ji
0.06F& > = ------ LST without curvature 71 - ok o T 4B

S ] ] 285 AR 4 AP e — IR 25 . 77 248 th iy

—q,
A4/107*

0.04

0.02 ¥

0 01 02 03 04 05 06 0.7

x'/c
(a) BEWLIFI (B=1.5)
0.10 e 8
S LST
A o Simplified LST ]
| -

0.08 Lot LST without curvature | 6
0.067;: 14
s :

r <N
0.04 | 1,
Ly
||
Fla
0.02FH %og caca-e s a-e-o - a-r a-mce . ] O
.|H‘.|H‘.l‘H.l‘”.lw..l‘”.__z

0 0.1 02 03 04 05 06 07
x'/c

(b) BEWATIE (0=0.1, f=1.5)

2 R[] LST Jriggifs i i 4 sl g4 ext Lo
Fig. 2 Comparisons of growth rates of crossflow disturbances

obtained by different LST equations

3.0 [

25k Second mode

20F

First mode

LST
X s Simplified LST
[®, -~ LST without curvature

B3 BEERSK 0.46 m AbHE—BIS 5 H 28 T-S Il
rh £k
Fig. 3 Neutral stability lines of first mode and second mode
T-S wave at the location of 0.46 m

away from the nose

&, X 4 T-S P (BRI g=0), =Fh &k 1L
T 5 A M TR, 26 B R ) il 2R X 4 4 B I R

BN,
3 4 i

i LR R LA bR AR T RISl O R A R
fih £ 1E 52 A m 28T RO PR B T 1w, Az B IRl S R
(4 56 W AR 0 (Y 48 s T &6 LT, 8 Wi Jw T
XA o A5 R B /N T il AR AR AR T
IX 48 T Z3H P TR R g /N o e 22 g 0
i, HENTE TR 2 IE A2 AR AR R Y T AR AR Y
LEMEARRE P TT B, %5 AR 09 R RO B T R
JUAB AR 2T B F2 B0 A Y 7 52 45 (BRI X (6) AN
(D) AT, RRFEIR T LA e ey = 2e bk

MG R ZR A /N B 5 e e, T 2
AT AR B, LR T AT I A RS E T
it o 38 AR B P B R B AN AT, DAL
e R R U B R A — . RS, Bk
T IE AU LST Jr B A 5 58 BB U LST
TR AHIRI R BE . ASCTARA R TR LA
PR A TR LST K e J5 ik AE = 4 i 1fi 14 52 i
)R

Bt
SR IR A G T AR SRR TR U R
A

S Wk

[1] BRiugsm, W R, KRB, &5, A gl 52 F ot e il
RE R RN =8 T 22240, 2017, 35(3): 311-337.
CHEN lJiangiang, TU Guohua, ZHANG Yifeng, et al. Hypersnonic
boundary layer transition: what we know, where shall we go[J]. Ac-
ta Aerodynamica Sinica, 2017, 35(3): 311-337. (in Chinese)

[2] REED H L, SARIC W S, ARNAL D. Linear stability theory ap-
plied to boundary layers[J]. Annual Review of Fluid Mechanics,
1996, 28: 389-428.

[3] MACK L M. Boundary-layer linear stability theory[R]. AGARD

SEE N84-33757 23-34, 1984.

2T, B A AN R ) R R AL (D). A A Bl g 2

R, 2013, 28(4): 743-751.

LI Ning, LUO Jisheng. Transition mechanism of an incompressible

S

boundary layer on a flat plate[J]. Journal of Aerospace Power,
2013, 28(4): 743-751. (in Chinese)
[5] =ML, ZE R, X B, & /NI R L 72


https://doi.org/10.1146/annurev.fl.28.010196.002133

2588

A=

i 538 %

KA PEI). ML as 3 124 3], 2011, 26(12): 2805-2811.

YUAN Xiangjiang, LI Guoliang, LIU Zhiyong, et al. Study of the
instability characteristic in the boundary layer of a hypersonic blunt
cone at low angle of attack[J]. Journal of Aerospace Power, 2011,
26(12): 2805-2811. (in Chinese)

TV, B R, VL, A BAAR Sk i S < b B 4R
HLERLAT 52 (7). A2 3 J 2 4f¢, 2008, 23(1): 81-86.

YUAN Xiangjiang, LU Lipeng, SHEN Qing, et al. Study of bypass
transition mechanisms in the boundary layer of blunt bodies[J].
Journal of Aerospace Power, 2008, 23(1): 81-86. (in Chinese)
BETOTSC AT, T, S A AUREAY B U B AR E M
BEPRITM (). L2 3 S1 2 4%, 2016, 31(7): 1658-1668.

FAN Yu, WAN Bingbing, HAN Yufeng, et al. Hydrodynamic sta-
bility and transition prediction with the chemical equilibrium gas
model[J]. Journal of Aerospace Power, 2016, 31(7): 1658-1668. (in
Chinese)

TR g, B A i s AR R P X I AR AR
SE P B AR T B4 5 R [9]. 5 B0 01 2 4R, 2017, 32(1): 188-
195.

WAN Bingbing, HAN Yufeng, FAN Yu, et al. Effect of transport
properties of high-temperature air on boundary layer stability and

[7]

[8]

transition prediction[J]. Journal of Aerospace Power, 2017, 32(1):
188-195. (in Chinese)

I g, U E A, BRSO 1 AT RO e L AR
OR R B0 5 1 R (9], A 25 30 0 2441, 2020, 35(1): 135-143.
GUO Qilong, TU Guohua, CHEN lJiangiang, et al. Control of hy-
personic boundary layer instability by transverse rectangular micro-
cavities[J]. Journal of Aerospace Power, 2020, 35(1): 135-143. (in
Chinese)

AU, VLW, TRET AR, S JE T T-SUR I AR L 4R 04 B R R
T R AR 0], 125 30 1 %4, 2010, 25(11): 2420-2424.
ZHAO Junbo, SHEN Qing, ZHANG Hongjun, et al. Boundary

transition research of scramjet inlet based on the Tollmien-Schlicht-

[9]

[10]

ing(T-S) wave syntony[J]. Journal of Aerospace Power, 2010,
25(11): 2420-2424. (in Chinese)

ZEEE, O, B R, AF TR G| i AR B E T B R
[9]. Wi 2 8 J1 24 4%k, 2020, 35(2): 280-293.

LI Jin, SU Wei, HUANG Zhangfeng, et al. Effect of mass ejection
on boundary layers stability[J]. Journal of Aerospace Power, 2020,

(11]

B3R 1

[12]

(13]

[14]

[15]

[16]

[17]

(18]

[19]

(20]

35(2): 280-293. (in Chinese)

HAYNES T S, REED H L. Simulation of swept-wing vortices us-
ing nonlinear parabolized stability equations[J]. Journal of Fluid
Mechanics, 2000, 405: 325-349.

REN J, FU S. Secondary instabilities of Gortler vortices in high-
speed boundary layer flows[J]. Journal of Fluid Mechanics, 2015,
781:388-421.

TR R B L R AR E PR RRAE (D). B BTROR
%, 2010.

LIANG Xian. Boundary layer stability characteristics of hyperson-
ic flow over a blunt cone[D]. Shanghai: Shanghai University, 2010.
(in Chinese)

7 2. = 4L AR R 8k B S Bypassi 4R 25 2 A 5T [D].
Jent: R, 2011

XU Guoliang. Instability of three-dimensional boundary layers and
modeling Bypass transition[D]. Beijing: Tsinghua University, 2011.
(in Chinese)

U I A )2 AR P R T SRR A U Y
[D]. )il g8 BA: b [ 23 K8 S o8 5 & R s, 2008.

TU Guohua. Stability analysis of supersonic boundary layers and
high order shock-capturing schemes[D]. Mianyang Sichuan: China
Aerodynamics Research and Development Center, 2008. (in Chi-
nese)

LIXL,FUDX, MAY W. DNS of compressible turbulent bound-
ary layer around a sharp cone[J]. Science in China Series G:Physics,
Mechanics and Astronomy, 2008, 51(6): 699-714.

B, B, Bk R I R E M I A AR Lk
T8 A6 [T]. 1 FH 27 F1 g 2, 2016, 37(10): 1073-1084.

LU Xuezhi, ZHAO Lei, LUO Jisheng. Nonlinear evolution of sta-
tionary crossflow vortices in swept-wing boundary layers[J]. Ap-
plied Mathematics and Mechanics, 2016, 37(10): 1073-1084. (in
Chinese)

LU X Z, LUO J S. Applications of EPSE method for predicting
crossflow instability in swept-wing boundary layers[J]. Applied
Mathematics and Mechanics, 2017, 38(7): 981-996.

KARA K, BALAKUMAR P, KANDIL O A. Effects of nose blunt-
ness on hypersonic boundary-layer receptivity and stability over
cones[J]. ATAA Journal, 2011, 49(12): 2593-2606.

(%h#E: K

%)

HFRILAIRETEESENE R T EN RBIER

FUts 45 75 1 (2) R BOEFE I AEZ T, RSO S i 28 1 ¢ R X (6) M (7), mT LLJ5 il #1551 %
JE MR AR LIRS DT . TN EEREE, o i B I ERE, ko S AR AL, T 12 (2) REGERE YR

ZICWF:
-y 1
Iy = 1,15 =po, L33 = po, L'ss = po, I'sy = ——To,I'ss = —po;
Y Y
TO l aﬂo Po 2 l aﬂo
Ay = Uy, A =po,Asy = ———, A = pollg, Aoy = —— - ——, =—— Ap=-— - —
11 = Uo, Arx = Po, Azl M@ 22 = Pollo, A3 Re By 25 YMa? 23 Re dy
Ty Ou 1- 2 (y=1) uoMa> ou u
Azz = poltg, Aszs = —Rfo : 70,A44 = pol,Asy = JT0M05A53 = 2 ym ol RBe J,Ass = M?
e Oy y Re dy v


https://doi.org/10.1017/S0022112099007260
https://doi.org/10.1017/S0022112099007260
https://doi.org/10.1017/jfm.2015.490
https://doi.org/10.1007/s11433-008-0007-8
https://doi.org/10.1007/s11433-008-0007-8
https://doi.org/10.1007/s10483-017-2214-6
https://doi.org/10.1007/s10483-017-2214-6
https://doi.org/10.2514/1.J050032

511 3 WEARAE =4l i B2 0 R AR AR e 2589

Boco oo L O p T Oy o T _ 4L o, po
13 = Pos Do = Re 0y’ 25 Re By’ 3|_)/Ma2’ B=73 Re oy’ 35_)/Ma2’
1 Oy T, O0wp 2(y—=1)Ma’u, Ouy 2(y—1)Md*u, 0w, 2 0k
By=-—-—+,Bs=—++-—,Bp=——"———— Byy=——————— By = —;
Re 0Oy Re 0y Re oy Re oy RePr 0y
2 Oy Ty Owp _ Ty

Cyy = wo,Cra = po,Coy = Cyy = Cy=— " =070 ¢, = ’
11 = Wo,C1a = Po, oo = PoWo, L3z = PoWo, L34 3Re ay 35 Re ay 41 )/Maz

Cis = —Rie : aa—‘;o,cM = powo, Cas = ygaz,cﬂ - 1;yTOW0,C53 - —2(7+2M“2“° : %0,055 - Poo,

Ko

4
v, =—= By 33y =Ky aay=_Fy (55 =K
3 Re Re Re RePr

4
V,2,20 =-Ey 33 =-2.2 y 4=y (55 =5
- Re ~ 3 Re ~ Re RePr

Ho Ho 4 po Ko
P 22 = - = —-— 44 = —— .« — [ ———
V..(2,2) Re,VZZ(3,3) Re’VZZ( ,4) 3 Re,VZZ(S,S) RePr’
—_ Mo __ Mo,
V,(2,3) = 3Re’V'“(3’2> Re’
Ho Ho
. (2,4) = —— 4.2) = — .
V.. (2,4) 3Re,Vﬂ( ,2) ARe’
V,.(3,4) = v 43 =-Fo,
: 3Re 3Re

3 1 . N o s
Sty =y (5 2 ). Tb Sutherland -5 3 S5 VR RO L1
2T, To+T,

fiix2 SHERYEETEHSHERAFMEDR

T R 28 TE A2 A AR 22 T 408l Navier-Stokes J5 Fi 23 H B A 2R B0 % H: 6 T2 A S 800, o Tl
TEAC AR bR ZR I I ho A R ECH 1, 5 A SR PR R BN A R R B E . O T @ S R, Rk
il 3R AR A 23 (] A2 A R /N (SEBRAME B il AP AR Tl R AR SRy ), TR IBSE T SOAT W 7 A 2
By 2 ) ST LSS TF o T IR R B0 23 (] B8

1 1 1 1
dlzf'*,dszf'*
H, n H; r3

T LA E PR BV SR T BB s, A0 BT A 0 B X U 1] e B R 1) 24 O S K A % o ST
g 28 R e 25 1) 3 A SR B R R 0



2590 o= 3 % %38 4%

~ 1o Touty . ~  2Cy—1) Ma*uyu,
Ay = +ds), Ap=-—12¢g R =——d,, = ;
n="3 R 3 2= 3p, H, A = H 1,453 ReH, 1
~ ~ 4 ~
Bzz —— (d1+d';> st TOMOdl,B”:_ﬂ (d1+d3),B44=—& (d1+d3>,
e 3Re Re

= 2(y-1)Ma* ~  2(y-1)Md*

Bys = TOWod3’ Bs, = 4 Re ‘ ﬂouod]’BS4 == Re bl 3, Bss = — +ds);
~ T ~ ToWy . A ~ 2(y=1) Md*uyw,
Cy=-—"—"0d;,C35= ——0d;,Cp3=— +7d3),Csy = ds;

* 7 3ReH; ¥ " ReH; " 3ReH, e Re ’
~ 0T, Mo
D22 = 3d dl +d d3 +To—— d D23 (4d1 —2d3),
R dy Re
~ Ty [ Ou 8d ot T
D25 = R—Z |:67yo S ay +M0d12 (2d1 +d';) —Moaid]} ,D32 I();:Odh

~ 8 27y 0T, ~ ~ 1 oT, 2 4
D33 = ilzl(; (dldl +d3d3) + ﬁ . 870 (dl +d;) D34 = %d3d3,D43 = E |:ﬂ08720 (—gdl + *d3):| N

~ 1 0T, ~ 1 0 ad
D44 = — {ﬂo <d1d3 +3d3d3) +T070d1:| ,D45 = — |:T0 (ﬂd3 —W()dl —2W0d3) —W()dgj:| 5
Re dy Re dy dy

~ 2(y—-1)Md* ~ 2(y-1)Mda’
Ds, = — 4 Re auouodldl,D54=— 24 Rea'uowodsd%

~ 2(y—-1) Ma’*t
DSS = % (M()dl +W0d3> —@

Ko 8T0 (d )
“a_ l



	1 线性稳定性方程
	1.1 笛卡儿坐标系下的小扰动方程
	1.2 三维曲线正交坐标系下的小扰动方程
	1.3 三维曲线正交坐标系下的简化版小扰动方程
	1.4 贴体正交坐标系下的稳定性方程

	2 数值结果及验证
	2.1 马赫数0.8的NLF（2）-045后掠翼
	2.2 马赫数为6高超声速尖锥

	3 结　论
	附录1　笛卡儿坐标系下完全气体的线性扰动方程的系数矩阵
	附录2　与拉梅系数及其空间导数有关的黏性项
	参考文献

