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Fig. 2. Velocity distributions (u,v and w) on the zoz
plane of the excited perturbation waves in the three-

dimensional boundary layer.
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three-dimensional boundary layer.
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Fig. 4. Position variations with time of the peaks and
valleys of streamwise velocity of the excited perturba-

tion waves in the three-dimensional boundary layer.
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streamwise direction, average wave numbers acg and
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swept angle &pg.

dpg  15.00° 30.00° 45.00° 60.00° 75.00°

acr 0.05359 0.11550 0.20000 0.34640 0.74645
Bcr  0.20000 0.20000 0.20000  0.20000  0.20000

Ocr  15.00° 30.00° 45.00° 60.00° 75.00°
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Fig. 5. The initial amplitude of the excited stationary
waves in the three-dimensional boundary layer varying

with the back-swept angle.

MBS v B IS 45 A Pps KA BTG N, ££
YR RETH JR EORRE A B N =40 2 W EOR
{0 9 1 =3 SRR O S AR I I T AE IR, Acrr 2
AR LR P 3T 3

B JE, TR R B R ) = AR B LR
HAEL AT 5T — 4 B 1] J= EREURS (70 R ) 55 S 7, IR

X = 10 ST P T S I v D 3o R ) i
Zw 7798 62.83, 20.94, 15.71 A 12.57 150K, ¥+
W TE = 4ERETH] = 38R RS 7 F T = 4k 2 152 1
] R SR, 7R 2R PR FS SR R FE ) RO
IS T 1071 B Y M EE T LS T &, K2R
SRy e BT 5 P A0 5 40 6 45 1 22 PR U 7 SR AR 4 1tk 3
R 2 72 A B B B R ¥, 400X FE T L Ak 22
JE R R ks I BUE R 5, AN R R 2.
T2, (E = YERET R SR AE T =48 (54
£ 45° B ) 120 FL 2 P9 RGO RS I (4 1 R
] P 2 K BTN T Z, BIVEE = 2 B 1 J=) 3ok A
VBT =410 L2 0K H B30 B B 13t i) AN
JE 1) 9 A UL 5T 1 R = 4 B D =) 0 KUK SR 1) T
P RO A 2 AT AR BE B, X — 4518 5 Reibert 25 1121 [y
LI — . IR 2B AT, =40 FZ N
R TR I ) B OGRS R T B SR A 1 0 R
T B B R AR 2 R S 1.

R 2 Rk AU — R 1A 2 Borp = 0.5 5E
BB DL, BUE T SR AT T I P s A R AR AL 1R 7
oA, SR AR LR, R 2 R 2
SEAEAN, VEAILIE 6 fToR.

8 8
DNS DNS DNS
o LST o LST '
6 R 6 f
>4 > > 4 1f
2 |4 2 "=
0 e et o9 S O L1, M B B B 0-- ere oo L,
0 0.2 0.4 0.6 0.8 1.0 0.05 0.10 0.15 0.20 0 0.2 0.4 0.6 0.8 1.0
|u|/‘u|max |’U‘/|u‘max |w|/‘u|max
8 o7 8 8 g‘[
DNS DNS 1 DNS
LST o LST
6 L o LST 6L o 6 -
>4 F > 4 > 4
2r 2F 2
()-..l.,..|....L....|....|.. 0-..|....|..\.L....l....l.. 0-..|...|....L....|....|..
—200 —100 O 100 200 —200 —100 O 100 200 —200 —100 O 100 200
Up Vp We
B 6 = e SR A REOR S SRS OB Jul, o] 0 o] BLEHIEL uap, v B wes T y 4V ( = 125, B = 0.5)
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Fig. 7. The relation between the initial amplitude of
the excited stationary cross-flow vortice in the three-
dimensional boundary layer and three-dimensional lo-

calized roughness length.
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Fig. 10. The relation between the initial amplitude of
the excited stationary cross-flow vortice in the three-
dimensional boundary layer and three-dimensional

roughness location Reg.
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Fig. 11. The relation between the initial amplitude of
the excited stationary cross-flow vortice in the three-
dimensional boundary layer and three-dimensional
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boundary layer.
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Fig. 13. The z-direction evolutions of the excited stationary
cross-flow vortices in the three-dimensional boundary layer:
(a) X = Z the unstable wave; (b) A = 31.42 the unstable
wave; (c) A = 15.71 the neutral wave; (d) A = 12.57 the

stable wave.
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Fig. 14. The relation between the initial ampli-
tude Acpr of the excited stationary cross-flow vortice
in the three-dimensional boundary layer and three-

dimensional localized roughness width Zs,.
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Table 3. The average streamwise wavelength A, of the excited stationary cross-flow vortices in the three-

dimensional boundary layer.

A 62.83 62.83 125.66 125.66 125.66

Z4 31.42 31.42 62.83 62.83 62.83

Zw1 15.71 15.71 31.42 15.71 7.86

Zwo 15.71 12.57 31.42 15.71 7.86

Az = Zq [P H R 31.46 31.40 62.89 62.84 62.77
AHXT R 72 0.1% 0% 0.1% 0% 0.1%

Az = Zw BIE HHRIR 15.67 15.70/12.53 31.48 15.73 7.87
AHXT R 72 0.3% 0.3% 0.2% 0.1% 0.1%

MXHRZE = | A — Za|/Za x 100%; HAHRZE = |A\s — Zw|/Zw x 100%.
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Y3 T2 R BOR R AR I H BRI 1) S 35 J )
WAL Bor TRFFIEE; (H2, PR P acr FEE
JE TS s BIA WG KIS K, JF B =40 R =
PN PITIACA HH R) AL PR BB TR 57 97 [ 2 [ )
K Ocr 5G4 Pps F6 — B, W A4
1 B KA X R 22 208 0.7%; Bb4h, BEE JG 3 /i 1
AWK, = 4R R A UK PR
T30 )4 B MR AL 1) R /N % 328 5 2% 1% 3 ik, 4 2
Bl 16 s,

ZHEIL R B O E H R T BRI aor s T BRI Bop ARSI R S Ocr Bl T

Table 4. The angle g between wave front and streamwise direction, average wave numbers acr and Bcr

of the stationary cross-flow vortices varying with the back-swept angle ¢pg.

JE sl dpg 15.00° 30.00° 45.00° 60.00° 75.00°

acr 0.02694 0.05769 0.10014 0.17344 0.37373

A = Zq W5E H R Bor 0.10000 0.10000 0.10000 0.10000 0.10000
Ocr 15.08° 29.98° 45.04° 60.02° 75.02°

acr 0.05396 0.11365 0.20023 0.34711 0.74798

A = Zyw BB H BRI Bcr 0.20000 0.20000 0.20000 0.20000 0.20000
Ocr 15.10° 29.96° 45.03° 60.05° 75.03°
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Fig. 16. The initial amplitude of the excited cross-
flow vortices in the three-dimensional boundary layer

varying with the back-swept angle.
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Fig. 17. The z-direction evolutions of the stationary
cross-flow vortices excited by the three-dimensional

roughness with different spanwise shapes.
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Fig. 18. The z-direction evolutions of the stationary

cross-flow vortices excited by the three-dimensional

roughness with different streamwise shapes.

Bl 5, FRATHEAS B3 = 2 B T o 3R RS AT T
NNV AR = S R CIDAR I PN O T L
) = 2 BE T S 350 REURES %o = 4 10 2 sz PR FE 1
PER. {ERET b Beih e m LA AR A TESZ S I L
] TR 9 T (1 B T = B 1Ty, B 3R IA Koh
(6) 2, 73 ) B = A B 18 Ry 35 1M1 ™ v B B 29 0.004 11
—0.004, ZHUETHE I, £ =40 52 Ak
HH D AL R VIR TR R A 2 R B 19 BT,
B 19 T LLE H, R LR N IR 5% L
] TR R T 1) = 4 B T ey 38 U1 RS AR R =
YL T 7 O H R 5 H R e 2 A A [E] R e AL
FAE, g I R A AN KA &, M — A TR
(SRR AR ST . 5 AERET _bor A vk e 1) J LA
TR AHIE R = AT, Bm U AR A TR
BET RSN 5 AL R, /19 1 SEREI Bt R
) JUART T IR S TE 5% s Wi 1a) JLART TR AR A 6 T 1 B 1T S
FRI 45 AR TR

B, BRI U AR BE T b 53 1A AN R ) J L AT
TR 35 9 IE 52 1) B T =y 0 T o s, B3Rk X
N (9) 3, F3 ) = 4 B TSR3 11 = D 0.006
—0.006. ZHUE I E K, £ =480 502 NEK
HH %) 5 R L e YR UL [ (A 25 L, B 20 B .
M 20 HHRT DL 3 1 R ) JLART SR N IE 5%
T = 4 BETH =30 MBS T =4k 72 N
WOR 1 H R IR L AH R s AR, Hoe s
AL P e A RN KA 55, M — AN R R 2 AR S A
T CL. A ERETH b 530 23l I 1m) AR ) LT T
R AHETE AN = T8 BE T S 3 T R RE (1B 0, 3R
37 5ERETH b v H R A AR 1) LA TR D IE 5%
T (10 B T J3 308 110 LA 1 5 SR A R ol i, ]
DAJE Ik A B T = 4 R T S 0 REL RS 11 111 17 &5 4 o
IR BIEIR = Yk 72 N RS AR R R AR

0.002f

0.001f

—0.001p

—0.002f

50 100 150 200 250
xr

19 R JUAT R O IE 5% 1 = 4 BE T J=) 35 M1/ 0 38K

e R S8 B T AL I IR AL, b= 0.004(8E2k),

h = —0.004 (FE%k)

Fig. 19. The z-direction evolutions of the stationary

cross-flow vortices excited by the three-dimensional

concave and convex with sine spanwise shapes: h =

0.004 (solid line), h = —0.004 (dashed line).
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Fig. 20. The z-direction evolutions of the stationary

cross-flow vortices excited by the three-dimensional

concave and convex with sine streamwise shapes: h =

0.006 (solid line), h = —0.006 (dashed line).
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Abstract

The prediction and control of the laminar-turbulent transition are always one of the most concerned frontiers and
hot topics. Receptivity is the initial stage of the laminar-turbulent transition process in the boundary layer, which
decides the physical process of the turbulent formation. To date, the researches of receptivity in the three-dimensional
boundary layer are much less than those in the two-dimensional boundary layer; while most of the real laminar-turbulent
transition in practical engineering occurs in three-dimensional boundary layers. Therefore, receptivity under the three-
dimensional wall local roughness in a typical three-dimensional boundary layer, i.e., a 45° back swept infinite flat plate,
is numerically studied. And a numerical method for direct numerical simulation (DNS) is constructed in this paper by
using fourth order modified Runge-Kutta scheme for temporal march and high-order compact finite difference schemes
based on non-uniform mesh for spatial discretization: the convective term is discretized by fifth-order upwind compact
finite difference schemes; the pressure term is discretized by sixth-order compact finite difference schemes; the viscous
term is discretized by fifth-order compact finite difference schemes; and the pressure equation is solved by third-order
finite difference schemes based on non-uniform mesh. As a result, the excited steady cross-flow vortices are observed in
the three-dimensional boundary layer. In addition, the relations of three-dimensional boundary-layer receptivity with the
length, the width, and the height of three-dimensional wall localized roughness respectively are also ascertained. Then,
the influences of the different distributions, the geometrical shapes, and the location to the flat-plate leading-edge of the
three-dimensional wall local roughness, and multiple three-dimensional wall local roughness distributed in streamwise
and spanwise directions on three-dimensional boundary-layer receptivity are considered. Finally, the effect of the distance
between the midpoint of the three-dimensional wall localized roughness and the back-swept angle on three-dimensional
boundary-layer receptivity is studied. The intensive research of receptivity in the three-dimensional boundary-layer

receptivity will provide the basic theory for awareness and understanding of the laminar-turbulent transition.
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