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Progress and outlook of plasma-based turbulent skin-friction drag reduction
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Airforce Engineering University, Xi’an 710038, China;
2. School of Mechanical Engineering, Xi'an Jiaotong University, Xi’an 710000, China;
3. School of Aerospace Engineering, Xi'an Jiaotong University, Xi'an 710000, China)

Abstract: Aircraft friction drag accounts for more than half of the total cruising drag; thus, turbulent friction
drag reduction is vital to improving flight performance and reducing flight costs. Plasma actuation is a
controllable disturbance of pressure, temperature, and physical property changes caused by discharging gas or the
moving plasma subjected to electromagnetic force. Compared to other turbulent friction drag reduction methods,
plasma actuation has many advantages, such as lightweight and intelligent control capability, so it has received
widespread attention. This paper provides a detailed overview of the development history and research progress
of the plasma-based turbulent drag reduction method. In flat-plate turbulent boundary layers, plasma actuation
can reduce friction drag by more than 40% by inducing large-scale vortical structures that enhance transportation.
For airfoils at cruising angles of attack, plasma actuation can reduce the total drag of airfoils by up to 13.7% at a
freestream velocity of 20 m/s. Developing new efficient plasma drag reduction actuation methods, adapting to
flows with high Reynolds numbers and strong pressure gradients, and developing from open-loop blind control to
intelligent adaptive control combining artificial intelligence, are the future development trends of the plasma-
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based turbulent drag reduction method.
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Fig. 12 Spanwise travelling waves induced by DBD in quiescent air

(Re, = 435, U= 1.7 m/s), Jif L™ A= 1) J& 1n) i (1)
T 905 5 2 OS2 £ 0 S O S 8 el Y, [ A
W FZ R A B AR A I, 5 E0R BE TR AR e &
I 5 I R I S AE N R, JF ST i s
U, M 7 B B K ROV o O A, 0 30 e T {1 3 4%
W B . Z LK 45 R 5 Dus " 5 Huang 25 P i
DNS 25 R AL . 72 BEHERH V7 JZ T, b IS o A iy 4k
{10 BE T U] 82 g 55 R AS HH B R AR s 20 1 J 4L
15 Zhao % 7V 3t T 52 Pk B i S2 LR 1) 4T U 0 FHL 1)
DNS 455 —3%.

HAT, 6T e m) 4E 5 5 2048 B 1 1A BHL 77 v )
FUAL i 80 7 A 40% R BH AR, on HAE R A
T IR BEL 7 VR (9 77 o B, ER T T Al e
A By 1 PRI DA R w35 T TR0 EL 5 5 R I ek Y 3
A, iR AR e i oA B A ek B 7 2 A
e BE AN U, = 1~2 ms; [RIIN), 76 B & 7 T,
IR HL VA FE I e 5 O a8 o vek BH BT T A B R I
Dx10* 435 05, B8 sz b 57 P G 0 K 22 i, DR b 5 %
T i R AR R BH R A g — 2P K

171]

4 EREBTHRETE

SE W S T MR R PEL T i A AR AN X TR O i AT
VAR, BT A R S OB BT . S AR E T
IEAR R, 58 H T A A S PR B TE i, R S R R
Tea) ATIAL 17 A L Y5 6 AT R0k PEL, DR e L 3 B mT ) 9 Jg 1
5 5 U6k L 75 925 AL 17 5 5 Dk BEL 7 92 7 K2, B R 1)
SE H S5 ARk B 7 v R E 28 93 D J 1 BRI TR
Tl A R i 0T e TSR SRRl PR R SR R R e R R
P48 OO B ot VA — O T R 7 A A A TR
P 13 Cad Jfr s B SR 3 T 2 97, AR 50 = b P AR 2R AL
Je& 1) WA AR P 28R T R T K vk T R 3Dl i 7 7
it FEUASG 9 0 ] I 7 2 2 A, R Rt B 13 (o) BT
(KIS b AR T, AEID 50 R A AR SR A 1 R AR
RARE,

AE R A5 B T AR B 7 v 2 B T e R R
W5 FBEAT X 70, (H IR B SRR 58 W 55 8 1 R
BEL 7 32 19 DX ) 3 2 A T 0l 4% 1) A R AN A B 5
AE SRSl i A B0 e R 3 i, SR P e s 1 52038



ECR g SR SR T IR R R AT gk e L e

( AC-DBD) B fik i B ¥t 1 J& ( pulsed-DC DBD) 3 51 £H
N A TAE, Y RT S R AN R 2RI i e A T
R . NS ESCERFE— B0 AR A B T & R
TN 53 R FEAT IR o

T —
0 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40\NV*+W?*U,
TI1

z/mm z/mm

(a) JEe 1 S (b) IR Hf
B 13 bt TR B S S R e xe e

Fig. 13  Unidirectional and impinging discharge

in quiescent air®

4.1 ET AC-DBD MR [EE & i B m

1998 4, Roth 25071 47 DBD 14 /2 1 #2 i B
S RGN S E e e A N 4 RV T
LR, EEERCN 1 x 107~ 1 x 10° I Ji [ % pf
B EEL Sl 46 Aok B BEL 380 o B SR, TR 1) RE TR
Y50 D R L 25 SR A T S B

U TR IR YIVRT 98 24 5% £ A s 2082 T A O 5
AC-DBD, X il 77 PIV. #4£& X A 25 2 Rl il 3k F
B, ot A [7] o) S F4D Fe ) ke o J50 L 85t A P i B2 ) 5 o
PR TE P AR O A 5 2 R R B R T R T K= T
Feo LSRR, K IH) P R 1 K e b S8 ek L 25k SR
o U, LY EL 255 SR s 95 il o 7 170 K JEE A 38 K 7 49 58,
TE U, = 2.4 m/s I BERS IR BH 24%~ 26%7>1001021 g e
TEIL S 2 3 T 07 1M R B R0 38, Fe e (R 4671 5F
L[] v TR SR B, R OB A (A S 2 A B Cln B 14
TR, TE B B0 B8 AR P ) B ek /0N A T, AT S
PR BEL By 2O b R R ) v e i R B e 4 5 4
(1/E Fl 5 Roth £ {938 — >, H i T % 5
LA E AN ], DR B R AR AR [ o ik — b BRI R 5
RE B2 VH KR, 1% 1 BA XS 0 HR T B AT o7 2 R ], 0 ek
BH AR AT 7R . 25 R, o5 2 A Ok R
A ER 3 2% AN I R B 40 8 T R TR SR 2% 40 A
AP 4D R L 200 SR 85 5 TSR 55, EL ER o 2 LR 1
S, Y FETh AR, S, 1% A1 A B e R 5 A EL
1 B o4 1) R 45 51 N Bt vk BHL 5 56 op, R G AR A
5 Nt Bl % TR B TR HEAT YR T, A TLFAS B ek B
R R RE R A5 R T g 30%!

74 b Tl K 25 g1 54 i O SR A 2 SR )
TRAIE T T TR AT SR K T i X o 0 3t ik L % R
(152, &5 SR W, A7 78 5 R AL A % 200 Hz, 1E

400

—400

-800
~400 0 400 800 1200
o
(a) FEHEIRA
800 -
400
N 0
—400
-800
~400 0 400 800 1200
x+
(b) kA

B 14 RBEXHEEREEREET

Fig. 14 Low-speed streaks gathered by

the impinging plasma dischargem]

U, =10.7 m/s B SZI 7.4% (1 J5) 30 AH %o sk B 52

TR T A5 B 1A BN 98 /N~ B i I BE #E BHL 0 1)
fEFIHLEE, 25 %2 TR K 2% H B> 366 7 & 2 9 1
Stereo-PIV J5 7%, X 9% 3% U F& 1] 5400 5 R 8 el 5
OB = MR 77 A T L 5 )E RS 2 R B 4
g BETH VIR 7 B 22 50 A s T Gk & I i KAT
NFHER AW AT TR SRR . 25 AW, =M
Jih 77 235 BE A5 i i 3 5 = i 5 e BT B T A A 1)
TR RURE B R P 0E Il iy, RV IRL I 9 R T = 4 5 ) TR
WUl 77 20 7, AE S AR I R = e AR T B
AT BEAE T, =3 73 9] 5 98 B FA 36 BH 2% SR A X 2,
U 15 s o i i S R R D AR AL 3 R B
a5 3 A Tea) i s SR P Bl A 1 R, G R SRR I A
e Eiaf =AY DO S N s v 3 i O =SV AR R RN
WOURIAE T BRI e e s R, AR OB S 45 R
WG R, TSI T A5 B ARl A i S



10 SR M) NN - S SO 3

41 %

FLPEBEBH T IR PR T, O 5 B 1 A i L
Wit 5 A REVPAL R 7S .

AC,/% —100 —80 —60 —40 —20 —0 20 40 60 80 100

10 F
£
E of
N 10 E : : : . : w . . . g
0 20 40 60 80 100 120 140 160 180 200
x/mm
(a) JE 1] FRAN I
AC;/% =100 —80 —60 —40 —20 -0 20 40 60 80 100
E 10' T T T T T -
E of
10 E " n | e . . : : 5
0 20 40 60 80 100 120 140 160 180 200
x/mm
(b) X Wi

B 15 SETFARMAES0EHZTL™

Fig. 15 Drag variation induced by plasma actuation!
4.2 ETF R ETR DBD KR 8 7 & A R H

A & 18] 52 5 25 B 1 MR s BEL B 9F 7 v Bk S0 7R
AC-DBD 4b, &4 — i 37 BT8R 9 T, B K b B3
(Pulsed-DC) R HLITE o 1Z BT T 2016 4 i K [F £ £t
K515 McGowan 451" 42 ) I I - 3K 5 DBD i
o FETBCHE PRI AR O B AR R B UR 28 fR FF ELIAR
o T AN AR P AW £ 3 3 B v s Y Rt A S
e, BI AT TR B AN B 16 BT s B RK o ED U BT .
McGowan 25 ') (¥ B 70 22 W1, {5 F 2 080 et 35 7% K )
DBD #g 5 7= 4= 7% 300 mN/m (14K F3 75, LLARAZ 4L
TSR AC-DBD 5 A 13 (£ 10 mN/me>707100)
B 1AL BEJS, McGowan 2117 R A 3
JEAHU R RIS 73 Bl b, SRS T R RIRCR

75

--- Exposed electrode — Buried electrod
5000 : T
Pglsmg Eer,lf)d DC pulse width
4000 S| -
>
& 3000 -
&
= 2000
=
1000

0 1 1 ! 1 1

-5 4 -3 -2 -1 0 1 2 3 4 5
Time/ks

(a) R FEUAR X b F R 3

2.5
20¢ Pulsing period
< L5t
=
% 1.0}
O 05F
ol L B
P DC pulis width
25 4 3 2 -1 0 1 2 3 4 5
Time/ks
(b) HLIEIEIE

16 BB AR B ER R
Fig. 16 Voltage and current waveform of Pulsed-DC pBD'"

2019 4, [ — 41 B\ 9 Thomas 25V Pulsed-DC
DBD 3 F 3] i 3t 95 BEL 7, K 950l 25 R B AE - AR i Y
5 E R A A B SR A ok R A g (R
0.5N, 4 5% 0.08%), L 42 I 5 B A 5 5 RSN 6f ot 5
T3 5 77 2T i O BE B BH O A Ak . A5 R R B,
U, = 17.4 m/s I}, SR8~ i BE #52 BHL 3 971> 70% DA L,
YRR IR & U, =52.1 m/s IS, AT5REF=AE 27 18%
{1 ek L 250 R o 0 R P R O, YRRl A B G 1) ] B R
/N, U PE RCR ER B o TR, BT Bl 45 ) Pulsed-DC
DBD U e /N (<1 W/m), J8CHL 8 i 8¢ FH 15 24 14 Th 2%
A AT FE T R 3 5 LL b, W E 17 BToR . % T
F0 AR A N 1, e S5 B i U 93 BEL 077 V5 R A

RtE R T 1 AR, B s br/AN T AL
WU, [ T R RE R A
4.0
0 7kv
3.5 © 8KV I
3.0
2.5
< 50
% Net power
1.5 savings
1.0 /
6/ No net power
0.5 savings
0

0.06 0.08 0.10 0.12 0.14
Mach number

17 Bk ER AR A BT A
Fig. 17 Net power saving in turbulent drag reduction
using Pulsed-DC DBD'™

BE IS 5 12 T A KT K el B 97 T80 P AR A28 R G i A ik L
PLEE AT T 3 — bWt 50 . 45 R KW, 72 OB ket T
[fil, Pulsed-DC DBD f¢ % 5 3 7 4= 12 m/s 1 5F I i3
J3, (7 A 2 5 58 1R 46 9 V). Sontag 1O SR
Shack-Hartmann ¥ §i % /& (wavefront sensor WFS) 77
%] Pulsed-DC DBD 7£ # 11 5% {1 T (75 T B2 3E AT
T WA, R ITHCH 5 0 I B 0.96 my/s, [ B
Hout i 2 R A B %, %45 B 5 McGowan!'*)
15 Thomas!"®! %5 ¥ S2 36 H A HIFF

76 9 BLLEE J5 1, Duong %5 1% 1 8F 5t % 9,
FL A 2 3k ik Bl A B A1, 5 e T R 2 0
A5 &[] B% B 8] °F 4 ( variable interval time averaging,
VITAD ) %A RAE iU R B, T8 A 20/ 7 F
SRR & SR CiOP B S EPUE R/ 2GS A1 0F Ny N ]
Xof A HHE 1) Ik B3 G BR 0 B 2% B TR [R] I 9/



ECR o ESF: ST EE R R BT Tk R S e 11

W2 A LA = U, Duong 41 R
ti 5% Fl Pulsed-DC DBD J /J» Jifi Uit JBE 44 BEL 77 1) T #3411
A THLAE 1 5 )2 R JE 5 3 R ) A, RN 1 A
BT BE I M) IR 2 4y &, A 5 BE S 38 K Cstreak
transient growth, STG) iz 2 A 1 fill 1T B [ #E I8 7 35 19
A, 3 T AR AR i BE T B 4R I R, [ % T 45
W B0 7 A SR /N T 2R R S BE T YD R ) o Cain 251
I AR A B B LR R FE, SR B TSI N-S U
F£(RANS) 7 VAL T Pulsed-DC DBD 1 JB 45 BH /5
NG R R ML TE AMUAL R R AT MR RR 52 ), 45 L3R
BH, J8CH RS IR LA MV AR IR 12% DL b, BN
PUAE A B A

ik 3 F Pulsed-DC DBD (¥ i 58 U453 1 2 3 1)
A RCR, gl T EBR BTz 50T, SRR 36 [ &
BER AL, 0 ARG A T BA K 1% 285 SRk 47 A 2 5 8l
BE . AR, H A &R 5K TR % 9 Nakai 250 o aF
TR, 5EBERZK L RARE, Pulsed-DC DBD /™
A FAR AR 1A N 0C0.1 mN/m) & 2, 755 5 i i
W 1 m/se 78k P RICR T7 18T, 56 [ 3 A 307 5K 2 1
Starikovskiy 15 37 B} 4 # H K i 5T B f9 Aleksandrov
xS 2 JL g e 2 p ) WA, 1 SCHR [76] Bom M
Xof it 2 ik 47 /b G A R 2545 31 50 H ) GE 100% 11 98
PR, &l 18 Fram ), X W 4R & A 1 & W Hi  4
(¥, Starikovskiy 251" A Jy, b ik ] B AT B 2 S B T
AV 7E -~ A 2 THES T IR Bl 23 B 0 BE 70T
18 BRI, SCHR [76] R AE R 1 A I 25 2R 7 AR 1 BAR R
PRI 75 3 — A2 B4k 55 B 7T

-200
Symmetrical
=R=- 6 kV
—100 Unidirectional
g0l %= 7kV
X == 6kV
= —60 b
g -O= 8kV
S 40
° L
51
[a)
-20
-10

10 12 14 16 18 20
Re,/10°

B 18 Bk B iR g Fl R BEL B R A 4 £ B
Fig. 18 Negative drag produced by extending
the drag reduction curves of Pulsed-DC pBD"!

56 3IF Pulsed-DC DBD % 5 14 #1775 ik B 1) A
J7, oA LR, 2 % TR R BT A
FePE 15 S ST IR L ARFR 7 i 8 A0 R RE P 4
% 1 XF Pulsed-DC DBD #47 T 22 &2 W 5 20 ¥,

0o 2 4 6 8

I K H & 4 % Stereo-PIV X} Pulsed-DC DBD 5 it Iiit
UG R BEAE R AT 70 9. 45 38 W], Pulsed-DC
DBD ) i H Ty # 5 #t Y [¥) ns-DBD KL, &b £ O
(10 W) &= 4%, 1 H i SR AR RS ST
) AC-DBD fik, 4 7E OC1 mN/m) & 2 . Pulsed-DC
DBD i 75 5 9 00 [ B 375 5 9 T G 9, [R) B 7 A o
U, H H B R S I BE A AE 0C0.1 m/s) B4, 1%
F¥ B 4% 55 Sontag 25" 7 45 B — 3% . Pulsed-DC DBD
7 G B SR AR T LR - 7E BE R W AL
25 AU LB AR A BT, RN TR P R RO B A
&, JFE S ARG B S, 55 B TR R A R
TIEH RGN T M B I e FE B o ig ot 5
TE TR, A=W . Pulsed-DC 3T H Y
PR A K ik B8 2 FL 3R 3 DBD 72 AE Bl AN 1 5
A2, Hom Ik B PR IR B . R 4 PR vE
FOR Rk 58 (0 s R B T AR R “ PR T Z % (fast-rise-
slow-decay, FRSD) % JE! 71,

TE 95 FH 25 S 5 HLEE J7 TH, Pulsed-DC DBD i i it
R 2 MAE I ZUR 5 AC-DBD F: A A [, #5523 i
TE I F 2 v BT 5 5 BRI I i e SR 1) 3 2 s o AR B
T B F5 L 77, 1 280 14 SR i 970 B 32 Tk L 7 140 5% 7 A
Xﬂ‘ii/J\[75’98]o
43 REEEEBFEBEEAE

TR 58 S B T R U 7 v A i AN s H O T
BEAT VR, B W UL A R SO IR BE T v AT e
S TR FL At A TS Rl LA B LA T8 L YD
SERT R ) 52 H RN AR, Roth 255753 [ e SR
TR E U AT A SR R . SRR, R
Tt A T T JBE $ BH 77 386 K, i SIS K eh £ BHL g 98
/Iy BH 9800 B 5 RN FE B S I R R 2 R
FE R FE 2 4.5 my/s I R BE 65.1%, 41l 19 B, K
i En=3 kV RNl A B H R B3 5 A 3 kV.
3 Y P A0SR TR A A O e AR R HE D s BEL D i L
FEHCIH

2019 48, P4 b Tk ok 2 i ok 5 U o g ) 5
AC-DBD i 53 4 i i I 7] A B TP AR i 52
SR FH A 28 AR (SR IAT 1) 2 5 T80 FL T U ) 10 S
) TR AT 4K, Rt T RE 0 T B X AT A T
B T D). 7, B9 0 T80 0T~ B B 2 P i s o 25 B
W], 5 Roth 221 iy 48 BUR R, 3000 5 IU<UR
WU $5) e YR RHL, L 305 S IAE T8 FEL PR 98 BEL R L I T
AT, U, = 14.1 m/s NS 5 383 0 U1 S 090/ 8.78%
UG RE 88 A 0 572 K 2 TR Rk /N, (R RE B IR BELATL
AT — BT,

1+ DBD % 5 4 9 ok 2 4 BR 7, R i A2



12 ol | N B = S

41 %

L 1A B KT R R B, A, 5 e 1A JCH T T
BE, AL 170 R W 45 2 1 AR Ul FEL 75 2t A A 47 ) RCR B R
TR EE F1 98 A7 S 3 T el S ] A

0.4x1073 1 Model E6-C
E..=3kV
102 [
$)
a Plasma on: counter-flow
O Plasma on: co-flow
0 ¢ Plasma off
1073 : ’
10° 10¢ 2x10°

Re/m™

B 19 FESTR%E S TR FAREREE A

Fig. 19 Friction drag reduction of a flat plate

. . (53
by streamwise plasma actuation™

5 BREETHRmRBHENRTRR

B 7E P B L 1922 I 0 KR B2 B i 9T 34 57 2 (zero
pressure gradient turbulent boundary layer, ZPGTBL)
BEAT B FT A1, e 58 28 1 Tt VA ik BEL 3¢ AR 1) %2 T
WEFEEATEBEAT 1 I S8 B2 2% A T B0 Tt At sk B LA %
AR AR T O E RGP A 5T

1E 75 16 [ 6 B Cadverse pressure gradient, APG) HJ
SR A P Z R, 36 [ B ) Yates 25U SR
Xof 0 DR 2 AU, A [ VA TSR 70, WF S T Pulsed-DC
DBD 8 PR - 45 R B, 100 K K6 E O 223 Pa/m,
U, =27.1 /s 5, Y B RCRATI AT IE 42%. P AL TakoK
22 25 R o 25 1 SR B MEMS #4J7 VE R T Ma =
0.3~0.5 ¥t Bl A1« Uk P 75 NACA0012 3 £ 3 T (1 %]
Xt 2 AC-DBD il % Ui (14 5 52 BH 0 Cln B 200,
T A B TR T R R B T VR AE A b ) R, =
TR A I R BOASH R BE S8R

2 TR K 2 BT 4 2 i [ 31 DBD R
F] 0°5 6° 1 T 11 NACA0012 3 &Y |-, BT B 75 il
B0 B0 T S TCH S XU R R L AR 35 R A
SRR B AR AR AT TR T, JRAIR R
TR EN . EREY, HRREE N U, =
5 m/s A1 20 my/s I, B0 52 8 T5CH 0l T o3 ) A 38 AR
S BEL 398 64% T 13.7%: XA 0 e T80 R 3880l £ FEL 7
WA I 0 s R 3 TBCRL U I A T 2 TA), HLBE AR
ST ESION N ARV E ST TR

BE—20, BTGP EE (V)L SR BECUL) F R
lea) LA AL T B LD S5 2 8, M 1 e e 2 ) RUBE 52 )

Fk) G B 4 R A 2L D) LT = L/6,) R J W 3840 Jh o S i
SR L (r=wU ) E L ENSH, IRIG T
M) 3 28 ek BH & (0 C B ANAH B (I 21 BT . 45 SRR
B s r B/ NBT (e << 0.05), il 58 B 55, TGk X B 7
FEARE ;¢ > 0.05 B, fEXTBUARKR R R, B /1AL &
Bt - A LTER YRR A = 0.05 B TR LA, AT+
SN X ] o FE T 10 2 00w R, o ek BEL &=
A e it L 98 FEL AL B R0 98 SRR BEAT T 20 b, AH K &6
T g B Y A5 8 A it I ek BEL R G 1 A A R T AR it
OB S B . S BT A U OB R Y R 7 AR T A
RN 22,

(b) Hihs
E20 BRAZEFERREMIREES MEMS AEEmRE"
Fig. 20 Airfoil model and MEMS hot-film'™!

0.05
1400 :
: increase
o 00
1000 | : e
|
I .
800 | i ®
h 1
Little effect | ‘ ‘
600 | : . .
W 540
400 | L.
- @
!. .
200 : Drag
0 ; reduction
1072 107! 10°
r

21 BEZSEFEETRELTEREE

Fig. 21 Dimensionless map for airfoil drag reduction'™



ECR o ESF: ST EE R R BT Tk R S e 13

sk |

g
1000 1500 F I e —

ol Pl )
S Ullsmd
N forming

region

sl P s
T . =
i o
ot N N

() |
q Plasma

Rk
folming

region

2000 2006 2011
IR /i SRR J 1 iz
B AC-DBD AC-DBD

2014 2019 2019
JEE R RE R TR E JE I R
AC-DBD AC-DBD Pulsed-DC DBD

22 EBRTFHHRBERAREZRRHE
Fig. 22 Development history of plasma-based turbulent drag reduction method

6 B 2

AT R 7 i L BRI A o SR = AN U T
Xof S B A it L IR BEL A R A R AT R EE
6.1 BMAX: KRFE S NS E F4ORBE KM

Fik

Tt U U BEL Y E P FE T 20 RERE, K KAL)
LR R AT BN 98/ % il AR s A SR T R B 9 G R Bk HE
TR o PRI, oF T 45 B A U 5 = Bl Y 98 BHL 7 v T
T LATE /NI R 5 A T g 114 ek BEL % SR CREE v 1 L
BED A& HKCIE R 2 H A

W 75 % 7 R BEL AR R P A AR R . FE IR B
B IR E 77 V2, EROR S S T A i D U PEL 3 L 1 &
Fa B OROK T AL, (H2 H T A 2 0ek B Sk v T 2 KK,
H A3 T AC-DBD )55 B8 4 Jifi i 93 FHL 77 725 T g S
IR ) A WS A A A B T ke L YRl R SR DR FHL e
AR EE, HHAR MRS Bk, K
JE T 2L e AR S Ak VR LI T i e i v AR
T it L R PHL R e AR AR I 4%, 2 > T 55 S A i
TR PH B AR K R B K .

fift e b ) R B DU RN ) — R TR
B Uk PE AL, $2 5 55 B T AR B (0 7 A AR s A )
R PHALEE, o B 45 3 7 R URh 77 30

T, TE 4 A5 B T AR U AN B 1) 7 A s T
T, 256 BT BT vl W, % 28 56 B8 44 ifs JAL 98 BHL 77 v
Bl e e AR & RO KGR A 8
JE 8 O BB N GRS AR U AR B BASR 398 BH
RO A, JE T LG DR BE AL ER, 8T 0 S B A
WO SR B T S B R R A A R S T R R
WO A B 7 A Bl B 0N 1 AR A B v ek BH RL e i EL
B0 D73 o Bl hn, STk [105,117] Ff B 5o fikok B B

T [ S5 T B IR 78 RIS AR A4 T T (0 254K, S
Bk (917 XoF 4% ¥ T AL vy A A A 1) A DU S T 1) 38K
Jill 22 G AR T o B BB T7 RSN, I T e
Jih 5 R i PR D FSE M T SR R DX L 3, SRR e A
RT3 577 A R a5 B e 8 O Dl 4 20 RS Uk B2
vy B TR A AL PRV TR P B2, 48 DK B 57 Dl L T AR P ) 4
AVAL RN S dr N 1SRy € S

Lk, AR e Y A 1 U T 2K G ek FH
BB 71T, 5 T 55 8 1 AR Bh i) RO Pk, AT RA) 32 i
4 A = /4 2l T it 9 BHL 5 VR BV R PLER, R &
1 T PR SR HEAT RIS SE I R LAY 1R A T 1A )
[N eR: & R10E 2 0 i il P TR AR oA 2 I i R R
RE T H o Bl an, W] DAE I BT J7 1% WK A R 22 R
e, JE 3 Ty A% AR DY A re e SR RO R e A AR
925 160 S 9T, AL AW AR BEL 0 4 R RO 8T 23 i
73 BOE BTN R IR H A B T, B ABURE A e B
BETH MIT VR I RCR, DAEE— 2D 32 i 55 B 1 i it

ok BHL 2 2 o
6.2 NRAWEE: HEESEELREESESRAEH
TR

T, 48K 22 U A5 B A i U ek SEL A 7 3 £ B
AR 3R R 7 80 P AR U i 5 JE (ZPGTBL) Hr ik 47,
{EAE KL LB AT, BT BT 5 AT I A 1)
FAE, il S B m R 2 R MR I #h g, B
& ZPGTBL (1 BEARAE DL )L P ANAAAE o fESEBR K AT 2%
PR, 32 86 B s R 1 &G M RURE 55 3 ik Bk 3 A2 A 55
DRI 25 1S 0L, 55 B 42 i O DR L 280 S 4 A o A U7,
IE A, ok T Rk B B A, R 2R T
A i I ek SELAE 723 AAR S HLEE 9 B AR, BT R H Rk iR
HEAA O(1 my/s) 8GR, 5 S br TR N B AH 22 L
DRI Sk, T 1) vy B 0 i A BB IR A 55 ) A 9T



14 ol |

41 %

0.22 mm | |

(a) LR

z /mm

z /mm

x/mm
(b) V5 SR 0] S
B 23 AERRESFERMSEREESHERSR
Fig. 23 Grid-type plasma actuator and

the induced vertical jet flow

S B T A i JAE ek BHL A AR GE 1m) B I 2 2 B . AR
52 9% K 778 P 2% A T G ] 4 v i O ek BEL KSR 2 7R K
JL3 A T ) 3R A B b, S S RO X 5
BH 7 CEE 48 BH 77 e 22 BH 73 55 [ 5% e G i 2 3k 46 2
AR A ] 25 ) ]

ot B8 A8 ek BHL 1) A, SCRR [74-75) 54T T — € 1)
R, BE 745 B R B0 72 ST fy 00N A R0k

Main P,

ANFLREBE ST RE 70, I T OO0 B AN S H0 e
A, EE] TSR AR LR VA B R R H IR A
SR AN 15 P (B - 47 DS R 1 UE
VL A — B AL, AE RN ER R s — R
R R v A B T AR AE TR B B SRR R AR AR,
AT LR B 3 A2 S R M RO AR Ak, o B 53
S5 TR IORh ) 7 1) RUBE S G 2 ARAIE — 2 Y U 5%
R, 33T S BB v ) R
63 EHIREE: HAREHEERAENER

L5 F 1) BE TR 95 « W/ <A 2 B i I ek BEL O
AR, & B R i I ek BHL 7 35 02 ik T LS 5 10 5,
B R, ] RIE SRS EUS AN TR S
)4 AR TR R R IR, e DA A5 B A i D s FEL
R A 428 1] 1) 8 B I A% R J S Re S R A RS
A R B A A (A B, B v R BH Ak R, A AR K
i,

H AT, B 708 AT 2o R A B I R 45 1] D7 2 A 5
BT AR P BCR AT TP R ER . SR [103] K dn
24 Jft 7~ R 45 LG Ak 40 8 1) 38 8 50 N3 I8 sk BEL 7D
SR, RAE 5 Gt DL J7 225 0ah 45 1 F vl
JEREAT T, 75 LT A 52 ) ek BEL 25 S8 1 6 Ak b, {3k
L Ih Rk /N 30%, B G(s) 3o 43k P8 3 1 Bk 3h
JE 1B 5 y(t) BB 7 7 A8 4 o STk [119] 2 T8 4%
BRI 25 5B AL 55 2 Ry vk, IR TR
SV TR I R R AL, BRI E A S
Bt AT BRI, SEBLT 40% ROIRPH LR, A B Rk At
WA B KA T . bad TAE & 3 i) 5 A0 A0 S0k A5 55
B A TR I R .

Ja SR, S5 BT AR T LI BE 7 v R R R O B R
(1 F 05 A s N B B8 5 vk CHn TR B Ak 2 1 5,
B — P 5 P i S80S SR AT AR AL, TE RS R A
137 55 1) v 280 e 9 BEL R il A28 o R, S B 4 8 AR i
I BEL 1 3 4% ) o 45 B 4 i I Rk BEL 7E Y e L A4
J1 U R R UL RN TR RE R AR TN, B 55
T i Y 9 BEL B A J A TR ) T

microphone | +

Moving

average filter

Kalman y(t) R Pw:a
filter » 6

Reference
microphone |P,,,

E
DBD < K, F— Saturation
Plasma actuator

K, K

B 24 A AT DI A R

Fig. 24 Diagram of the feed-forward PD control scheme in turbulent drag reduction application

[103]



AR S BT R SRR BT U e L e

15

91 "
Representation
U 1030V Jonear
U, 1030 V finea

F,: 10-500 Hz 1°g

First generation: random generated

& & & &

1)@,

| a 0] Selection Crossover

i O e X 01 T

1o,
Dy 1%-100% |- S RTl . p .

1
Dy 1%=100% |—2. i s & 4 0
Crossover \ Y §

. Elitism Mutation
T mix

Mutation

X/ X/ X/ Xy

X/ XY

Random: Hig!

o PP

T

New generation

25 BT EEEENEEFRERERSHmLFE"

Fig. 25 Parametric optimization of plasma actuation based on genetic algorithm

7 & it

S5 B TR OB B A S A R R ma RE R B TR e
PS5 A% 22 A0 A, 55 B R Ul L T RO I R
BB, Z 302 R

1) F¢ B 250 8 1~ AR Y8 il Ao P L 55 R IR A AH B G
R, S5 BT U BE T TR T 4 A R AR A R M)
SEH U R R O S R . BRI RR R, V)
A B A n) E 8 H R, S5 K U A A R e
L5908 ) 58 AN -

2D TEP BRI 1 5 T, A5 A i
7S R REEG MR, 77 s, o BE B TE T,
FLAE Al BE R BH 18/ 40% LA b fEBEEEBH I E S
WL A T B E AL B, e R BEAE 20 m/s BSR
I T 3 R R BH 7 /N 13.7%, (H B SRR B I8
A ZE, B A RS 1E LB i R S a0
Ik .

3) R4 S5 A it I ek BEL B R ) I FH e, S
R T 2 v KR S S T R IR BEL RN 7 vk, THI R R TR
B IR BR R AR A AT IS S AR R AT, R
S B TR U R P AR R, IR R R R U B LB, B 5
ERRUSE TDIE SIUNGIE Y& N WAL E S2s- ALY
FOWLHE, 32 v e A s PH B o 2

ATEN T A B PR J (1 04 AR, 45 88
PR A 9 2 PR B B B B 4 ) D7 v B A e R R
Pl R SE L A, 5 HAMR G T EM T, feir
BRI 5 N TR e R ARG &, dE— B izt =

[119]

K 42 ) SR, SCELIRR PH B 3 N 4% ], A 55 B T A i
L B R SR AE WL 77

o

=z

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

% X #f:

TR, AR RS KA RWLBE ) s 5 B 7 (1], 7% 5 52,
2007,29(2): 1-8.

MA H D, CUI E J. Drag prediction and reduction for civil
transportation aircraft[J]. Mechanics in Engineering, 2007, 29 (2) : 1-8
(in Chinese) .

X, K5, FE. KALSHMLIKIRBLE AR (1], J12: 5528k, 2018,
40(2): 129-139,154.

LIU P Q, ZHANG W, GUO H. Drag reduction technique for large
transport  aircraft[J]. Mechanics in Engineering, 2018, 40(2):
129-139,154 (in Chinese) .

THIBERT J J, RENEAUX J, SCHMITT V. ONERA activities on drag
reduction[C]//17th Conference of ICAS, 1990.

GAD-EL-HAK M. Flow control: the future[J]. Journal of Aircraft,
2001, 38(3): 402-418.

doi: 10.2514/2.2796

PRANDTL L. Uber flussigkeitsbewegung bei
reibung[C]//3rd International Math Congress, 1904: 484-491.
https://www.damtp.cam.ac.uk/user/tong/fluids/prandtl.pdf

JOSLIN R D, MILLER D N. Fundamentals and applications of modern
flow control[M]. American Institute of Aeronautics and Astronautics,
2009

LIN J C. Review of research on low-profile vortex generators to control

sehr  kleiner

boundary-layer separation[J]. Progress in Aerospace Sciences, 2002,
38(4-5) : 389-420.

doi: 10.1016/S0376-0421(02)00010-6

GREENBLATT D, WYGNANSKI I J. The control of flow separation
by periodic excitation[J]. Progress in Aecrospace Sciences, 2000,
36(7): 487-545.

doi: 10.1016/s0376-0421(00)00008-7

Rz, BRI SR TR B P BT A SR S e D). M AR,
2015, 36(2) : 381-405.

WU Y, LI Y H. Progress and outlook of plasma flow control[J]. Acta


http://dx.doi.org/10.2514/2.2796
https://doi.org/10.2514/2.2796
https://www.damtp.cam.ac.uk/user/tong/fluids/prandtl.pdf
http://dx.doi.org/10.1016/S0376-0421(02)00010-6
https://doi.org/10.1016/S0376-0421(02)00010-6
http://dx.doi.org/10.1016/s0376-0421(00)00008-7
https://doi.org/10.1016/s0376-0421(00)00008-7

16

s )

/4:(‘

71

e,

2

¥k

41 %

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

23]

[24]

Aeronautica et Astronautica Sinica, 2015, 36(2): 381-405 (in
Chinese) .

ANDERSON J D. Fundamentals of aerodynamics[M]. New York:
McGraw-Hill, 2011.

AT, XUFE, B EAR. JE RS Ho @ s B i []. 715
ZET1], 2013, 34 (4) : 585-590.

ZHANG Y S, LIU D, LANG W D. Effects of geometry parameters on
drag about afterbodies of transport aircraft[J]. Chinese Quarterly of
Mechanics, 2013, 34 (4) : 585-590 (in Chinese).

doi: 10.3969/j.issn.0254-0053.2013.04.010

MOHSEN J. Aircraft drag reduction: an overview[R]. Chalmers
University of Technology, 2011.
https://www.researchgate.net/publication/235339328 _Aircraft_Drag Re
duction_An_Overview

BUSHNELL D M. Aircraft drag reduction—a review [J]. Proceedings
of the Institution of Mechanical Engineers, Part G:Journal of Aerospace
Engineering, 2003, 217 (1) : 1-18.

doi: 10.1243/095441003763031789

SCHUELE C Y, CORKE T C, MATLIS E. Control of stationary cross-
flow modes in a Mach 3.5 boundary layer using patterned passive and
active roughness[J]. Journal of Fluid Mechanics, 2013, 718: 5-38.

doi: 10.1017/jfm.2012.579

KLINE S J, REYNOLDS W C, SCHRAUB F A, et al. The structure of
turbulent boundary layers[J]. Journal of Fluid Mechanics, 1967, 30 (4) :
741-773.

doi: 10.1017/50022112067001740

WALSH M J. Riblets as a viscous drag reduction technique[J]. AIAA
Journal, 1983, 21 (4) : 485-486.

doi: 10.2514/3.60126

VAN NESSELROOIJ M, VELDHUIS L M, VAN OUDHEUSDEN B
W, et al. Drag reduction by means of dimpled surfaces in turbulent
boundary layers [J]. Experiments in Fluids, 2016, 57 (9) : 142.

doi: 10.1007/s00348-016-2230-9

CHOI K S, YANG X, CLAYTON B R, et al. Turbulent drag reduction
using compliant surfaces[J]. Proceedings of the Royal Society of
London Series A:Mathematical, Physical and Engineering Sciences,
1997, 453 (1965) : 2229-2240.

doi: 10.1098/rspa.1997.0119

KIM K, SUNG H J. Effects of periodic blowing from spanwise slot on a
turbulent boundary layer[J]. AIAA Journal, 2003, 41 (10): 1916-1924.
doi: 10.2514/2.1907

ANTONIA R A, ZHU Y, SOKOLOV M. Effect of concentrated wall
suction on a turbulent boundary layer[J]. Physics of Fluids, 1995,
7(10) : 2465-2474.

doi: 10.1063/1.868690

BARON A, QUADRIO M. Turbulent drag reduction by spanwise wall
oscillations [J]. Applied Scientific Research, 1995, 55 (4) : 311-326.
doi: 10.1007/BF00856638

CHOI K S. Near-wall structure of turbulent boundary layer with
spanwise-wall oscillation[J]. of Fluids, 2002, 14(7):
2530-2542.

doi: 10.1063/1.1477922

CORKE T C, ENLOE C L, WILKINSON S P. Dielectric barrier
discharge plasma actuators for flow control[J]. Annual Review of Fluid
Mechanics, 2010, 42: 505-529.

doi: 10.1146/annurev-fluid-121108-145550

LI Y H, WU Y, LI J. Review of the investigation on plasma flow

Physics

control in China[J]. International Journal of Flow Control, 2012, 4 (1-
2):1-18.

[25]

[26]

[27]

(28]

[29]

[30]

[31]

(32]

[33]

[34]

[35]

[36]

371

[38]

doi: 10.1260/1756-8250.4.1-2.1

POPE S B. Turbulent flows[M]. Cambridge: Cambridge University
Press, 2000

VE A 1% . B it IAL A T 45 6 R ek BEL 92 o) L 2R (D0 7 2% R 2, 2015,
45(1): 111-140.

XU C X. Coherent structures and drag-reduction mechanism in wall
turbulence[J]. Advances in Mechanics, 2015, 45(1): 111-140 (in
Chinese) .

doi: 10.6052/1000-0992-15-006

ROBINSON S K. Coherent motions in the turbulent boundary layer[J].
Annual Review of Fluid Mechanics, 1991, 23: 601-639.

doi: 10.1146/annurev.f1.23.010191.003125

CORKE T C, THOMAS F O. Active and passive turbulent boundary-
layer drag reduction[J]. AIAA Journal, 2018, 56 (10) : 3835-3847.

doi: 10.2514/1.j056949

SOLEIMANI S, ECKELS S. A review of drag reduction and heat
transfer enhancement by riblet surfaces in closed and open channel
flow [J]. International Journal of Thermofluids, 2021, 9: 100053.

doi: 10.1016/.ijft.2020.100053
WALSH M. Turbulent boundary
riblets[C]//20th Aerospace Sciences Meeting, Orlando, FL, USA.
Reston, Virigina: AIAA, 1982.

doi: 10.2514/6.1982-169

A, Zeh, BB, IE 52 BRI 5 AR T 45 R B W O TR -
PIVSZIGHTFE [T]. PELER, 2019, 68 (7) : 074702.

LI S, JIANG N, YANG S Q. Influence of sinusoidal riblets on the

coherent structures in turbulent boundary layer studied by time-resolved

layer drag reduction using

particle image velocimetry[J]. Acta Physica Sinica, 2019, 68(7):
074702 (in Chinese) .

doi: 10.7498/aps.68.20181875

PGB BE Tt AR T 45 ) S LV R A 3 4% ol U PTV SR IR AT 5T [D]. R
HEREERE,

CHOI H, MOIN P, KIM J. Active turbulence control for drag reduction
in wall-bounded flows[J]. Journal of Fluid Mechanics, 1994, 262:
75-110.

doi: 10.1017/s0022112094000431

HAMMOND E P, BEWLEY T R, MOIN P. Observed mechanisms for
turbulence attenuation and enhancement in opposition-controlled wall-
bounded flows[J]. Physics of Fluids, 1998, 10 (9) : 2421-2423.

doi: 10.1063/1.869759

CHUNG Y M, TALHA T. Effectiveness of active flow control for
turbulent skin friction drag reduction[J]. Physics of Fluids, 2011,
23(2):025102.

doi: 10.1063/1.3553278

YW, TREH, B, S BRSO T SRR A PR R SR IR R
Wi e SLORBEALER [J]. 145 2441k, 2020, 41 (10) : 123814

FAN Y T, ZHANG Y, YE Z X, et al. Micro-blowing: effect on flow

characteristics in turbulent flat plate boundary layer and drag reduction

mechanism[J]. Acta Aeronautica et Astronautica Sinica, 2020, 41 (10) :
123814 (in Chinese) .

TILLMAN T, HWANG D. Drag reduction on a large-scale nacelle
using a micro-blowing technique[C]//37th Aerospace Sciences Meeting
and Exhibit, Reno, NV, USA. Reston, Virigina: ATAA, 1999.

doi: 10.2514/6.1999-130

HWANG D, HWANG D. A proof of concept experiment for reducing
skin friction by using a micro-blowing technique[C]//35th Aerospace
Sciences Meeting and Exhibit, Reno, NV, USA. Reston, Virigina:
ATAA, 1997.

doi: 10.2514/6.1997-546


http://dx.doi.org/10.3969/j.issn.0254-0053.2013.04.010
http://dx.doi.org/10.3969/j.issn.0254-0053.2013.04.010
http://dx.doi.org/10.3969/j.issn.0254-0053.2013.04.010
http://dx.doi.org/10.3969/j.issn.0254-0053.2013.04.010
https://doi.org/10.3969/j.issn.0254-0053.2013.04.010
https://www.researchgate.net/publication/235339328_Aircraft_Drag_Reduction_An_Overview
https://www.researchgate.net/publication/235339328_Aircraft_Drag_Reduction_An_Overview
http://dx.doi.org/10.1243/095441003763031789
http://dx.doi.org/10.1243/095441003763031789
http://dx.doi.org/10.1243/095441003763031789
https://doi.org/10.1243/095441003763031789
http://dx.doi.org/10.1017/jfm.2012.579
https://doi.org/10.1017/jfm.2012.579
http://dx.doi.org/10.1017/s0022112067001740
https://doi.org/10.1017/s0022112067001740
http://dx.doi.org/10.2514/3.60126
http://dx.doi.org/10.2514/3.60126
https://doi.org/10.2514/3.60126
http://dx.doi.org/10.1007/s00348-016-2230-9
https://doi.org/10.1007/s00348-016-2230-9
http://dx.doi.org/10.1098/rspa.1997.0119
http://dx.doi.org/10.1098/rspa.1997.0119
https://doi.org/10.1098/rspa.1997.0119
http://dx.doi.org/10.2514/2.1907
https://doi.org/10.2514/2.1907
http://dx.doi.org/10.1063/1.868690
https://doi.org/10.1063/1.868690
http://dx.doi.org/10.1007/BF00856638
https://doi.org/10.1007/BF00856638
http://dx.doi.org/10.1063/1.1477922
https://doi.org/10.1063/1.1477922
http://dx.doi.org/10.1146/annurev-fluid-121108-145550
http://dx.doi.org/10.1146/annurev-fluid-121108-145550
https://doi.org/10.1146/annurev-fluid-121108-145550
http://dx.doi.org/10.1260/1756-8250.4.1-2.1
https://doi.org/10.1260/1756-8250.4.1-2.1
http://dx.doi.org/10.6052/1000-0992-15-006
http://dx.doi.org/10.6052/1000-0992-15-006
https://doi.org/10.6052/1000-0992-15-006
http://dx.doi.org/10.1146/annurev.fl.23.010191.003125
https://doi.org/10.1146/annurev.fl.23.010191.003125
http://dx.doi.org/10.2514/1.j056949
https://doi.org/10.2514/1.j056949
http://dx.doi.org/10.1016/j.ijft.2020.100053
https://doi.org/10.1016/j.ijft.2020.100053
http://dx.doi.org/10.7498/aps.68.20181875
http://dx.doi.org/10.7498/aps.68.20181875
https://doi.org/10.7498/aps.68.20181875
http://dx.doi.org/10.1017/s0022112094000431
https://doi.org/10.1017/s0022112094000431
http://dx.doi.org/10.1063/1.869759
https://doi.org/10.1063/1.869759
http://dx.doi.org/10.1063/1.3553278
https://doi.org/10.1063/1.3553278

%9 T B SE TR I EE R ek ST T e S e 2 17
[39] BRADSHAW P, PONTIKOS N S. Measurements in the turbulent [55] ROUPASSOV D V, NIKIPELOV A A, NUDNOVA M M, et al. Flow

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

boundary layer on an ‘infinite > swept wing[J]. Journal of Fluid
Mechanics, 1985, 159: 105.

doi: 10.1017/50022112085003123

DRIVER D M, HEBBAR S K. Experimental study of a three-
dimensional, shear-driven, turbulent boundary layer[J]. AIAA Journal,
1987,25(1): 35-42.

doi: 10.2514/3.9575

SENDSTAD O. The near-wall mechanics of three-dimensional
turbulent boundary layers[D]. Stanford, CA, USA: Stanford University,
1992.

EATON J K. Effects of mean flow three dimensionality on turbulent
boundary-layer structure [J]. AIAA Journal, 1995, 33 (11) : 2020-2025.
doi: 10.2514/3.12942

QUADRIO M, RICCO P. Critical assessment of turbulent drag
reduction through spanwise wall oscillations[J]. Journal of Fluid
Mechanics, 2004, 521: 251-271.

doi: 10.1017/50022112004001855

CHOI K S, CLAYTON B R. The mechanism of turbulent drag
reduction with wall oscillation[J]. International Journal of Heat and
Fluid Flow, 2001, 22 (1): 1-9.

doi: 10.1016/S0142-727X(00)00070-9

KUSHAL K. Spanwise wall
technique[D]. Delft University of Technology, 2019.

CHIN C, ORLU R, MONTY J, et al. Simulation of a large-eddy-break-
up device (LEBU) in a moderate Reynolds number turbulent boundary
layer[J]. Flow, Turbulence and Combustion, 2017, 98 (2) : 445—460.
doi: 10.1007/s10494-016-9757-y

KIM J S, HWANG J, YOON M, et al. Influence of a large-eddy
breakup device on the frictional drag in a turbulent boundary layer[J].
Physics of Fluids, 2017, 29 (6) : 065103.

doi: 10.1063/1.4984602

CORKE T C, GUEZENNEC Y, NAGIB H M. . Modification in drag of
turbulent boundary layers resulting from manipulation of large-scale
structures[R]. NASA-CR-3444.
https://ntrs.nasa.gov/api/citations/19810021850/downloads/1981002185
0.pdf

KLIMOV A I, KOBLOV A N, MISHIN G I, et al. Shock wave
propagation in a glow discharge [J]. Technical Physics Letters, 1982, 8:
192-194.

MEYER R, PALM P, PLONJES E, et al. The effect of a nonequilibrium
RF discharge plasma on a conical shock wave in a M = 2.5
flow[C]//32nd AIAA Plasmadynamics and Lasers Conference.
doi:10.2514/6.2001-3059

BN, Rz, B, S EE TR S R R SR ). 1%
R, 2022, 52(1): 1-32.

LIY H, WU Y, LIANG H, et al. Exploration and outlook of plasma-
actuated gas dynamics[J]. Advances in Mechanics, 2022, 52 (1): 1-32
(in Chinese) .

ROTH J R, SHERMAN D M, WILKINSON S P. Electrohydrodynamic
flow control with a glow-discharge surface plasma[J]. AIAA Journal,
2000, 38: 1166-1172.

doi: 10.2514/3.14531

ROTH J R, SHERMAN D M, WILKINSON S. Boundary layer flow
control with a one atmosphere uniform glow discharge surface
plasma[C]//36th AIAA Aerospace Sciences Meeting and Exhibit, Reno,
NV, USA. Reston, Virigina: ATAA, 1998.

doi: 10.2514/6.1998-328

B B, KA E, A &, ARECRIMI. Abst: BB Tk H AL, 2012.

oscillation as a drag reduction

[56]

(571

[58]

[59]

[60]

(61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

separation control by plasma actuator with nanosecond pulsed-periodic
discharge[J]. AIAA Journal, 2009, 47 (1) : 168—185.

doi: 10.2514/1.38113

BENARD N, MOREAU E. EHD force and electric wind produced by
plasma actuators used for airflow control[C]//6th AIAA Flow Control
Conference, New Orleans, Louisiana, 2012.

doi: 10.2514/6.2012-3136

BENARD N, MOREAU E. Electrical and mechanical characteristics of
surface AC dielectric barrier discharge plasma actuators applied to
airflow control [J]. Experiments in Fluids, 2014, 55 (11) : 1846.

doi: 10.1007/s00348-014-1846-x

ZHU Y F, WU Y, CUI W, et al. Modelling of plasma aerodynamic
actuation driven by nanosecond SDBD discharge[J]. Journal of Physics
D:Applied Physics, 2013, 46 (35) : 355205.

doi: 10.1088/0022-3727/46/35/355205

WU Y. Nanosecond pulsed discharge plasma actuation: characteristics
and flow control performance[C]/45th AIAA Plasmadynamics and
Lasers Conference, Atlanta, GA. Reston, Virginia: AIAA, 2014.

doi: 10.2514/6.2014-2118

BENARD N, ZOUZOU N, CLAVERIE A, et al. Optical visualization
and electrical characterization of fast-rising pulsed dielectric barrier
discharge for airflow control applications[J]. Journal of Applied
Physics, 2012, 111(3): 033303.

doi: 10.1063/1.3682568

TAKASHIMA K, ZUZEEK Y, LEMPERT W R, et al. Characterization
of a surface dielectric barrier discharge plasma sustained by repetitive
nanosecond pulses[J]. Plasma Sources Science and Technology, 2011,
20(5): 055009.

doi: 10.1088/0963-0252/20/5/055009

DEBIEN A, BENARD N, MOREAU E. Streamer inhibition for
improving force and electric wind produced by DBD actuators[J].
Journal of Physics D:Applied Physics, 2012, 45(21): 215201.

doi: 10.1088/0022-3727/45/21/215201

Rte, BAEE THRSIEHIT A [D]. 25 % LR K2, 2009.

LIANG H. Airfoil flow control by plasma actuation[D]. Air Force
Engineering University, 2009 (in Chinese).

RO A = M RS b AR SR R H LR D). 2% TR
K2, 2015.

ZHAO G Y. Mechanism investigation of airfoil/delta wing plasma-
shock-based flow control[D]. Air Force Engineering University, 2015
(in Chinese).

CUI Y D, ZHAO Z J, ZHENG J G, et al. Separation control over a
NACAO0015 airfoil using nanosecond pulsed plasma actuator[C]//55th
ATAA Acrospace Sciences Meeting, Grapevine, Texas. Reston,
Virginia: AIAA, 2017.

doi: 10.2514/6.2017-0715

DURASIEWICZ C, SINGH A, LITTLE J C. A comparative flow
physics study of NS-DBD vs AC-DBD plasma actuators for transient
separation control on a NACAO0012 airfoil[C]//2018 AIAA Aerospace
Sciences Meeting, Kissimmee, Florida. Reston, Virginia: AIAA, 2018.
doi: 10.2514/6.2018-1061

LIKHANSKII A, SHNEIDER M, OPAITS D, et al. Limitations of the
DBD effects on the external flow[C]//48th AIAA Aerospace Sciences
Meeting Including the New Horizons Forum and Aerospace Exposition,
Orlando, Florida. Reston, Virigina: AIAA, 2010.

doi: 10.2514/6.2010-470

KELLEY C L, BOWLES P O, COONEY J, et al. Leading-edge

separation control using alternating-current and nanosecond-pulse


http://dx.doi.org/10.1017/s0022112085003123
http://dx.doi.org/10.1017/s0022112085003123
https://doi.org/10.1017/s0022112085003123
http://dx.doi.org/10.2514/3.9575
https://doi.org/10.2514/3.9575
http://dx.doi.org/10.2514/3.12942
https://doi.org/10.2514/3.12942
http://dx.doi.org/10.1017/s0022112004001855
http://dx.doi.org/10.1017/s0022112004001855
https://doi.org/10.1017/s0022112004001855
http://dx.doi.org/10.1016/S0142-727X(00)00070-9
http://dx.doi.org/10.1016/S0142-727X(00)00070-9
https://doi.org/10.1016/S0142-727X(00)00070-9
http://dx.doi.org/10.1007/s10494-016-9757-y
https://doi.org/10.1007/s10494-016-9757-y
http://dx.doi.org/10.1063/1.4984602
https://doi.org/10.1063/1.4984602
https://ntrs.nasa.gov/api/citations/19810021850/downloads/19810021850.pdf
https://ntrs.nasa.gov/api/citations/19810021850/downloads/19810021850.pdf
http://dx.doi.org/10.2514/3.14531
https://doi.org/10.2514/3.14531
http://dx.doi.org/10.2514/1.38113
https://doi.org/10.2514/1.38113
http://dx.doi.org/10.1007/s00348-014-1846-x
https://doi.org/10.1007/s00348-014-1846-x
http://dx.doi.org/10.1088/0022-3727/46/35/355205
http://dx.doi.org/10.1088/0022-3727/46/35/355205
https://doi.org/10.1088/0022-3727/46/35/355205
http://dx.doi.org/10.1063/1.3682568
http://dx.doi.org/10.1063/1.3682568
https://doi.org/10.1063/1.3682568
http://dx.doi.org/10.1088/0963-0252/20/5/055009
https://doi.org/10.1088/0963-0252/20/5/055009
http://dx.doi.org/10.1088/0022-3727/45/21/215201
https://doi.org/10.1088/0022-3727/45/21/215201

18

RN ]

;

¥k

41 %

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

plasma actuators[J]. AIAA Journal, 2014, 52(9): 1871-1884.

doi: 10.2514/1.j052708

K2R, T, BT, S R B TR ML R S B i) ATt ).
Wiz 240, 2018, 39(2) 1 121587,

ZHANG X, HUANG Y, YANG P Y, et al. Flight test of flow separation
control using plasma UAV[J]. Acta Aeronautica et Astronautica Sinica,
2018, 39(2): 121587 (in Chinese) .

SU Z, LI J, LIANG H, et al. UAV flight test of plasma slats and
ailerons with microsecond dielectric barrier discharge[J]. Chinese
Physics B, 2018, 27 (10) : 105205.

doi: 10.1088/1674-1056/27/10/105205

CHOI K S, JUKES T, WHALLEY R. Turbulent boundary-layer control
with plasma actuators[J]. Philosophical Transactions of the Royal
Society A:Mathematical, Physical and Engineering Sciences, 2011,
369 (1940) : 1443-1458.

doi: 10.1098/rsta.2010.0362

CHENG X Q, WONG C W, HUSSAIN F, et al. Flat plate drag
reduction using plasma-generated streamwise vortices[J]. Journal of
Fluid Mechanics, 2021, 918: A24.

doi: 10.1017/jfm.2021.311

LIY Q, GAO C, WU B, et al. Turbulent boundary layer control with a
spanwise array of DBD plasma actuators[J]. Plasma Science and
Technology, 2021, 23 (2) : 025501.

doi: 10.1088/2058-6272/abce0d

SU Z, ZONG H H, LIANG H, et al. Minimizing airfoil drag at low
angles of attack with DBD-based turbulent drag reduction methods [J].
Chinese Journal of Aeronautics, 2023, 36 (4) : 104—119.

doi: 10.1016/j.cja.2022.11.019

TR TR 16 Bl 27 S T Al R 2 P AR SRR 4 DL K T AL
W FL[D]. = F TFE K, 2022.

SU Z. Method and mechanism investigation of flat plate/airfoil friction
drag reduction by spanwise plasma actuation array[D]. Air Force
Engineering University, 2022 (in Chinese).

THOMAS F O, CORKE T C, DUONG A, et al. Turbulent drag
reduction using pulsed-DC plasma actuation[J]. Journal of Physics
D:Applied Physics, 2019, 52 (43) : 434001.

doi: 10.1088/1361-6463/ab3388

YATES K, CORKE T, THOMAS F, et al. Viscous drag reduction in
adverse pressure gradient boundary layers[C]//AIAA Scitech 2019
Forum, San Diego, California. Reston, Virginia: AIAA, 2019.

doi: 10.2514/6.2019-0309

JUNG W J, MANGIAVACCHI N, AKHAVAN R. Suppression of
turbulence in wall-bounded flows by high-frequency spanwise
oscillations[J]. Physics of Fluids A:Fluid Dynamics, 1992, 4(8):
1605-1607.

doi: 10.1063/1.858381

DU Y Q, KARNIADAKIS G E. Suppressing wall turbulence by means
of a transverse traveling wave [J]. Science, 2000, 288 (5469) : 1230.
doi: 10.1126/science.288.5469.1230

DU Y Q, SYMEONIDIS V, KARNIADAKIS G E. Drag reduction in
wall-bounded turbulence via a transverse travelling wave [J]. Journal of
Fluid Mechanics, 2002, 457: 1-34.

doi: 10.1017/50022112001007613

KARNIADAKIS G E, CHOI K S. Mechanisms on transverse motions
in turbulent wall flows[J]. Annual Review of Fluid Mechanics, 2003,
35:45-62.

doi: 10.1146/annurev.fluid.35.101101.161213

WILKINSON S P. Investigation of an oscillating surface plasma for

turbulent drag reduction[C]//41st Aerospace Sciences Meeting and

[83]

(84]

[85]

[86]

(87]

[88]

[89]

[90]

[91]

[92]

93]

[94]

[95]

[96]

Exhibit, Reno, N, 2003. ATAA 2003-1023.
https://ntrs.nasa.gov/api/citations/20030004240/downloads/2003000424
0.pdf

HEHNER M T, GATTI D, KRIEGSEIS J. Stokes-layer formation
under absence of moving parts—a novel oscillatory plasma actuator
design for turbulent drag reduction[J]. Physics of Fluids, 2019, 31(5):
051701.

doi: 10.1063/1.5094388

HEHNER M T, GATTI D, MATTERN P, et al. Virtual wall oscillations
forced by a DBD plasma actuator operating under beat frequency - a
concept for turbulent drag reduction[C]//AIAA Aviation 2020 Forum,
Virtual Event. Reston, Virginia: AIAA, 2020.

doi: 10.2514/6.2020-2956

JUKES T, CHOI K S, JOHNSON G, et al. Turbulent drag reduction by
surface plasma through spanwise flow oscillation[C]//3rd AIAA Flow
Control Conference, San Francisco, California. Reston, Virigina: ATAA,
2006.

doi: 10.2514/6.2006-3693

ELAM D. A direct numerical simulation of dielectric barrier discharge
(DBD) plasma actuators for
Coventry, West Midlands, UK: University of Warwick, 2012.

SHYY W, JAYARAMAN B, ANDERSSON A. Modeling of glow
discharge-induced fluid dynamics[J]. Journal of Applied Physics,
2002, 92 (11) : 64346443,

doi: 10.1063/1.1515103

ALTINTAS A, DAVIDSON L, PENG S H. Direct numerical
simulation of drag reduction by spanwise oscillating dielectric barrier
discharge plasma force[J]. Physics of Fluids, 2020, 32(7): 075101.

doi: 10.1063/5.0007103
https://publications.lib.chalmers.se/records/fulltext/245839/local 24583
9.pdf

MAHFOZE O, LAIZET S. Skin-friction drag reduction in a channel
flow with streamwise-aligned plasma actuators[J]. International
Journal of Heat and Fluid Flow, 2017, 66: 83—94.

doi: 10.1016/j.ijheatfluidflow.2017.05.013

ALESSIO M. DNS study of turbulent drag reduction via DBD plasma
actuators[D]. Politecnico di Milano, 2020.

SU Z, ZONG H H, LIANG H, et al. Optimization in frequency
characteristics of an oscillating dielectric barrier discharge plasma
actuator[J]. Sensors and Actuators A:Physical, 2023, 351: 114195.

doi: 10.1016/j.sna.2023.114195

WHALLEY R D, CHOI K S. The starting vortex in quiescent air
induced by dielectric-barrier-discharge plasma[J]. Journal of Fluid
Mechanics, 2012, 703: 192—203.

doi: 10.1017/jfm.2012.206

WHALLEY R D. Turbulent boundary-layer control with DBD plasma
actuators using spanwise travelling-wave technique[D]. Nottingham,
East Midlands, UK: The University of Nottingham, 2011.

WHALLEY R D, CHOI K S. Turbulent boundary-layer control with
spanwise travelling waves[J]. Journal of Physics:Conference Series,
2011, 318(2): 022039.

doi: 10.1088/1742-6596/318/2/022039

WHALLEY R D, CHOI K S. Turbulent boundary-layer control with
plasma spanwise travelling waves[J]. Experiments in Fluids, 2014,
55(8):1796.

doi: 10.1007/s00348-014-1796-3

HUANG L P, CHOI K S, FAN B C. Formation of low-speed ribbons in
turbulent channel flow subject to a spanwise travelling wave[J].
Journal of Physics: Conference Series, 2011, 318 (2) : 022027.

turbulent  skin-friction control[D].


http://dx.doi.org/10.2514/1.j052708
https://doi.org/10.2514/1.j052708
http://dx.doi.org/10.1088/1674-1056/27/10/105205
http://dx.doi.org/10.1088/1674-1056/27/10/105205
https://doi.org/10.1088/1674-1056/27/10/105205
http://dx.doi.org/10.1098/rsta.2010.0362
http://dx.doi.org/10.1098/rsta.2010.0362
https://doi.org/10.1098/rsta.2010.0362
http://dx.doi.org/10.1017/jfm.2021.311
http://dx.doi.org/10.1017/jfm.2021.311
https://doi.org/10.1017/jfm.2021.311
http://dx.doi.org/10.1088/2058-6272/abce0d
http://dx.doi.org/10.1088/2058-6272/abce0d
https://doi.org/10.1088/2058-6272/abce0d
http://dx.doi.org/10.1016/j.cja.2022.11.019
https://doi.org/10.1016/j.cja.2022.11.019
http://dx.doi.org/10.1088/1361-6463/ab3388
http://dx.doi.org/10.1088/1361-6463/ab3388
https://doi.org/10.1088/1361-6463/ab3388
http://dx.doi.org/10.1063/1.858381
https://doi.org/10.1063/1.858381
http://dx.doi.org/10.1126/science.288.5469.1230
https://doi.org/10.1126/science.288.5469.1230
http://dx.doi.org/10.1017/s0022112001007613
http://dx.doi.org/10.1017/s0022112001007613
https://doi.org/10.1017/s0022112001007613
http://dx.doi.org/10.1146/annurev.fluid.35.101101.161213
https://doi.org/10.1146/annurev.fluid.35.101101.161213
https://ntrs.nasa.gov/api/citations/20030004240/downloads/20030004240.pdf
https://ntrs.nasa.gov/api/citations/20030004240/downloads/20030004240.pdf
http://dx.doi.org/10.1063/1.5094388
https://doi.org/10.1063/1.5094388
http://dx.doi.org/10.1063/1.1515103
https://doi.org/10.1063/1.1515103
https://publications.lib.chalmers.se/records/fulltext/245839/local_245839.pdf
https://publications.lib.chalmers.se/records/fulltext/245839/local_245839.pdf
http://dx.doi.org/10.1016/j.ijheatfluidflow.2017.05.013
http://dx.doi.org/10.1016/j.ijheatfluidflow.2017.05.013
https://doi.org/10.1016/j.ijheatfluidflow.2017.05.013
http://dx.doi.org/10.1016/j.sna.2023.114195
https://doi.org/10.1016/j.sna.2023.114195
http://dx.doi.org/10.1017/jfm.2012.206
http://dx.doi.org/10.1017/jfm.2012.206
https://doi.org/10.1017/jfm.2012.206
http://dx.doi.org/10.1088/1742-6596/318/2/022039
https://doi.org/10.1088/1742-6596/318/2/022039
http://dx.doi.org/10.1007/s00348-014-1796-3
https://doi.org/10.1007/s00348-014-1796-3
http://dx.doi.org/10.1088/1742-6596/318/2/022027

ECR

o ESF: ST EE R R BT Tk R S e 19

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

doi: 10.1088/1742-6596/318/2/022027

ZHAO H, WU J Z, LUO J S. Turbulent drag reduction by traveling
wave of flexible wall[J]. Fluid Dynamics Research, 2004, 34(3):
175-198.

doi: 10.1016/j.fluiddyn.2003.11.001

ZONG H H, SU Z, LIANG H, et al. Experimental investigation and
reduced-order modeling of plasma jets in a turbulent boundary layer for
skin-friction drag reduction[J]. Physics of Fluids, 2022, 34(8):
085133.

doi: 10.1063/5.0104609

LI Y P, WONG C W, LI Y Z, et al. Drag reduction of a turbulent
boundary layer using plasma actuators[C]/19th Australasian Fluid
Mechanics Conference, Melbourne, Australia, 2014.
https://people.eng.unimelb.edu.au/imarusic/proceedings/19/340.pdf
WONG C W, ZHOU Y, LI Y Z, et al. Active drag reduction in a
turbulent boundary layer based on plasma-actuator-generated
streamwise vortices[C]//9th International Symposium on Turbulence
and Shear Flow Phenomena, Melbourne, Australia, 2015.
http://www.tsfp-conference.org/proceedings/2015/v3/9A-5.pdf

WAE . BT A B A O A i U 5 R B 1) 2 A A
FL[D]. Mi/RIEE: My RIE Tolk oK 2%, 2018.

WONG C W, X Q CHENG, Q PENG, et al. Effects of plasma-actuator-
generated vortices on a turbulent boundary layer[R]. 10th International
Symposium on Turbulence and Shear Flow Phenomena, Chicago, USA,
2017.

WONG C W, CHENG X Q, FAN D W, et al. Friction drag reduction
based on a proportional-derivative control scheme[J]. Physics of
Fluids, 2021, 33(7): 075115

doi: 10.1063/5.0056169

R, i, O, A T A BT AR Y (s AT 14 5 e P 4
i [0, W3 J1 %44k, 2023, 38(5) : 1157-1165.

ZHENG H B, GAO C, WU B, et al. Drag reduction control of turbulent
boundary layer based on plasma actuation[J]. Journal of Aerospace
Power, 2023, 38(5): 1157—1165 (in Chinese) .

MCGOWEN R, CORKE T C, MATLIS E H, et al. Pulsed-DC plasma
actuator characteristics and application in compressor stall
control[C]//54th AIAA Aecrospace Sciences Meeting, San Diego,
California, USA. Reston, Virginia: ATAA, 2016.

doi: 10.2514/6.2016-0394

MURPHY J, LAVOIE P. Characterization of DBD plasma actuators via
PIV  measurements[C]/51st AIAA Aerospace Sciences Meeting
including the New Horizons Forum and Aerospace Exposition,
Grapevine, Texas. Reston, Virigina: AIAA, 2013.

doi: 10.2514/6.2013-346

MCGOWAN R C, CORKE T C, MATLIS E H, et al. Pulsed-DC
plasma actuation for stall control in an axial fan[C]/2018 AIAA
Aecrospace Sciences Meeting, Kissimmee, Florida. Reston, Virginia:
AIAA, 2018.

doi: 10.2514/6.2018-1357

SONTAG J M, GORDEYEV S, DUONG A, et al. Studies of pulsed-
DC plasma actuator and its effect on turbulent boundary layers using

novel optical diagnostics[C]//AIAA Scitech 2019 Forum, San Diego,

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

California. Reston, Virginia: AIAA, 2019.

doi: 10.2514/6.2019-0468

DUONG A, MIDYA S, CORKE T C, et al. Turbulent boundary layer
drag reduction using pulsed-dc plasma actuation[C]//11th International
Symposium on Turbulence and Shear Flow Phenomena, Southampton,
UK, 2019.

BLACKWELDER R F, KAPLAN R E. On the wall structure of the
turbulent boundary layer[J]. Journal of Fluid Mechanics, 1976, 76 (1) :
89-112.

doi: 10.1017/s0022112076003145

DUONG A H, CORKE T C, THOMAS F O. Characteristics of drag
boundary pulsed-DC
actuation[C]//ATIAA Scitech 2020 Forum, Orlando, FL. Reston,
Virginia: AIAA, 2020.

doi: 10.2514/6.2020-0098

DUONG A H, CORKE T C, THOMAS F O. Characteristics of drag-
reduced turbulent boundary layers with pulsed-direct-current plasma
actuation [J]. Journal of Fluid Mechanics, 2021, 915: A113.

doi: 10.1017/jfm.2021.167

CAIN A B, NELSON C C. Studies of the effects of drag reduction due
to plasma actuation applied to aircraft configurations[C]//AIAA Scitech
2019 Forum, San Diego, California. Reston, Virginia: ATAA, 2019.

doi: 10.2514/6.2019-2180

NAKAI S, NISHIDA H, OSHIO Y. Investigation on performance

characteristics of dielectric discharge plasma actuator using pulsed-dc

reduced  turbulent layers  through

waveform[J]. Journal of Fluid Science and Technology, 2018, 13(3):
JFST0018.

doi: 10.1299/jfst.2018jfst0018

STARIKOVSKIY A Y, ALEKSANDROV N L. Gasdynamic flow
control by ultrafast local heating in a strongly nonequilibrium pulsed
plasmal[J]. Plasma Physics Reports, 2021, 47 (2) : 148—209.

doi: 10.1134/s1063780x21020069

SU Z, ZONG H H, LIANG H, et al. Effect of pulse width on the
characteristics of a dielectric barrier discharge plasma actuator driven
by high-voltage pulses[J]. Journal of Physics D: Applied Physics,
2021, 54(33): 33LT02

doi: 10.1088/1361-6463/ac00f0

SU Z, ZONG H H, LIANG H, et al. Characteristics of a dielectric
barrier discharge plasma actuator driven by pulsed-DC high voltage[J].
Journal of Physics D: Applied Physics, 2022, 55 (7) : 075203.

doi: 10.1088/1361-6463/ac30bc

WU B, GAO C, LIU F, et al. Reduction of turbulent boundary layer
drag through dielectric-barrier-discharge plasma actuation based on the
Spalding formula[J]. Plasma Science and Technology, 2019, 21(4):
045501.

doi: 10.1088/2058-6272/aaf2e2

ZONG H H, WU Y, LIANG H, et al. Experimental investigation and
intelligent optimization of airfoil zero-lift drag reduction with plasma
actuators[J]. ATAA Journal, 2023, 61 (1) : 223-240.

doi: 10.2514/1.j062099

(AX7w%h: M)


https://doi.org/10.1088/1742-6596/318/2/022027
http://dx.doi.org/10.1016/j.fluiddyn.2003.11.001
https://doi.org/10.1016/j.fluiddyn.2003.11.001
http://dx.doi.org/10.1063/5.0104609
https://doi.org/10.1063/5.0104609
https://people.eng.unimelb.edu.au/imarusic/proceedings/19/340.pdf
http://www.tsfp-conference.org/proceedings/2015/v3/9A-5.pdf
http://dx.doi.org/10.1063/5.0056169
http://dx.doi.org/10.1063/5.0056169
https://doi.org/10.1063/5.0056169
http://dx.doi.org/10.1017/s0022112076003145
https://doi.org/10.1017/s0022112076003145
http://dx.doi.org/10.1017/jfm.2021.167
https://doi.org/10.1017/jfm.2021.167
http://dx.doi.org/10.1299/jfst.2018jfst0018
https://doi.org/10.1299/jfst.2018jfst0018
http://dx.doi.org/10.1134/s1063780x21020069
https://doi.org/10.1134/s1063780x21020069
http://dx.doi.org/10.1088/1361-6463/ac00f0
https://doi.org/10.1088/1361-6463/ac00f0
http://dx.doi.org/10.1088/1361-6463/ac30bc
https://doi.org/10.1088/1361-6463/ac30bc
http://dx.doi.org/10.1088/2058-6272/aaf2e2
https://doi.org/10.1088/2058-6272/aaf2e2
http://dx.doi.org/10.2514/1.j062099
https://doi.org/10.2514/1.j062099

	0 引　言
	1 典型湍流摩擦减阻方法
	1.1 复杂壁面
	1.2 壁面吹/吸
	1.3 展向壁面振荡
	1.4 外部尺度控制方法

	2 等离子体湍流摩擦减阻方法概述
	3 非定常等离子体减阻方法
	3.1 展向振荡放电激励
	3.2 展向行波放电激励

	4 定常等离子体减阻方法
	4.1 基于AC-DBD的展向定常放电激励
	4.2 基于脉冲直流DBD的展向定常放电激励
	4.3 流向定常等离子体减阻方法

	5 翼型等离子体湍流减阻的探索
	6 展　望
	6.1 激励方法：发展新型高效能等离子体减阻激励方法
	6.2 应用环境：面向高雷诺数强逆压梯度气流环境进行拓展
	6.3 控制策略：由开环控制向智能自适应发展

	7 结　论
	参考文献

