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Experiment for improving aerodynamic performances of
a flying wing by millisecond pulsed

plasma actuation
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(Science and Technology onRlasma Dynamics Laboratory,
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Air Force Engineering University, Xi'an 710038, China)

Abstract: The expefiment for improving aerodynamic performances of a flying wing by
millisecond pulsed-dielectric barrier discharge (DBD) plasma actuation was performed in a
wind tunnel at incoming speed of 30m/s. Plasma actuator was planted along the leading edge
of the flying wings; the discharge energy of each pulse was at the order of 0. 1mJ/cm when
the peak-to-peak voltage was 9. 5kV. The effect of actuation frequency and duty cycle on the
aerodynamic performances, such as lift/drag coefficient, lift/drag ratio and pitch moment co-
efficient, was investigated through force measurement by a six-component balance. The re-
sults show that the aerodynamic performances of the flying wing at high angles of attack can
be improved with plasma actuation. When the optimum non-dimensional actuation frequency
F'" a1, the stall angle of attack increases from 14° to 17° and the maximum lift coefficient in-
creases by 10%. The duty cycle plays an important role in flow control efficiency. The best
duty cycle is 5% in the current investigation, which can reduce the power consumption tre-
mendously. Meanwhile, the changes of pitch moment coefficient indicate that longitudinal

static stability of flying wing is improved by plasma actuation.
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Fig. 2 Voltage and current signals
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Table 1 Energy characteristic of the actuator

WEUEE B/ AE ik / IZ N W
MR /kV Hz m] /A 5/ kW
9.44 5618 21.1 0.103  0.341
9. 44 5682 21.9 0.129  0.485
9.36 5556 22.6 0.109  0.329

Hi e 1 AT RATHAC HG B I b 1 TR
Ji 30 P9 475 R I o BB AR 0. dm] /em i 4, A XS
RVLFL /N M et 2 A0 ik o DBD 45 8 1R 3
il FH 3 80 47 I BERE B AR

2 ZBWERSHMN

2. 1 Bk U 53 28 (9 % i

PRARIEIEE R u=9.5kV, 55 R =
5 Vo ANAB-AIFFEAN ) Jok i 840 sl A0 25 %k - BHL 7 % 85 e
TI-BH HE 1) 52 e

AN [] J Bl A4 5T B T ) R AR CCO A2 AR
Kl 3Ca) fir s (FE H base Fon o3I F OL) o 2 3 10
PO, B 30 AR Co 38K, J7 RO K, it hn 45 25
FARBR 5 % Tt 3 Z2 ETC W] R i PR K R
T 3 THT 70 18 R R R 4% L T SR ROR AN KL Y
A 147, MUIE R, T ) RECSRT B A
GRS 8, 5Y Y] 2 — M2 m e 0, 75—
02 A1 B 23 25 L. I 2% A 45 B - AR D A B T i
71 e o T P B - T Wi 2 3 e R A = K
B TAR G 0y IR Ty R AR AR S G 0. A0 f k2P
HRB] 17°, Jsh 4 8+ 4 B0, it Jin 9 45 2 - 1k
PIORNAS JE LA 185, L3R A 25 Pk & A Ff I 2
Gy BRI T R BT B ka4 AR 0
BRI RBGL AR K FE MK b B AR R f=150
Hz B RO B e K ) REOGE N2y 10 %, BH )
B /N 9. 6%, W] B 2% OW ARl 147 HE IR
2 17°.

L 3(b) Sz AN [a] Jok o 800l A3 32 1 19 B ) 32 8K
AR L TE /N ff I SR S P D R B A AN
A KA KT 1478, B R (G 2m g K,



1848 W o2 @

%31 %

B R T RN BE U B0 43 B A5 R 22 BHL Dy 2 T 3
. Sl A AR U SN 43 B L R 25 B k0 S BEL T
FREUNTEARE. S0 MR T 175  HLE Rk
L it A e 1 BEL 77 28 B0 B . i Jok e a5 il
BRI, B ) R B AR KR W/, 5 T 1 R
PEAH . ZE K h I AR 38 =700 Hz B s BE 250 5 fi
W B BB 15° /N R, R 18, 9%,
Bl 3 Ce) & A [ Jik b 384 s 430 2R R 19 71 B B

1.15
F —=— Base
1.10F —e— =35 Hz
- —a— f=80 Hz
1.05F —x., v /=150Hz
' —<—f=300 Hz
100} »— /=700 Hz
o
0.95
0.90 |
0.85
0.80 i L
10 15 20 25 30
al(®)
[OEIVIES
0.5
—=— Base
—e—f=35Hz
0.4 —4—f=80 Hz
v— /=150 Hz
—+—f=300Hz_#
o 03— f=700 ¢\ s
0.2
0.1 )
10 15 20 25 30
al(*)
(by B F B
12
—u=— Base
—e— =35 Hz
9r —a— f=80 Hz
—»— =150 Hz
6 —«— =300 Hz
| —»— f=700 Hz
S A\
=

al(®)
(c) FHEHLE
B3 ok v 8 i A 3 kit 2 45 T 0R 14 5 i
(u=9.5kV.Rie=5%)
Fig. 3 Effect of actuation frequency on flow control

(u=9.5kV,Ri.=5%)

(C/COZEARE. e KT & AEE /N T I
FF BL B I 25 00 R A 43 15 I 4% 45 2 Rl v
e R T+ BH LY BE AR T 52 M A 2K TG00 A BT L A BT
A58 il 456 T BEL LA — 5 K.

K JC f 49 Bk op sl AL F 43 B Ik o el
AR A Bl 4 i R R e R A, A U
F'= fo/co RLH RBBA ¢ =0. 214 m, R #
JE v=30m/s. 55 Hv ik ol sl 4 32 43 i R 35,
80,150, 300, 700 Hz, X B i F© 43 % K 0. 25,
0.57,1.07,2.14,5. [/l 4 A F" F KT H
REE O MRS, i AT DUE 2
F'=1.07(F" ~1 I, i KT+ 75008 & 5K
Fra1 B, i 8l 4 i 08 i b, 3 5 ek 17 119
“hit—3L.

0.105
n

0.090.¢ / \
igo0sk |
2~ .J

0.060F4

0.045

0 1 2 3 4 5

P 4 Itk 29 fk e 4 Dl 4t 2 11 5

Fig. 4 Effect of non-dimensional actuation frequency

2.2 BB &= A

TR u=9. 5kV, Jk Ml 4% f=150Hz A~
A5 WF 5% N ) 28 b TR B R B % T R L Y
AR

& 5 AN b 25 b FHBHE T R AT Y
AL a5 Ree =5 %0 Bf . Ll Ay i 14748 K
177, KT BB R R KA 10%0;
i 25 LS, T 0 FR B A 0N, 2 o S R )
90 % B, T+ 71 R BCA AR K w0, 2] 5 25 ol
100 %6 » RV 5 W ah i, 7+ 3 SR BCHE /N, Ul B AE AL
T 25 A R b Al o R ROR 25 T HL B
G2 bR 506, X BRAR A T 4 i 45 o 5 L . SO
FAT A ee L, 1K B A A . M T 17
Jei s ML T T AT 43 88 3k T it N A A T
A B AS BE 58 430 i PR LR R Ok L T &
s/ L B 7 F B TC RS T K.

MWAAAE 14758 17730 BN, A E S 2s H, BEL)



5 8 3 Ty N5 S RO K o 25 8 T R U G IR B PR RESE B 1849

FRBEACA K WIS R BAE & 25 Rae =520 1
TR NI THBH Fe 3 B AR A 177 A S

Ra. =5 Vo I Fe K e R4 4y 19. 1%,

1.1
1.0 |
0.9
o —sa— Base
e R‘kzsf}g
08F o R =20% o
—_— R¢_=60'% 06
0.7F +—R,=90% 03
—+—R =100% S
0.6 : : —_
10 15 20 25 30
al(®)
(a) FHh &%
_| —=—DBase
055 —eR =5%
—A— R, =20%
04 F —v—R,=60%
—*— R, =90%
- «—R =100% -
U 03F de 04 )
L 03
02 =02 /
0.1 .
01 , , = tL!{T‘IS 75
10 15 20 25 30
al®)
(b) FH S R
12
—=—Base
*\R,=5%
or —a R 220%
—v—R, =60%
6k +—R, =90%
S »—R, =100%
oy
3k
0k
-3 1 1 1 1 1 1 L

=5 0 5 10 15 20 25 30
al(®)
(c) FHRE L
5 b s HoR Ui 3 4 il 28R 1 52 i
(u=9.5kV, f=150Hz)
Fig. 5 Effect of duty cycle on flow control
(u=9.5kV, f=150Hz)

2.3 HENS XN E R EBA R0

6 AN 7] ik b 95 el A0 6 R o S BGORL RE AT
T R BN AR AL TE /N AR it 3 A
PRAM 55 R A (MO B84k A R T 1075, HLE
W 3 T H B A3 it A S AR S A o 43 L i

FRARFAN 77 28 B3 K RISk T3 /0N 2 1o 7 A
SEVEAS G TCHUAAR A L 45 G R SCR I ) R EUE
A B FLBEAE 147 2% 3, 2% S ) DR A0 7 38 20
/0N o G\ ) F RS A 22 5 Tt o 458 2 AR Dl ok
FRORAM 77 9 2 R Ak 2 1 R, e 3 1 R A 1) i
T k. AN [R] Jk b 358Dl 931 3 R o 2 G £
ROR S Bk s 4% Sl 300 Hz, i 45 ok 500 B
X R EE G 1] AR S A e K R AR L

0
=— Base
s f=35Hz
—0.02+ —4— (=80 Hz __,-“‘\‘
v f=150 Hz "aN
—«— f=300 Hz .
—0.04F —»— =700 Hz \ %
A\
~0.06 A8y
I'\IP\.:'
~0.08} K
20.10L— : . . L L :
-5 0 5 10 \157 20 25 30
al(®)
(a) i
-0.02
=0.04F
=006 —=— Base |\
o R=5% 4|
A R =20% R
-0.08 F v R, =60% .
*+— R,=90%
> R,=100%
-0.10 — : : : - : .
-5 0 5 10 15 20 25 30
al(®)

(b) i#hh i =5 L

6 Bl 2 BOHR A 00 48 FR AR 52
Fig. 6 Effect of actuation parameters on pitch

moment coefficient

2.4 i i

CEAG R AL T B TR AL AL L
LS THEBE Ty, 6] B R K/ 1 RBL Y 5 5 B
JIFIESERA ) AR AE A R f T T AR, RALA
[ R A PR AR 2. A5 B 1 VR Al el s B R A
T A B SRR I g S A SR AR L AR A
PR X TR A A T T B BE R L 9A n] FRAR E E Y
e B WL

IE R RN 7 R 7oA o WTT =R W | U
DL Bl T A O 1 1 s LR 5 e R 1 g



1850 W 2

VAR N %31 4%

PARE NN k=i R NTTEE NS IS S W S A R BN
R SR 5 0 5 B S I AR T E T
AL Bl 47 ) 68 0 X LA e T R B AR A

Jok e 452 B AR Rl A A D o H S 5 R
S B T A K g S 00 T Sl & iU
S IR DTS 23 2 B D)2 AR A . i e 2 a2k
THmZREERER S ERMBE. & ER ST
A3 B BETETJZ o DRI AT L3 5 B 1 J2= 1R B0 1 B
I hE

g AN T 10°, HLEE 1 3R B A TR
L3 B I T L O BE T AR RS AR Ak,
A KT 10°, JLA AL FALIL 5 2 TT fh B
O3S i TN« T T3 2 RO A K i BEL T A %
AT SE VRN, T B IR R s 2 BH T M EE 45 RH
FEARAAZ TR T B R S T 0 R R Tr iR
FES R, S R T 14°, SR o0 B 7 i 2 0 g TR
o X, B GAMLE A S . T EOMLI K L T &
R ek 0N 5 BEL g o 8 R vt 9 el 4 R TS A
AEE, P2 T ARPUU AR A RE Sy IR TR
T 2 B O BHL T 2 000 S T BE R 3K AR A
T3 KON AR 2 i R E AR R
177, HL3R 0 g T A o0 5 3k T 7 B S 8 1 A il
ANREAM 23 B S B T E R it 38l s oL AR
BATIIR LE TCWRIRZS I B A8 BB . 2
Ji DR R 35 S BHL ) TR B e A5 TG RIRAS TR A
ARFAD 3 R 2 5 0 L JE 30 IR 2 T K.

TE A 4 K i 0l 43 3 R L F e 1A 4 4
RO i g JF DR R A Sl S — i i 2 L 7
F7= 17 A 5 A 108 R0 5 0L 37 48 U AT 4
B U Bl > B AR ROR i b S b R A U
R F RN — A EESH 52 o 100001,
QRIS BT 7 B B A SCR e i A 50
VLTS AE 2 O I 5 A A — D R AR E R
JE.

3 Z£itERE

TEAR L EE Ry 30 m/s T, X & 3B AL i 4% it
= Ak nir DBD 25 85 5~ (R 3#0ah . 8 i3 % T+ B &
Ko T BH EE AR R BRI IS, A B T AR
45k

1) Z A0 ikt DBD 25 8 5 A8 il ar LA il Bl
E SN TR R (PN S VNS VN 1 W

2) Fkmp AR f =150 Hz, 5 25 H Ry =
50 b JC Ak b R ARR FT A1 45 RHOR

W e KTF T &R B 10% . B 1 & B0
9.6% ,JFBH HL 3 K 19. 1 %.

3) 525 b Roe =5 %0 B, RN AR B i B AR
UE T B B A 48 o B8RS SUAT LAY/ N DI FE | S8 4 330

A) il i 2 BB K i S B RO X TR B A JR)
AL I RS M — o .

o RE AN R 2 S B B AR B — IR iR
e X FLE AT 45 B 1 UK U sl 45 o i — 2P Bl s
TR AR AT AR, R A B
PR AT Bh A Y T R T E A R B R AR R

CESY ¥

[ 1] Bolsunovsky A L,Buzoverya N P,Gurevich B I,et al. Fly-
ing wing: problems and decisions [ J ]. Aircraft Design,
2001,4(4):193-219:

[ 2] Sergio E. Static and\dynamic analysis/of an @nconventional
plane: flying wing[ R, ATAA-2001-4010,2001.

[ 34 Vladimir G D,Leonid M S, Vladimir E D, et al. The flying-
wing coneept-chances-and risks[ R]."ATAA-2003-2887,2003.

['4 ] Kerstin C H, Andreas S, Martin R. Numerical investigation
of-the aerodynamic properties of a flying wing configura-
tion[ R]. ATAA-2006-3495,2006.

5] Samimy M,Debiasi M, Caraballo E. Closed-loop active flow
control:a collaborative approach[ R]. ATAA-2003-0058,2003.

[-67] Lord W K,MacMartin D G, Tillman T G. Flow control oppor-
tunities in gas turbine engines R]. AIAA-2000-2234,2000.

(7] Rz Fwa. S rEmsiEforar S RE0] 0
25 %41%,2015,36(2) : 381-405.

WU Yun, LI Yinghong. Progress and outlook of plasma
flow control[J]. Acta Aeronautica et Astronautica Sinica.,
2015,36(2):381-405. (in Chinese)

[ 8] Corke T,Post M, Orlov D. Single dielectric barrier dis-
charge plasma enhanced aerodynamics: physics, modeling
and applications[ J]. Experiments in Fluids,2009,46(1) :1-26.

9] ZERgr, Bk, s, 45, Ik o 45 B9 1A il 41 ol 322 750 mig

JI R B 23 B A SR [T ], it s 2240, 2008, 29 (6) : 102-
104.
LI Yinghong, LIANG Hua, MA Qingyuan, et al. Experi-
mental investigation on airfoil suction side flow separation
by pulse plasma aerodynamic actuation[]]. Acta Aeronau-
tica et Astronautica Sinica,2008,26(6):102-104. (in Chi-
nese)

[10] Bde 22 20, KRR A5, 200 55 B3 1 S0 41 ol 38 8 2k
OB R SR [T A2 B Jr 24 . 2011.26(4) :867-873.
LIANG Hua, LI Yinghong, SONG Huimin, et al. Experi-
mental investigation on airfoil stall separation suppression
by multiphase plasma aerodynamic actuation[ ] ]. Journal of
Aerospace Power,2011,26(4) :867-873. (in Chinese)

(1] ZERILL, R, skAh 55, S5 85 1 1A il 400 ) 35 20 2K 3t 4 g



5% 8 1 5

ASAE AL RDIK o A5 B T U BRI B PERESE R 1851

[12]

[13]

[14]

[15]

M SERBT ST (], 28 3 J1 2% 244, 2008, 26 (3) :372-377.
LI Yinghong, WU Yun, ZHANG Pu, et al. Experimental
investigation on airfoil stall separation suppression by
plasma actuation[ ] ]. Acta Aerodynamica Sinica, 2008, 26
(3):372-377. (in Chinese)

ARACHE U o BT L A IR 3R A 43 U 3D Y A S T A
ESEEHIBFIE ] Az TREERE ,2012,3(3):289-293.
XU Changqun, YANG Bo, MENG Xuanshi,et al. Study on
the plasma active control in the low-speed airfoil separa-
tion flow[ ] ]. Advances in Aeronautical Science and Engi-
neeing,2012,3(3) :289-293. (in Chinese)

Kelley C L,Bowles P,Cooney J,et al. High Mach number
leading-edge flow separation control using AC DBD plasma
actuators[ R]. AIAA-2012-0906,2012.

Maslov A, Sidorenko A A,Zanin B Y,et al. Plasma control
of flow separation on swept wing at high angles of attack
[R]. ATAA-2008-540,2008.

Patel M P,Ng T T, Vasudevan S, et al. Plasma actuators

[16]

[17]

[18]

for hingeless aerodynamic control of an unmanned air vehi-
cle[]]. Journal of Aircraft,2007.44(4):1264-1274.

oot P R RN I B U QUIE S R N T RN
Jo B = A AR SR U 1 S g A 5 L) ], %S 4. 2015, 36
(7):2125-2132.

ZHAO Guangyin, LIANG Hua, LI Yinghong,et al. Exper-
imental study of flow control on a low swept delta wing u-
sing pulsed nanosecond plasma actuation[]]. Acta Aero-
nautica et Astronautica Sinica,2015,36(7):2125-2132. (in
Chinese)

Greenblatt D, Kastanin Y, Nayeri C N, et al. Delta wing
flow control using dielectric barrier discharge actuator
[R]. ATAA-2007-4277,2007.

WU Yun, LI Yinghong,JIA Min,et al. Experiment investi-
gation into characteristics of plasma aerodynamic actuation
generated by dielectric barrier discharge[ J]. Chinese Jour-

nal of Aeronautics,2010,23(1):39-45.

(R#. TR A





