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Fig.1 The configuration model of UAV

P A AL RE G DA R A R ) 1281,
PR 2 PSSR W% et I B R
TP AT T I AL B, IF XTI BRI ) P9 A 45 4
BEAT TR BT LA AL S A 2 LA 2, W AR 1
JEPIRS L 5.0 1078, FEAT L FETETHFLEDR. 8] 2
2t T VSRR R AT A% B i T 11 R A A
HRER, 4xidn CER) M 2388 208.

7 A S S S S
T4 A 7 7
e

L A

I 77 7

(a) Surface mesh

(b) fA A% )

(b) Volume mesh design

Pl 2 BERYZR 1 K 5% 11 BRI 194 5 7s e FE
Fig.2 Mesh view for the UAV configuration

3 AHEHIR R

R HCIR A T RAT B AN [ A R R Bh
PEHIROR AT TWFIT, 258 = e sl i Bl i sefr sk
B, HEORASEE Ma = 010, Re = 9.08x 10°. 8
B A O, AN AR S EO ¢, =
0.0104% F* = 1.127, Sl 6 = 90°, HIKHL
B E L B3 g T BN AT
ARRPE LR, M0 o < 122 I, SRR B



o4

VRBP4 3 R T AR B 7 B2 1 S LB S T 499

SEARR P S, BRI PR R < B0
FIIK, U I 5 10 5 B , SRS
U e A . B SR R
TR AFRATHER, 150 26, 3|k
[T 3 AR B0 i TN, A (e
25%: [FI, BLH R ORI, LB
LS TS {8 ORI Vi P B
TR0 SRR, SR T AT R T
RATRERE. T, TR R A N s
07 ST A 2 A L G B AL A A
TSR, ST I RE.

B 44 T o = 28 IS I BRI £
i b RTTHM A, DU th, W ahize il

121
1.0f
0.8F
0.6F
. |
) [
0.4
0.2 ,
I —=s—— baseline
ok 2 ——a— controlled
r <
_0.2’.‘.| 1 L1 i R I |
-10 0 10 20 30 40 50
a/(®)
(a) FH I R %L
(a) Lift coeficient
or
i - & baseline
002 - ———— controlled
~0.04
= I
= i
-0.06
-0.08|
_0'107...1‘ N EPENEPE ST TN ESPEE EPETE |
-0.2 0 02 04 06 08 1.0 12

(R GUIPIFES
(b) Pitch moment ca&cient
P 3 Va4 i e A S SR L

Fig. 3 Aerodynamic cdécient for the flow control

baseline

(a) MRS

(a) Base model

controlled

(b) ZEHPIRAS
(b) Controlled model
Pl 4 sl i A2 B 350 U 3 3 T A PR 4 LL A

Fig.4 Comparison of streamline with flow control

Jei > PRBh A E N I RE RN W T AR
gy, AT A BB B XN BB A LA S ,
1117 SR AT S0 38 B IR /)N

Bl 5 2t T U ARORE 2R 1y i ) v 37 ) A1
NEE, B 6T o = 28 LRI i sh i il hT
JEANIHIIN 1) s ) R A L. T ORI, AR 3%
TN 1R T s, TR SR BOR AR X 22 7 2
TATRR TSN, Giah s il e A A R A7 [ 7 R AL
FLAGE R T FEIRAS. A B T8 F G i b &
R I 5 1 SR T G AW ) AR, KR T AL )
Jis JIRRRE M A, 9SS TN 7 . B N (e sl
PEHIRORIT, BB uh AL AN » S sl ORI ok



500 7 2 ¥ i 2014 4F 55 46 %
4
29/b=0.689 baseline
2y/b=0.326 -3F y/b=0. oo coOntrolled
2y/b=0.51 -2 _
// - N
/ O | )
2J;/b;0-689 -1 ‘MW%@"”OQO D0 oy ;
T
\ 2v/b=0.87 3 6 o
/S or : e
P 1L 1 L i ]
ol 0.8 1.0 1.2 1.4 1.6
2 x/c
(c) 2y/b = 0.689
(& 5 HEAY g ) LS D) T B .
Fig.5 The arrange of typical slice plane i
L H _ ———— baseline
o -3F b p/b=0689  ontrolled
T g §
I : _ baseline _ ; Z
-6 2v/6=0.326 g cONETOlled 2 ¢
i ¥)
_4-_ ] —1? OUBGH-0.0 BG G T
<& i . L .
-2 0 ; MM,
I \n%%:f 1L 1 L 1 ]
aw e T 0.8 1.0 1.2 14 1.6
’ x/c
2 L i 1 R | ] i i
02 04 06 08 10 12 14 16 (d) 2y/b = 0.87
x/c
P 6 AT JR 1) AN ] il 07 1) 349 s ) R A0 A LR
Fig.6 Comparison of time-averaged pressurefotient at typical slice
(@) 2y/b = 0.326
559, AT VA Rl A S5 IR A S TS » 1X 0] g
5 2 TR AN B B HE A A 43 B0, TR ds 2
) . el (H S B/, AL BT 5 B 2 4 A 4R
: PP e controlled 2y, TP BB S BARGE /5 B, AR
b B M ECK.
N 4 SREHEEINLIR A
1 . A T e o
. SRR I E I ah 2% < e IR M R I PR R B, 1k
of TOAARLEB s 17 PR R S0 FR B N R H 1 T 1
: (07, JESPE IR W Sl A A3 Sl 8t 1 PR 1 F
1 1 1 1 1 . N - RN o
06 08 10 12 14 16 R R AR A A g T R, SRR 2 A

(b) 2y/b = 0.51

STUIAE S 3 BUN WA B0 I A2 5T 1) 1 B S s
IS ERSAFA AR, R B, X
T sh P A LB BAR L I AE -



94

VRBP4 3 R T AR B 7 B2 1 S LB S T 501

(1) A B A TR g o3 A

S A B TR TGN, SRSl
A R P 8 i AR iy 2 PR D VAL AE S TN
(NP ] & 2 =R S IRy P TTE= DN R P A )
B2 IS, IR Bl A% 2 AR AS ) RN, AR
B VAR R ks . B 7 4 T — Ao
ST TP, AR i i S 2R T Ak AN [ A A 5 P
TR LR AT LR B, FEREAN TR I, HF
ARSI BL (Phase: 270, S AN KIS
SR T ATERAL I VAL, 0l s PRI ) s g 23 A1
“TBOR™ s IR T s B RE, JE3R T ¥tds i (s
B ATE A G R B AN DO G s g 93 A e
S, SRBE RGN ) T G k. LEAh, il A,

-l6p baseline
_14F _ phase=90°
i 2y/b = 0.326 P o= 180°
-12F <o phase=270°
- .. phase=360°
—-10F
—8F
o N
0 ¥
—6F

27\r|1\\|\l|\\|v\|\\»|

0.4 0.6 0.8 1.0 1.2 1.4 1.6
x/c
(@) 2y/b = 0.326
-9 2 baseline
-8r _ v Phase=90°
g 2y/b=0.689 ... phase=180°
- T — 1 (U
—6F we phase=360°
S

—3F
_zi—
-1F

1 - | 1 1 i - ] 1 ]

09 1.0 1.1 12 13 14 1.5 16

(b) 2y/b = 0.689

P 7 Ao B S ) 00 PR A 2R ) 2R T A R T I ) 2R B
Vagiilasa
Fig. 7 Comparison of instantaneous pressurdtanent over
one jet cycle

Pl (5 i Bt 3R U5 1) 328 W ol XAk 55 AN X
FEHTZRAE TR WA (R85 » I B FE TR T F1 5 1 gk
55

(2) MU BN AL T Tl 2 B AL P A o3 A

SSRURAR B0 7 A 10 S e ] PR A ) 5
AL AT I TR SN RE VARG A EZ A, 18 I
g, I = AR R A REA WX, 80 T
BT I BE X NSRBI e, XG5 7 B T2 P 1)
TSP ATT, AT ELRGARAE T sl 2 B AL 1 8 A
Bl O 45t 1 sl 47 T i AR 7R R 17 i R T S it s
1 AT 3 5 A AT LR AL, T ORI, SRR AEAN
(i Je] S0P 3 e 5 B I R ST v a2 G A
b BT G BRSSP 352 25 7 0 T PR3 1) 2 DAy 57
Ja INBEAT 1A ph o0 AR B L. B i 1) Sl 37 1

B -
xé:‘;; v\
N
baseline
ey
N \.\\}.‘
{ \ NN N by . R\
N \
(a) FEAEIRZS
(a) Base model
<
;2";
controlled
N
4 A

(b) MRS
(b) Controlled model
8 VLB I LI R ) SRR T AL 034 2K 23 A
(2y/b = 0.326)

Fig.8 Comparison of time-averaged velocity vector at typical slice
(2y/b = 0.326)



502 Vi =2

= £ 2014 F 5 46 %

baseline

(a) AR

(a) Base model

controlled

(b) IR
(b) Controlled model

[ O Gt F T i A5 20 i o) S 2R T Ak i S48 5 % 43 A B ARE
(2y/b = 0.689)

Fig.9 Comparison of time-averaged velocity vector at typical slice

(2y/b = 0.689)

S, I RDEHTIRSS » SHRIs SO I
Yy HEAT IR, 1 SR SR B R 1R A4
DY RS TS TSRS IR

(3) SHALE NI RERINSN 5 2> B AH AT, 1
SR TR B RS E P

SR s 1) e R SR A A
W5 LSRE AR NAE T 1 o SO I/ 7 A PR S e
O [ MIAE R R TS W YY) R R A
BRG], B2 R ARSI RS R, W5
AWFE WA B RIS, TS SEi A AL U8 1K E
R O 0 R AN R SR AT Ik B9 SE Bh 7
B R BT M H . it AL T
WA, AT BWAREOCR, AR TR R = fe
PRI EED, AT I3 57 2 R = (R
10 24 S S s AL T IRAS I, e BE R A

INBA T, TR AE T i R B THT PR AT 3
WIS TR SLRE R, B T A SR MR
. B 1045 T AR I AR LI ) S AT A
x-velocity 7 & = [ LR, fEimsh & 6T, B
(28 2 AR Ok A T W BRI %, &
s E, AR 3 AR AL A R I R
55BN 7 B ARFAE.

(a) FERE

(a) Base model

(b) FZEHPIRES
(b) Controlled model

10 AT IS AIRLIAL i) SR T Ab x 7 i S P 4 2 e LA

Fig.10 Comparison af-velocity counter at typical slice

54 &

A SORE R J IR 25 o s S IR sl 45 R N T
/N L L TR BAT R AN 73 B shFE il v, R
RUICHCRAS T I ) B R R REAT T 0 Ao, R
W T IR SN A B R AT & A4 I R A
FElE, JEAT T B S AR R IR Y AL
B, WSS AR



¥4 VRBP4 3 R T AR B 7 B2 1 S LB S T 503
(1) ﬂ:fﬁﬂ*%\ ﬂﬂﬁ?ﬁ@ ’ gﬁ%%ﬁ/ﬁﬁi* Wang Jinjun, Feng Lihao. The application of synthetic jet technol-

RRLEERINT ) AR5 B KR IE 25%, X FH T
MR, T BB 8 I EeE IR T 1A a3l
S, OREF TR I Z R R, s T REETEN
HLIRIREE PERE.

(2) %5 H R LA /MR R R 2 (1 A
Pk 2 P M M St L 2 B 1R, 1 el
TR WANRBh RIS, SUR T IR R
PR, D5 1 Vs I BT AR T 0 oA s B
IA, ALAFGEUAT AL (1) R T 38 T B AN 3 1
BURE, ANITTIE 2R GEU Bh 70 185 E 2 A5 73 25 U 15 14
.

ATy RE TN e i T he it
T BT R, (RIS A RS AN A AR
EE ot S 7 N TR TR -3 e e e M TR VU N
i, S B r SE vt it — 2P T
Ji Tl

%

=

% x

1 Bolsunovsky AL, Buzoverya NP, Gurevich BI, et al. Flying wing-
Problems and decisionAircraft Design 2001, 4: 193-219

10

11

12

13

2 Esteban S. Static and dynamic analysis of an unconventional 14

plane—flying wing. AIAA Paper 2001-4010, 2001

3 Dmitriev VG, Denisov VE, Gurevich BI, et al. The flying wing
concept—chances and risks. AIAA Paper 2003-2887, 2003.

4 . FEh P BRI, [R5, gnbl. A s
WEFE 5 & L iiEg A2 56, 2006 (Mu Bing. The numerical simu-
lation research of flow control. [PhD Thesis]. Mian Yang: China

15

Aerodynamics Research and Development Center, 2006 (in Chi- 16

nese))
5 WHRLE, ERN). A B R BIAR K AR ) T il b N k.
Jy2ki, 2005, 35(2): 221-234 (Luo Zhengbing, Xia Zhixun. Ad-

vances in synthetic jet technology and application in flow control.

Advances in Mechanic005, 35(2):221-234 (in Chinese))
6 REEIE, EA, HALLF. TSR BOR KON AT Rt .
E R E 3. $iRBE, 2008, 38(3): 321-349 (Zhang Panfeng,

17

18

ogy. China Science E: Technologg2008, 38(3): 321-349 (in Chi-
nese))

Bewley TR. Flow control-new challenges for a new renaissance.
Process in Aerospace Scien@®01, 37(2001): 21-58

R, g, 22X, 5T MEMS [1iish Eahis filHoR 3L
Wk, J1243k0E, 2005, 35(4): 577-584 (Cheng Zhongyu, Wu
Xuezhong, Li Shengyi. Advances of active flow control based on
MEMS technology.Advances in Mechanic005, 35(4): 577-584
(in Chinese))

Parekh DE, Williams SP, Amitay M, et al. Active flow control on
the stingray UAV: Aerodynamic forces and moments. AIAA Paper
2003-4002, 2003

Washburn AE, Amitay M. Active flow control on the stingray UAV:
Physical mechanisms. AIAA Paper 2004-745, 2004

ALY, o, FO6EAE. N C AT R BURL ) s

T BIHLEL. 4% 23], 2009, 30(5): 806-811 (Kong Yinan, Wang
Lixin, Wang Guangxue, et al. Lateral inject active flow control based
on low aspect ratio flying wingActa Aeronoutica et Astronautica
Sinicg 2009, 30(5): 806-811 (in Chinese))

Margalit S, Greenblatt D, Seifert A, et al. Active flow control of a
delta wing at high incidence using segmented piezoelectric actua-
tors. AIAA Paper 2002-3270, 2002.

Mahmood GM, Smith DR. Proportional aerodynamic control of a
UAV wing model using synthetic jets. AIAA Paper 2007-3851, 2007
Ve P KRATEAN TSRS BRI [ 4830, v

2 PEb Tk K 2%, 2012 (Xu Xiaoping. Research on active flow
control technology for the flying-wing UAV. [PhD Thesis]. Xi'an:
Northwestern Polytechnical University, 2012 (in Chinese))
Farnsworth JAN, Vaccaro JC, Amitay M. Aerodynamic performance
modification of the stingray UAV at low agles of attack. AIAA Paper
2007-4426, 2007

Mahmood GM, Smith DR. Proportional aerodynamic control of a
UAV wing model using synthetic jets. AIAA Paper 2007-3851, 2007
Seifert A, David S, Fono |, et al. Roll control via active flow control:
from concept to flightJournal of Aircraft 2010, 47(3): 864-874
VRBET, S JET AFC BRI CRIE AN B BB 5

W )52y 201310 SR, P2 T )R 4y, 2013t 163 (Xu
Xiaoping, Zhou Zhou. Active separation control for the flying-wing
UAV. Xi'an: CCTAM2013, 2013: 163 (in Chinese))

(2% BY =)
(Frfxshig: 2AHE)



504 Vi £ 2014 4 55 46 &

4k
g3

ACTIVE SEPARATION CONTROL FOR THE FLYING-WING UAV USING
SYNTHETIC JET Y

Xu Xiaoping? Zhou Zhou
(National Key Laboratory of Science and Technology on URérthwestern Polytechnical UniversityXi'an 710072 Ching)

Abstract The numerical simulation is conducted on the low-aspect-ratio flying-wing UAV model based on synthetic jet
technology. Eectiveness of the synthetic jet active flow control technique for improving the longitudinal aerodynamic
characteristics of model at low speed is explored and validated. The actuators produced significant shifts in the lift curve
up to 25%. The flow characteristics analyses reveal that the disturbance caused by synthetic jet can transfer the highe
moment flow to the boundary layer and reenergized the unstable boundary layer. The numerical results show that th
synthetic jet technology carftectively improve flow separation at the middle and high angle of attack flight conditions.

Key words flying-wing UAV, active flow control, synthetic jet, numerical simulation, aerodynamics
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