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Flutter characteristics of ground effect wings

ZHAO Aobo'? , ZHENG Guannan'?®, HUANG Chengde' , YANG Guowei'”, CHEN Weiqi’
(1. Key Lab for Mechanics in Fluid Solid Coupling Systems, Institute of Mechanics, CAS, Beijing 100190, China;
2. School of Engineering Science, University of Chinese Academy of Sciences (CAS) , Beijing 100049, China;

3. Beijing Institute of Mechanical and Electrical Engineering, Beijing 100074, China)

Abstract: Ground effect refers to the phenomenon that when a wing flies close to ground, its lift increases and its
drag decreases due to interference of ground. Here, effects of ground effect on flutter were studied. The flutter calculation
method based on computational fluid dynamics/computational structural dynamics (CFD/CSD) coupling was established ,
and this method was verified with the standard model AGARD 445. 6 wing. On this basis, the flutter analysis was
performed for a 3-D wing close to ground. The study showed that ground effect enhances amplitude of unsteady
aerodynamic force, the closer the wing to ground, the more obvious the ground effect, this causes flutter speed to decrease
with decrease in wing’ s height above ground. Then, effects of wing’ s angle of attack on flutter of ground effect wing were
discussed emphatically. It was shown that different from the classical linear flutter theory not considering ground effect,
here the flutter speed of ground effect wing is related to wing’ s angle of attack; in range of ground effect, increase in
wing’ s angle of attack can increase wing’ s static deformation during flutter to cause increase in wing’ s height above
ground and decrease in ground effect, so flutter speed increases with increase in angle of attack.

Key words: ground effect; computational fluid dynamics/computational structural dynamics ( CFD / CSD)

coupling; flutter

b TR0, 2 48 2 ML 3 42 30l T BOK TR I LB R I R A A A SRR R
AT 5 4 T B8 K T 22 8] TR 8 R AR A T 1 HbRSCCAT RS — B MRS R P b TR
[vil ot B 2 00 175 3 () el A AT B BEL T s, M 7K B RATA —FPig 8 T R Ak, KB AR KL
R AR LI 1 A SR B AR P TRBLLE DRI R R L AR IR I B 2 S B M TR R B
A AT TT LLEE R 1 LA S S AR, I EATRRE SR U T 80 4 R A L3R B R 0
HRR S A5 M TE A P R B AN RS E B L3R — Bk A=
Wokm B . 2022 -05 -04  EEREICEI H . 2022 - 08 -25 W A T Bl £ A B ] P 2 A R B SR

E—EE R 5 R 1997 4R
SR 2 B AR TR A 3 R SR
AEES B B E, BRI 51990 4R T30 2% R AV B 4R 30 5% IR 2 3 A b 2 T Je b 8 3L 1




266 s 5w &

2023 456 42 &

BifR RS

HACCAT A 7R HL AL X Y RAT B A A Bl
PR ORI H A X B b = 2 S /AT AR B B RO R
TEIE b RATHS A 1 3k 50 0% 25 Vi 0 1 52 M g 75 24 v R
AT IS b S FE A T PR AP S Rk s’ AT
FELTHR B R MRS B IR K P
RESS TV 7 Tk P e 25 2 W L4 Jm M 80 R AT o
MR LR R AR K B A ARk N B AR 4f b o il 3
Sel AL A ER 2 T T R 1 R
I, T Hb AL RAT 8 B K BAL DA K 52 6 o A 0 FH 0 8R
SR Bl s R e R A, PR Ik, Bt 5 e T 2850 X6
B 1) 52 e AL BRI J 2 86 ) o3 B LA — 5 I BF5E
IXI=NS

H i ] P A1 2 Ji K 5 T b T &0 % < sh P e
MRS TAE, 40, Barber!™! i 2 45 4 12 36 15K
BT PIRN 7 2 , Ul B A 3t v R8N B B 5 R B A A
VEFE L B b 1 ) A BV Ahmed 2517 2R % 3
77 0 JRESZ L 4 BLA ) NACA4412 YL SLIEFT
DRI X, AL 3 79 i feft P A 78 o A H 4 2 oy — 4
TSI, FEAN ) 5 b 55 FE RN AR R I RSB R AR
SR IAE 0° B AR 8 58 30 1 i i o) RO T 2%
IR, KT 4° B0 I T BH O R BCER 23 B A 25 b
JE BRI 38 K, Qu 2517 X NACA4412 3L 7 b [
BN FEM AT T —4° ~20° T A i BN ) BS(E AR A
THA 25 WA A B g b e B ) 28 A mT L3 = AN X
B, 3 S — A 1E b TR RS DX 388 P A £ b TRT RS [X
B, i Hh B R b T 22 () TR 8 1) 38 G S0 T AR Ak
A E L, AT I I X A BE AT S A RICR T
ORI IX PN B e B2 1 B AR T 0 RO 23 98/, Rojewski
ST MR AT T 3R 438 s A 22 A 7 I Y
WF5R , 8 1t BB ALY J7 %0 10 Bh3E B k4T 1 315,
S3HT T HB TSN T BILEE 2R ) ) B e A 5 T R R R
HISERIVEAT T [R50 AN RAT iy BE P BB, 25 1
T 2T T W5 B, T8 AR 38 A0 A7 7 (8 15 Hb T
AN FAAE B0 BH ek 5 22 J5 %ty A i AR AL S AT T
BUETHE TS R R B 3 B 5 T B W) i A 1
ST TN R SO SR BB IR T
FH TAUHI T RSN S5 40 T A [R) 38 8 (0 < e | 38 S 3 in
SRS R ] DLk 3R M B KB RE, Li &P SE At Rk
(EWRER T Y S S 1R 25 & 5 U -A T T S Y )
H A BIARRE 25 R R I YR Y 7K THT B Ml T 2% 3 2 5
MAHLIE ™ 000 0 R 7 40 A, Li 2220 %o i v R0 T 4ig
AL A HEDEPERESEAT T 8UH 04T, Chernousov %>
B SRS LA T A XU R, BT T H T AR
X RUA S F HL S B PHERE R FE

P RATER BT 55 225 SR B Sk (9 5 e, b

R AT A S AT M T N e A S g TR, R sl
Ml BRI RER 2 20, Tt A5 FST T b T X —
HEFLAVS MR R, B TR AR ) X ] S
PEIDEEA TR A, 25 R R WY T b ROVE Y 7607 By
B A 3R F) B IR RS A, T R [ B B R
A MIHEIE FEIAE K, Nuhait 257 9547 7 i v AR R
YRR A AR RE PR AT Y b RSO0 R TR R IR R Y
T EEARARAL , 45 SR 3 I B4R o I 2 b vy B ) IR
T )N, MR HTIE] 1~ M i s 3 R AR, Dessi
A0 XoF 55 M A (B M R TR K ) FER R
S B PERRIIETT T 5T, #F Theodorsen i &
3] 3553 1t T AR A1 O, 38 5 Rl AR E TR e A R
WEHE 2 g B2 B AR, Ul v R GRS MR 2
A5/, Bang TSR FITE S TR AA S 2 A5 K A BROTHE
A7 B BRI A i RS AT T M TR RN 1Y
H BRI, I T 2 A AR R R3S
PERBAOSZNA . Dhital 2505l 11 2800 18 F R AT 2544
FRLeME R gl B IR T T 05T, BT 58 0 R AL TS
I BB RLAAT B 3L AY = A R AL, Jr B 1 T
T RS R I BRAR L 5 DR 10 52 24 Ll AT

AP E TG T A Bl s AT O BT 3
BT F 2R ), k= X = 4 b 0 1Y < Sl v A
5T, HAR 2 T IR, A% Gt B 2P B R e A
SAALEL () A2 SR AN W B Y EL X T Ak
PR X — WL AT BEA AL, 3 A o sl ik A2
eI (15 By b e B R A= A8k, DT 30728 B AR
Rt Al e I 0 5 T B G, X AP L
X T = AR R A BRI R 1 237 A B 3 R

AT H A2 W5 T RN A AR R = L3 Y
BURFHEIF e BUR R R, 5 — RS B TR
RSy 22 /11 58 45 48 1 % ( computational fluid dynamics/
computational structural dynamics, CFD/CSD ) #§-& 1) 8t
R RE T 5 v AR R PR 2 A B B B A
AGARD 445. 6 HLEX H 57 1) CFD/CSD #88 J7 ¥E #E AT
BAIE 5 = Bk = AE MR TT R BRAR 70 A , 50 B b ey
JE BSOS RIS 5 LG 25 O 5 2 MO0 AL BRAIR F) 532 Wi L
ELE P e

1 ETF CFD/CSD & R EHRM M /7%

1.1 CFD/CSD #8&E %

RS S5 A SR A s AR E B, 2R
AT e I M IR, Ry 1 X = 4 2838 1 7 B
PRI, A SCR F RS BE 19 CFD/CSD 44 7 B it 71t
B RS TARSCR I CFD/CSD A A s ™ i
JEIET CFD b5 ah I SRR R 8l o (E ) 45
¥4 CSD 5 i IR i 4 ¥ 32 3h 5 B A5 2N &5 M0 %, 7



5517

XA . O A B PERT S 267

FOLEA ARSI E] CFD 5 0 L IR T3 3% B 1Ak R s A5
T WAl iEis 78 B BRI E] A NS 8 S A SS Hr #
FETERS H SR A b o8 O 380 78 3L [ i - 28 4 )
IR PSS i e

CFD _n ) b

3 >
> >

A4

M 3)
Y Y

CSD In @ brs1

3
>

\ 4

Bl 1 CFD/CSD fA ke E
Fig. 1 Flow chart of CFD/CSD coupling algorithm
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Fig. 13 Unsteady aerodynamic forces
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Tab. 6 Flutter speed vs. angle of attack,AR =1
PN m/s

a/(°) h/c=0.2 h/c=0.5

0 61.5 69.7

1 63.0 71.0

3 65.0 71.9

5 67.0 72.4
xR7T BRHOETERNHTHERIANENL,AR=1

Tab.7 Wing tip dimensionless static displacement vs.

angle of attack,AR =1

a/(°) h/¢=0.2 h/¢=0.5
0 0.406 3% 0.536 9%
1 0.421 4% 0.562 8%
3 0.452 8% 0.566 7%
5 0.507 7% 0.588 4%
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(CHIXF 2K ¢ B RS w/e) , Al IR I AE I f 3K
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M h/c=0.5 B, 5°T0A B B R U L 0° LA 114 44
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0.2 B, 50 T A BPR RS LE 03 K T 8. 94% , Tl
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Fig. 14  Flutter speed and wing tip equilibrium displacement vs.

ground clearance, AR =2

X AR =2 AR [ R T A [] A 0 B 1) 52 i 4F
5, 2B a 351 0°,.1° .3° 5% h/c 43510 0.2 Fi
0.5, BB REICMA AR L2 8 IR, Bl 3
SR T WE T (M LK ¢ MITEENE we)
F 9 FiR . BUA RS Al T 3t 150 B % 1) 52 i A
AR TR A 3103 — 38, AV 00 40 3ok 3 R B 2 i A8 T B o 3K
i LiNEPNITE: NS

(AR, 2 h/e =0.2 I, BUFf 5° 1 B R
JE L OB R T 15.08% , it F—fF K (AR =1)
BB %Ak B 8. 94% |, 1A JE B A, T80 %o
P R R R M R G, R R O R AR KR HLE
BG RS TE A5 BL S #5288 X XA A28 A 5

e, DT 25 | 8 e g 3 0 A A Ay i 2, 3 T B A1
R R ENE, B 15 HERR T LM TR
A= B P A e 7, MR B 38 2R T 1) AR 3
BER A, NI v iy LT 2 3 o O AR
R el 214 e g g R I, A0l s, B R S
SRR T,
*8 HUREEMAMNENL,AR =2
Tab.8 Flutter speed vs. angle of attack,AR =2

$ﬁ7:WS
a/(°) h/c=0.2 h/c=0.5
0 63.0 72.5
1 66.0 73.5
3 69.8 74.0
5 72.5 74.8

R BERHXTERHTHEBIANENL, AR =2
Tab.9 Wing tip dimensionless static displacement vs. angle

of attack,AR =2

a/(°) h/c=0.2 h/c=0.5
0 5.211% 7.377%
1 9.447% 11.28%
3 17.70% 18.69%
5 25.89% 26.51%

BI1S  AN[R)BOA BIR G 5 -1 o7
Fig. 15  Static equilibrium positions at flutter speeds for different

angles of attack
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