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Fluttering Behavior of a Flexible Thin Sheet in High-Speed Flow
(1st Report, Theoretical Method for Prediction of the Sheet Behavior
for Small Perturbed Motion)

Nobuyuki YAMAGUCHI, Kazuhiko YOKOTA and Yoshinobu TSUJIMOTO

A theoretical method has been proposed for prediction of the fluttering of a flexible thin sheet or
web of such as paper blown in high speed flow of fluid. It assumes self- excited aeroelastic oscillation
of the sheet with infinitesimally small amplitude. The flow and the sheet motion are expressed in
terms of discretized vortices over the sheet and the wake, and motions of a number of short segments
of flexible beams connected each other. The connecting conditions yield a homogeneous linear
simultaneous equations concerning the unknowns including the strength of vortices and the sheet
motions at each connecting points. The coefficient matrix of the equations determines the oscillation
modes, the frequencies, the amplifying/damping rates, and thus the modes and the stability/instabil-
ity of the system. The method is particularly suited to solve the situation where the oscillation modes
are far from those in vacuum and progressive waves are predominant.

Key Words: Flow Induced Vibration, Flutter, Vortex, Numerical Analysis, Flexible Sheet, Pro-
gressive Wave
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Fig.1 A Fluttering Sheet (a) and Distribution of the

Displacements and Inclinations of the Sheet (b)
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Fig.2 Simulation of the Flow by Vortices (a) and the

Distribution of the Vortices (b)

NII-Electronic Library Service



FRTHE Y — D OFELKRT BT 2 EECEET 2% E1#H) 1227

INEHRECEFTLTORZERAT D LRRNEH/D.
v w*(x*) =y *ne1exp(—j v (x*— 1)) (11)

4 -4 HRHEE FEEE VvIZOVWTHLED LD
WWHRELERRT D,
v(x,t) =Ua v*(x*) exp(j o t) (12)

EREITOPRiCCHFERIND v HHOEE vie X,

Vo MEBRICLIFEREE v L HBIC L 2FEREE
EviiltOofE LTRATEZLRD,

1

ve*i = —1/(2 ) v *(x*)/( x*— x*c)dx* (13)
0

ve'i = — 112 ) v «*(xXF)/( x*— x*e)dx* (14)
1

v*ic = vB*i + v (15)

ZZTitROxEBEEIRAXTEZLNLS,
x*ic = (1/2)(x™i+ x* i+1) (16)

KMELZ2FAL, ERXk0oFELLI>»FEEEL K
XTCRETE 3,
X k+1

ve*ix=—(1/2 ) vy *(x*)/( x*—x*ic)dx* (17)

, X"k
B EAHRIBIRATEZLN D,
N
vB*'i= L . vB ik (18)
k=1

4. 4. 1 v—lrEBEEEE vBi I% xic B %
EMEzREONL, ROLISEHTTERD,

(a) X “k” (k+#i) Lovr—raEBHIKLS
FE verix ik, (8) XTEHEXOLNAIBRENMFTHE
BELT AL kX TEZOLLB,

vBik == (1/27m) [ [ {(x"e—x") vy ke1—

(x*ie— x*k+1) v "k } /A x*k] X
In| (x*ice— x* k+1) I(x*ie—x*"%) | +
(¥ "x+1— ¥ " 1)) (19)

(b)) EEFR “i” LOoKBRBIZEDFS veis® 1T,
PROITRIEHEREL DD, TITHRRESAERD
IokkRHELEBT,

y T(xM)=y tie+ (v i = oy DX xTie ) A X%

(x"=Ex"Sx"« X LT) (20

T
y tie=(y ity tie1)/2 . (21)
ZhELAQDA» L
vB*ii = — (/2 ) (y Mie1— v D) (22)
4.- 4 -2 MHGBHLHE "ELD OKMHIR

WEo T it REZBRBINDIEE vei 12Q)KIZ QD)

FRALTKRATEZLND,
viti= —1/(2 )y *n+1
1
I( x*—x*¢)} dx* (28)

4 -5 Y—FrEEENSA 1 &kt ® Euler
BX (xFR) 2FABL. EHOXERD 2 & EHK Ua
WER-EHNBR U ELENBEpRZOVWTROBEFHR
EB5.

{exp(—j v (x*— 1))

X
p(X) =po— 0 af (du/dt)dx— p aUau (24)
—
NIV V- FNETECTOEAELEEEZZTNLENE
FUELLTERT L, EAELLT
A p =pL —pU (25)
EbWIv— I BoBI L ETEHEEZOBEMK (K 3)
»b
uL— uvu = ['(x,t) (26)
oT@@HREZETHEENZHCEAL, ThboX
DEZXFLoTKRRNEHRD, -0 bLEIRETIEH
HEELBZVWZELHAT D,
X
Ap(x,t) =—p af
0
— o0 Ua I' (x,t) @7
EHERROBICHELETT 2,
A p (x,t)=(1/2) p aUa2 p *(x*)exp(j w t) (28)
chizkr@nNREAIKROEIKET D,
<
pr(xN=—j2 v
0
EX2#EBRAET S &, BIR(I=1)IZBV TR
p¥i1=—2 y (30)
EHHE U7 Ex LT
PFie1—p*i =—j v (¥ "1ty ") 2(y M — v )81
%k (i=N+1 ) @ L Cik Kutta-Joukowski O &
B b
p*nN+1=0 (32)

(a0 T (x,t)/ 0 t)dx

y *(xdxr -2y (x*) (29)

strength of

U —
a-rr72 - vortices I

—_—

NN SN
2

C
)
J

P

Ua+T /2 sheet

Fig.3 Relation between the Surface Vortices and

the Velocity Difference across the Sheet

NII-Electronic Library Service



1928 FERTH O Y — P OEBREHHIC BT A FEIC B AU9E (B 1)

LB, TRIBMBEIUEE@OREFE LR,
4 -6 |H VRN DEHTIXIZZT
FHLTVWAHBEMN L TCEELR&HEZRZLTND
CCITHEAEBERELPDENEREBICEKFE LRV,
xBEEOHOBHEELTEET D,

T(x)=(1/2) p. « Ua?Ls ¢ (x*) (33)

Tt (X)VBBEBRTIALEISNEZRDOREETHYY BRI
R LT ribtREND ET D,

Ti= (1/2) p «Ua%Ls t . (34)

BAHARY - FEBCIREe T, FHichho TH AT
$w<, ThERATHEMT 5.,

T =1 i+17F 2eri A XN (35)
CITei REE i TORBEBRSKET, EHo
2RV FRAEBOFSFERL TWD,

5. WAL LTV — bOEH
5.1 HmheERK SEEINTEWY— b
BEROMBOBAMBILRZOBEEXRNZERN T 5, M4
KARTEORBERBEERLTVWL2EES M N E F &
DTERATERT,
Fp(x,t)=A p(x,t) — p sts( 0 2ys(x,t)/ 0 t2)+
Tx)( 8 © (x,t)/ 9 x) (36)

TITCHEIERETEENE, B2 ETy - MERKES.

ZLTHESERRIOFENEFLTVS, 22TO
Hy—hoBEMERY., FLRORELCRTET I,
ys(x,t) = Lsy*"(x*)exp(j w t) (37)

®x,t) = 0 (x")exp(j o t) (38)

INbLEGRNEARALTEEITZ EAXNBELND,

Fp(x,t) =(1/2)p a U a =2 [ p*xMH+2 u v = y*(x")+
T (x)¢d 8 *(x*)/d x* )] exp(j o t) (39
IITRBEELTKOEZERL TV D,
U= p sts/ 0 als (40)
EFVIIEIT I 423B LT, T<EVKHIZHE
TE2EENOHYAEVERDDL ERANMNPKLY LD,
9 fe(x,t)/d x = Fp(x,t) (41)
ZITRiIEEEH A ERT .
ELbRRIoIKEVEMoMEESHICBLT, M%
MrimmiFe— A b, Ip2WEmoBEGEEE— A b
ELTRAE2BL, 2 TaHmhoEggIhsanwed
5o
8 M(x,t)/ @ x=fa(x,t)+Ip(d 2 ® (x,t)/ 3 t2)  (42)
BEOROANTIH, BGREHBBL L VWIZEXAOTE
FAB2RIIEHRSIID, ZZTCRMAMBEELLTZD
EREDPIBERBL OB LT 5,
5 - 28 & oA o B4R By 2 R TH
HETRT D,
fB(x,t) =(1/2) p Ua2L:fB"(x"Yexp(j w t) (43)
IR EV@BOBLTUNDALPLERAXEE D,

dfp*(x*)/dx = p *"(x")+2 u v 2y*(x")+
T (x*)(d 8 *(x")/dx* ) (44)
IOBEBEEPEZEDVTWERUNSTIFUOMICERT 5.
FELIOKMTRERBIMHACBTZ2EALELO
BoMrERACELL, LYy FEBEMII-ET
borr LT, ®RATELT D,

pr(x)= ph b (x"— x*) (pTis1—pTi)/ A x7i(45)

yr(x)= oyt (T xM) (e oyt A xTi (46)

(d 8 "(x*)/dx* ) =(8 iv1— 6 ") A x*  (47)
IR DOREUHRIZKRAL T x'= x" OO T 5
TR EUKEULDLI+HIUOMIICE T S B0
FrEwkoLICHEMBTE D,

fa*(x*) —

(p*i +2u v 2 yh) (x* —x")+

T (8 Mie1— 80 (x" —xM) A xNit
L(/2) {(prisr—p%) +2 1 v 2 (yhis1—y")) X
(x* —x*)2 A x* ] )
(XMSXSx5a T LT) (48)
LT fet W xte xBTS E N TRSY
EHTHDZN, KOBDO—DTH D,
48K x*= x*mEZRATHZ & THE LI+
R D K E S T S fet & fRNia il 2 W TR O B4R A
MYOMNDOZ ENbNd,

fp*i+1— fB* =

fa*i =

(p"i +2 v 2 y'i) A x™i+
T8 tiere B D)+
(1/2) {(pYis1—p%) +2 1 v 2 (yhi+s1—y*)} (49)
5 - 3fFe—-Ar oK #iyE— X b
RO LD ICHEILRRT D,
M(x,t)= (1/2) p aUa2L:2 M*(x")exp(j » t) (50)
TR AERNE2HE (FME) 2RXNTEBT D,
fHANIE = (1/2) p aUa?ls X
(— ¢ u v 2 (ts/Ls)216) (y*iv1—y") A x*i (1)
T R IORTFTOREEYBENIKBREEDI DD
EEHHKE LTHEALELZ, ZhEIVUDDREFTERD LD
R EIND,

fgi11= fitA fi

M

Xi b Xin

Fig.4 Balance of Forces and Moments on Short

Segment " 1”7

NII-Electronic Library Service



FHMTHLY — F OEEK[ETIC BT 28T 25 FE1HR) 1229

dM*(x*)/d x*= fB*(x*)+
(— & o v 2(ts/Ls)2/6) (yiv1—y*")/ A x™i
(562)
ERizU8)RXEZRA L. Bifi & ALKICL T x*= x5 »
LA T A2 LLVBHE VNL+IUOMITBIT D
MO FEFMETE2, BEEBICHE" LI+
CBWA2HIFE—AY PM & MmOV TKRDE
BB Y LD,
M*i+1— M* =
(1/2) (p* +2 u v 2 y™i) A x*i2+
(1/2) ¢ i(8 *i+1— 6 * i) A x™i+ fB" A x5+
(1/6) {(p*i+1—Dp*) +2 1 v = (yri+1—y* 1)} A x*i2+
(— ¢ 1 v 2 (ts/Ls)2I6) (¥*ie1—y™) (53)
5-4v— bMEOHEH MFE—Av hETubR
OBEFEPLRORNBEY LD,
M(x,t)=EsIs( 2 2ys(x,t)/ 9 x2) (54)
IITCV—toRMLEESAORERTERTE
B = Esls /] {(1/2) p aUa2Ls3} (55)
FHIMEILE LTEREL., BEIT DL ROXNERF/ D,
M*(x*)= g (d2y*( x")/dx*2) (566)
BRXOMAER L GHRITKRAL T x*= x" 5L 7HE
FTBHZELERIVEE AL IHIOMICEBT S v —
~ &
dy*( xM)/d x* =8 "(x*) (57
DofiEFMTE D,
BRI E i+ B T — FEA O
B i DOWVWTKROBEBNBRKY LD,
B (8 *+1— 8 *)=
(1/6) ( p*i +2 1 v 2 y*) A x"3+
(L/6) ¢ i(0 "i+1— 8 ™ ;) A x*i2+
(1/24) {(p*i+1—p™1) +2 1 v 2 (yhi+1—y*i)} A x*i3+
(1/2)(— ¢ u v = (ts/Ls)2/6) (y*i+1— y i) A x*i+
(1/2)f* A x™i2+ M™i A x%i (58)

5« 5 b HEEE GOXOBMAYBERE S LI
X*= x" POMBPTHIIELICEVBE ML+ D
itk 2y — bEMy(xNOOHEFMTE 3,

BERERMICHER "E+1IIRBT A v — PEEE y
Lyl OWTKROBEREIBIRY Lo,

B (yhia1i—y")=
(1/24) ( p"i +2 p v 2 y"i) A xi*4+
(1/24) ¢ (8 ™i+1— 6 " i) A x*i%+

(1/120) {(@*i+1—=p*) +2 u v 2 (yri+1— y* i)} A x4+

(1/8)(— & u v 2 (ts/Ls)2/6)(y*i+1— y*i) A x*;2
+(1/6)f*i A x"i3+(1/2) M*i A x*i2+8 6 * i A x*;

(69)

6. e — bEOELSMK
UE2@ic Tiiok#tBEE LD T, WALy —k
HOESEZIEID,

ADARTEXLNBEY— FPEZROFA xc LBV
THABY— Fiz® S 232 (H5) . = 0&Hi,

MABEBHOREN L., xWMETY— M3 3R
hoFrRAny—raoEBE—&%T2b0Ed 5, T
hbbE6WTT Loz

(vie— (3 yie/ d t))/(Ua+uic)=0© ic (60)
Lz AT
Ua» | we |
THBLENL, (ORI 2RULEDOMNELZEHR TE T
WD X5k bd,
vie — (3 yic/d t)= Ua @ ;¢ (61)
TITCEHaoML., BHELLRTERMAT D L
Vhe —j v gtes 8 % (62)

I THREBITD yie b 0 0EXHA 1B LY
i+ 1 ATOEBEELBEMELLELNCTFMT 2, &~
— FEFROWMEII, MEHATO y BELEMOMEEZ M
REEBZIRANICEULTCKROFHEXNE2HE 5,
yrie=(3/4) y*i+(1/4) y*is1+
(1/8) A x*i 8 *i— (1/4) A x*;i 8 *i+1 (63)
8 *ie= (3/2) (y*i+1— y*")IA x*i— (1/4)( 8 *i+ 8 *i+1)
(64)
BHBELVGHREFGDRICRALTEHRL, &KX %
B35,
viet {—j v (3/4)+ (312) A x*i) yri+

{—j v (1/4) —(3/2)] A x*} yrina+

{—j v (1/8) A x*i+ (1/4)} 6 *i+

{j v (1/14) A x*i + (1/4)}) 6 *in1

=0 (65)
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Fig.5 Matching Condition of the Flow and the Sheet

Surface at Point “ ic “
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Table 1 Input Data and Results on the Examples

Analyzed by the Method Proposed here

Material Paper
Young’s Modulus(E,) 3X10° (Pa)
Density(o ) 0.7x10%(kg/m?)
Length(L,) 1.0 (m)
Thickness(t,)  (a)0.005(m) (b)6.86X107°(m)
Flow Air
Density(o ,) 1.2 (kg/m")
Surface Friction Coefficient(cf) 0.05
Sheet Support Conditions
Leading Edge

Sheet

Rigid Support

Trailing Edge Freely Blown

Number of Sheet Segments(N)’ 50

RESULTS (a) (b)
Mass Ratio(u) 2.92 0.004
Flutter Speed 16.0(m/s) 0.532(m/s)
Relative Stiffness(B) 0.203 4,75%x10°*
Frequency 9.17(Hz) 0.431(H2)
Reduced Frequency 0.573 0.810

sheet pressure strength of
displacement difference vortices
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Fig.6 Calculated Results on Fluttering Behaviors
for Flutter Limits for Mass Ratios of 2.92 (a)
and 0.04(b)
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