2006 4 15

Applied M athematics and Mechanics
Vdl. 27, No. 4, Apr. 15,2006

: 1000_0887(2006) 04_0495_10 c , ISSN 10000887
N == N 2
HitE, R R
(1. , 621900;
2. , 100871)
(ot HUE %)
Hamilion
0231; 0317 DA
Kane'!
[2~9]
[1~9] [ 10~ 13]
[ 13,14]
, , Banerjee  Kane( 1989) !
, ; Chang  Shabana( 1990) "'
; Boutaghou, Exdman  Stolarski( 1992) 17 Hamilton
:Yoo  Pierre(2003) ¥
Bloch!? ; Musat  Epure-
[19]
anu ’
_ , Hamilton
* 1200412 035 2005_12_19
(10272002) ; (20020001032)
(1970—), , , , ( .Tel: + 86_816 2485465; Fax: + 86_816_

228148 5; E_mail: sfxiao@ pku. org. cn).
495



496

, 1 Hamilton
, 2 , 3 ,
4
1
1 ~ ) 04 _x* y* z*
( érl, €2, er3), 0_)(YZ
z*ﬂ\ ( eq, ep, ep).
04< _x* y* ’
o &y 7 (xc. ye)s
a(t). | R
5 M, 1.
y-x ( ) F= Fler1+ F28r29
( ) m(it)= m(t)es
axbxh » R ,
o e
] E, Possion \4 D.
Hamilton
rc = Xe e+ yj ex. (1)
oXYzZ {u(x,y,t),v(x,y,t),w(x,y,t)},
Love_Kirchhoff , {ul(x, Y.z, 0), uax,y,z,t), us(x,y,z,t)
ow  _ ow . _
ul—u—zax,uz—v—zay,ug—w. (2)
0o x y z
r = xie.-1+ yjer2+ (R+ X + u1)ef1+ (y+ uz) ep+ ujzeqs. (3)
T= T+ Tz, (4)
T = LM[(x§)2+ (¥ )*] + L1 @+ Li(— x> sina+ y* cosa) (4a)
1
T2= fj%{(m w®+(w>|- u®+v>}dydx+
2 2 32
0w w
24.rf {[axa] * [ayaj [ax] }dyd“
J; OQL(QPi cosd + y>t sina) (>~ w ®dydx +
.[)J.;Fh[(— X2 sina+ ¥ cosa)+ (R+ x) & (w>+ u ®dydx, (4b)

M= M.+ Qubh:I= I.+ (Pbh/3)[(R+ a)’= R’];I.i= Rabh+ Pa’bh/2.



497

e_Qu, Liowl® Qw

_ax+ 2| Ox Zaxz
ov  1fow|® uw

&= 0y" Z[ay} T oy )
u, o, wow , Qw

\Ym_ay*’ax-‘-ax y zaxay’

_Eha_u_v_Ehava_u_Eha_ua_v
Na = 1—\/2[5954-‘/53/]’]\[}‘_ Vzay vax]’ Nay = 2(1+ V)[ay+ ax]' (7)

a (% (*h/2
= ijjl/z(q &+ 06+ TyYy)dzdyds = U1+ U2+ U3, (8)

U = ZJ‘I Nx ax+ N;a +Nm[gu+ g_v]]dydx,

o O8] o]
Eh

a_w dw| 7 ?
41~ vz)[ * oy 2] dydx,
10| P, Pwl|? Cw 0w | dw
Us= 2DL o{[ax” aﬁ] - 2(1- V)[axz 2y~ | axdy 2] dyds.
SW= Fi(t)8. + Fa(t) 8. + m(t)da (9)
Hamilton
sz[S(T— U)+ 8WJdt = 0. (10)

2

-
Mx, — [sasina— [y Fcos A+

a (*b
i[.[o Ogl[(lP— w ® cosA— (w>+ udasina]dydx] = F, (11a)

My”r + Isdcosa— Iy Fsin a+
a (*b
d%[J.OJ‘OgL[(LP— w Bsina+ (w>+ udécos(l]dydx] = F, ( 11b)
e a (*b
I, 0+ (- x.sina+ y,. cosa)JOjogl(R+ x+ u)dydy -

a (b a (*b
(xccosQ+ y, sm(l)jojloglwdydx+ EUOLF%{— wet (R+ x+ u)w>+

1 0
[w2+ (R+ x+ u)’+ Ehz[a—ﬂj %dydx] = m(t), (11c)

2
s ay~ = ph[%— wa— 20 (R+ x+ u) P+ (X.cosa+ ¥, sina)], (11d)



498

v, N o
ox T oy T Ph o (11e)

0w a4w o*w Pw 1 s 0w 0*w
D[ax” 200yt oyt g 1™ [aﬁaﬁ* 2y =

0 aw Ow @ aw
ax Ny ax + ny a + y Nx) + N)

w1 ). e (19
2(1- V) Ox | L{ Ox ax+2(1—\/2)a oy) Joy) ™

gl[(m X+ w)d+ 2w+ Eh ax—zag— w - (x.sina- y, cosa)]. (11f)
ow
x—Ou—OU—Ow-O,a = 0,
X
x= a: Ny= 0, Ny = 0,227 Va—ywzz 0,
a? aSw Eh aﬂ 2 aﬂ aﬂ
p|g5+ - )axayz]‘ 21— \2)[ o) * | oy 1.
@} ow Jw
12 [ax - 8x8t2] =0 (12)
0*w 0*
y=0b: Ny=0 Ny= 0 35+ Vo= 0
Qw Eh_[|Qw|®, {Qw|’] w
D[a 3+ (2- )axzay]_ 2 1- vz)[[ax T oy jay_
& w
\ 12 9y0i® "
e Lye =0, 0a(1) =0,
a (*h
F2= LLQli{f(x,t)dydx, (13)
.o . ook @ b
m(t) = J.:)J.:gnu[(R+ x+ ww— wu/dyde — x. jojogzwdydx. (14)
Mx. + J f Qi dydx = Fi, (15a)
ON. ON. .
ot ay = P %Ztg”f] (15b)
Ny | ONy (15¢)

ax + ay_ phab

0w a4w Q" w L 1 ~3 'w 'w _
D[ax4 25:%,t ay]+ o~ 1™ 5% 5%




499

0 Ow. Qw| 0 w Ow.
x[N 5x+N”8 + [N”‘98+N8}+

0 Oy y
Eh a[a_w 8w2]8_w+ Eh 8[8_w awz]a_w
2(1- V) Ox| L{ Ox Oy) Joxf" 2(1- V) Oy L| Ox Oy 1 oy
(15d)
(12)( ®>=0).
xe =A L, (15 (12
Nw= PA(x- a), Niyo= Nyo= 0, wo= 0. (16)
(16) .
w0 Ow|. o Fu_ @{ @}
D[ax4+ 28x28y2+ ay4]+ gL atz = gLA(.’)C— a) ax ,
o Qw o ,52_w s Sw Pw
x= 0 w= 0 ax—O, ¥= a5 3 + 52 0, a%3+ (2- V)axayz_o,(ﬁ)
Pw 0w, P 0w
\Y— 05 b ay2 va 2 = Oa ay3+ (2 v)axZa 0.
o'w Ow , dw Fu
D[axﬂ' 28x2 3+ ay4]+ h 3,2 = 0,
ow _ Fw 0w 53w 0w
x=0w= 0 35=0 x= a: 55 Vayz‘o’a (—V)aaz_ous)
Puw , Qu Ow D w
y— Ob az+ axz 0, a +(2 ‘/)axzay— O
(17) (18), .
1 (18) W L i= 1,23 (17)
w,i= 1,23 .. A>0 , (17 . G< o= 1,
2,3, - A, A=A , (16) ;A<
0o ., (17 ,o@> o, i= 1,23 ..
(17) Vi,  (18) V'.  Rayleigh . A> 0
V< v* o < co;f‘,i: 1,23 s A< O ,Vi> V', @a> o, i= 123 ..
w 62_w82_w 0’w
Vi = ZD_”{[ a 9 - 21- V)[a 2 5,2 [axay] j}dyd“
a (b aw 2
gj QzA(x— a)| o] dyde, (19)
(18)
az__w azw
-4 H{[ 2 o [ 262 [ 2 Thae ()
A> 0 ,V1<V; A<O0 V> V. Rayleich : A> 0 , o
< G Li= 1,23 .y A< O ,a> o ,i= 1,23 ..

, A>0 w(x) Z0 , AT O, WV s, AlT+ o



500

w(x) 20, Vi< 0, Vi(w(x),A) , A, A=A
1 A>0 ; A<O0
2.2
5 5 La-
ange
1 [ Ow
I = Ejrph } dydx - zjrgﬂ(x— a)[ “’] dydx -
.00 Qw Ow Dw O 2]
DIJ{ 2+ 2] - 2(1- V)[axz ayz_ [axay] dy dx -
2
__Lh _w vw
8(1- \F)J;Jz o) * [ay 2] dyds. (21)
w(x,y, t) = [Z(t)/a](x = dax’+ 6a°x°), (2)
Z . (22) (21) Hamilton ,
2, |27 8l 34992 3
B7 + [26 B] + s =0 (23)
B= Jpd(1- VZ)/E, §= h/a A= Ala. (23) 1
7 & 81
“1= e p —A (24)
(24)  : A<O , ; A> 0
A= (U3)(8/B), A=A ,wo=0, ,
(23) Z , 2
a. A< Ac Z =0
b. A 24. , 1
2
Z‘_J2592{ B SJ' (%)
3
3.1

cxe =0y =0,
.. d a (b
Fi=- Isdsina— 4 Bcosa+ — J‘J‘ /(= w B cosa— (w>+ u(P)sin(I]dydx]’

Fo= Ifocosa— Iy dgsma+ - rrgz[(u?— w ®)sind+ (w>+ uaﬁcosa]dydx]
(20)



501

I.a+ +— rrph{ wiwr (R+ x+ u)uw>+

[w2+ (R+ x+ u)*+ Ehz[%—ﬂz] d}dydx] = m(t),

ox T 0y 52
ON.  ONy _
ox Oy Fhatz,

0*w 0*w ai azw 1 0*w Ow
D[ax * 25307 o)t Mgt 1P| 5%t 5%
Oy Ow Qw| 0|, Ow Jw
Ox Na ox Ny Oy * ay[N *

o (818 s 88 (818

Ql[(R+ X+ u) o+ >e+ —th ®- w ]

- wa- 2u>®- (R+ x+ u)d;],

X 2" 942
(27)
(12).
m(t)= 0, ;= Q= const; Nyo= Nyo= 0; wo= 0,
Nyo= 9192[%(&2— x*)+ R(a- x)] ()
(28) ,
0w Cw  dw Qw _
D[ax * 25702 ay‘*]* LR
QLQZ[l(aZ— x2)+ R(a- x)] dw + P Qw
ax 2 Ox ’ (29)
PN ow _ . _Tw Sw Sw O w
X = O. w = O, a = O, X = Q. ax2+ Vayz— O, ax3+ (2— ‘/)axayz— O,
82w Q. Fw. *w
y_Ob a vaZ_O>a3+(2_V)aZa O
(29 (18), A :
2 (18) WL i= 1,23 - (29)
W, i= 1,23 - R>0 ,o> o ,i= 123 . R< 0, a<I|RI
W< O L i= 1,23, . Q, Q2 |, W= 0, (28)
2, :
1 f(x) €L77001, F0)= £ (0)=0"(1)=f @1 =0,
1 ,
J[ 3= 2= >0 (%)

Schwarz



502

fa- ﬂ“?)f'@d% o <[«f 0. (31)

g(x) =~ %J:)(f "(8))dE, (R2)

[[20- i Aan= [- 0= i an-

— (1= x7)g(x) lo- I:)ngdx = f()xJ?)(f " )2 dEdx. (33)
(31)  (33), (30)
2.
(29) Vg, (18) V. Rayleigh
R>0 V> V; R< 0, a<!|RI V< V.
(29) Vi

1 ()|, Qwl’ 52_w52_w ow ]
Vi = ZDJOIO{[ax2+ ayz} - 2(1- V)|:a 22~ | oxoy dydx +

%OOQLQ [ ~(d-x%)+ R(a- x)}[aj — w?dydy. (%)
I, R>0 ,W>V; R< 0, a<!|RI ,Vr< V. Rayleigh
R>0 ,@> w,i= 1,23, ..; R< 0, a<I|RIl ,a0< o, i= 123 .
, Ve(w, Q) ) )
2 : (R< 0, a<I|RI) |,
(R>0) , ; (28)

3.2
, , Lagrange

= 2.” 3 aw} dydv - %j:ﬁphff L(az— ¥)+ R(a- x)} [aa—';’] Zdydx—
2 H{ o awz] - A1- V)[aw%w [aa:awy] ZJ}dydx—
8(1- V)rr [ ]yz [a_wﬁ dydv+ zIZJSWdew- (3)

(22), (22) (35) Hamilton \
. 34 992

B7 + [2662+ 5(1+ 9R) B Q ] Z+ Tia 2 = 0 (36)
B= Ja2(1- VW/E, 8= h/a R= R/a (36) 1

W) = Jﬂ g 52(1+ 9R) <. (37)



503

(37)

ton

R>-1/9 , : R<-1/9 .
Q.= - &/(1+ 9R)5/B, Q= Q. , =0
s . (36) Z ,
R>-19 , Z= 0
R<- 19 Q< O 7= 0
R<-19 Q2Q 1
91 2 1 5 2]
-+ 1
Z——J 3502 5 + 6(1+ 9R ) B* Q7 . (%)
, Hamit
, 1

(3]

(4]

(5]

(9]

[10]

[ ]

Kane T R Ryan R R, Banerjee A K. Dynamics of a cantilever beam attached to a moving base[ J] .
Journal of Guidance, Control and Dynamics, 1987, 10(2): 139 —151.

Bloch A M. Stability analysis of arotating flexible system[ J]. Acta Applican dae Mathematicae, 1989,
15: 211 —234.

Wallrapp O. Linearized flexible multibody dynamics including geometric stiffening effects[ J]. Mech
Strut &Mach, 1991, 19: 385—409.

Haering W J, Ryan R R. New formulation for flexible beams undergoing large overall motions[ J] .
Journal of Guidance, Control and Dynamics, 1994,17(1): 76—83.

Ryu J,Kim S S, Kim S S. A general approach to stress stiffening effeds on flexible multibody dynamic
systems| J]. Mech Strut &Mach, 1994, 22(2): 157—180.

Zhang D J, Liu C O, Huston R L. On dynamics stiffening of an arbitary flexible body with large over
all motion: an integrated approach[ J] . Mech Strut &Mach, 1995, 23: 419 —438.

Zhang D J, Huston R L. On dynamic stiffening of flexible bodies having high angular veocity[ J] .
Mech Strut &Mach, 1996, 24: 313—329.

Banerjee A K, Dickens J M. Dynamics of an arbitrary flexible body in large rotation and translation
[J]. Journal of Guidance, Control and Dynamics, 1996, 19:221—227.

XIAO Shi_fu, CHEN Bin. Dynamic characteristic and stability analysis of a beam mounted on a mow
ing rigid body[ J] . Archive of Applied Mechanics, 2005, 74( 5/6) : 415 —426.

XIAO Shi_fu, CHEN Bin. Modelling and bifurcation analysis of internal cantilever beam system on a
steadily rotating ring[ J] . Science in China, Series A, 1998, 41(5): 527 —533.



504

[11]

(12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

R . _  Timoshenko [d]. ,
1999, 20(12) : 1286 —1290.
XIAO $Shi fu, DU Qiang, CHEN Bin, et al . Modal test and analysis of cantilever beam with tip mass
[J].Acta Mechanica Sinica, English Series, 2002, 18: 407—413.
XIAO Shi fu, CHEN Bin, DU Qiang. On dynamic behavior of a cantilever beam with tip mass in a cen-
trifugal field[J]. Mechanics Based Design of Structures and Machines, 2005, 33(1): 79 —98.

, . _ [J]. ,1998,18(4): 8—
13.
Banerjee A K, Kane T R. Dynamics of aplatein large overall motion[ J]. J Appl Mech, 1989, 56: 887—
892.
CHANG Bi_lin, Shabana A A. Nonlinear finite element formulation for the large displacement analysis
of plates[ J] .J Appl Mech, 1990, 57: 707 —718.
Boutaghou Z E, Erdman A G, Stolarski H K. Dynamics of flexible beams and plates in large overall
motions[ J] . ] Appl Mech, 1992, 59: 99 1—999.
Yoo H H, Pierre C. Modal characteristic of a rotating rectangular cantilever plate[ J].J Sound and
Vibration , 2003, 259(1): 81 —96.
Musat S D, Epureanu B 1. Dynamics and stability of a multi_body system with respect to a rotating
reference system[ J]. Transactions of the Canadian Society for Mechanical Engineering, 2002, 26
(1):57—73.

Dynamic Behavior of a Thin Rectangular Plate
Attached to a Moving Rigid

XIAO Shi_fu', CHEN Bin’
(1. Southwest Institute of Structural Mechanics, P.O . Box 919_401,
Mianyang,Sichuan 621900,P .R . China;
2. Department of Mechanics and Engineering Science, Peking University ,

Beijing 100871, P.R. China)

Abstract: A nonlinear dynamic model of a thin rectangular plate attached to a moving rigid is estab-
lished by employing the general Hamilton’ s variational principle. Based on the new model, both phe-
nomena of dynamic stiffening and dynamic softening can occur in the plate was proved theoretically
when the rigid undergoes different large overall motions including overall translational and rotary moe-
tions. It was also proved that dynamic softening effe¢ even can make the trivial equilibrium of the
plate lose its stability through bifurcation. Assumed modes method was employed to validate the theos-
retical result and analyze the approximately aritical bifurcation value and the post buckling equilibria.

Key words: flexible multi body system; dynamic stiffening; dynamic softening; stability; bifurca-
tion; post_buckling



