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1. Introduction

ABSTRACT

In this paper, the bifurcations and chaotic motions of higher-dimensional nonlinear
systems are investigated for the nonplanar nonlinear vibrations of an axially
accelerating moving viscoelastic beam. The Kelvin viscoelastic model is chosen to
describe the viscoelastic property of the beam material. Firstly, the nonlinear governing
equations of nonplanar motion for an axially accelerating moving viscoelastic beam are
established by using the generalized Hamilton’s principle for the first time. Then, based
on the Galerkin's discretization, the governing equations of nonplanar motion are
simplified to a six-degree-of-freedom nonlinear system and a three-degree-of-freedom
nonlinear system with parametric excitation, respectively. At last, numerical simula-
tions, including the Poincare map, phase portrait and Lyapunov exponents are used to
analyze the complex nonlinear dynamic behaviors of the axially accelerating moving
viscoelastic beam. The bifurcation diagrams for the in-plane and out-of-plane
displacements via the mean axial velocity, the amplitude of velocity fluctuation and
the frequency of velocity fluctuation are respectively presented when other parameters
are fixed. The Lyapunov exponents are calculated to identify the existence of the chaotic
motions. From the numerical results, it is indicated that the periodic, quasi-periodic and
chaotic motions occur for the nonplanar nonlinear vibrations of the axially accelerating
moving viscoelastic beam. Observing the in-plane nonlinear vibrations of the axially
accelerating moving viscoelastic beam from the numerical results, it is found that the
nonlinear responses of the six-degree-of-freedom nonlinear system are much different
from that of the three-degree-of-freedom nonlinear system when all parameters are
same.

© 2010 Elsevier Ltd. All rights reserved.

Axially moving beams can represent many engineering devices, such as band saws and serpentine belts, and have been
widely utilized to transmit power and motion. With the development of engineering materials, axially moving beams are
usually composed of some metallic or reinforcement materials like glass-cord and polymeric materials which have long-
chain molecules and viscoelastic behavior, for example, rubber. The modeling of dissipative mechanisms also is an
important research topic in the nonlinear vibrations of axially moving viscoelastic materials. The theory of viscoelasticity is
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an effective approach to model the dissipative mechanism in the nonlinear vibrations of axially moving viscoelastic
materials. To accurately describe the material property of axially moving viscoelastic beams, viscoelastic constitutive
relations such as the differential or integral constitutive relations must be employed. Axially moving acceleration often
appears in axially moving viscoelastic beams. For example, using an axially moving beam models a belt on a pair of
rotating pulleys, the rotation vibration of the pulleys will result in a small fluctuation in the axial speed of the belt.
The nonlinear dynamical characteristics of axially accelerating moving viscoelastic beams have significant influence on
the stability and reliability of mechanical systems. The transverse nonlinear oscillations of axially accelerating
moving viscoelastic beams occupy main aspects of the nonlinear dynamical characteristics. The influence of the periodic
fluctuation of the rotating speed and the torsional vibration of the pulleys on the transverse nonlinear oscillations of
axially accelerating moving viscoelastic beams should be taken into account. Therefore, the investigation on the transverse
nonlinear vibrations of axially accelerating moving viscoelastic beams is a challenging subject and is still of interest
today.

Considerable attention has been paid to research works on the nonlinear dynamics of axially moving beams or strings
by many investigators in the past forty years. With the constant mean axial transport velocity, the dynamic responses of
axially moving beams have been studied extensively. For axially accelerating moving beams, Pakdemirli et al. [1]
investigated the dynamic stability for transverse vibration of an axially accelerating string based on the Galerkin
truncation. Pellicano and Zirilli [2] analyzed the boundary layers and nonlinear vibrations of an axially moving beam with
vanishing, flexural stiffness and weak nonlinearities. Pakdemirli and Ulsoy [3] applied the discretization-perturbation
method and the direct-perturbation method for analyzing the stability of an axially accelerating string. Oz et al. [4]
employed the method of multiple scales to study the dynamic stability and nonlinear responses of an axially accelerating
beam with small bending stiffness. Using the one-term Galerkin discretization, Ravindra and Zhu [5] analyzed the chaotic
behaviors of axially accelerating beams. Ozkaya and Pakdemirli [6] utilized the method of multiple scales and the method
of matched asymptotic expansions to construct non-resonant boundary layer solutions of an axially accelerating beam
with small bending stiffness. Oz and Pakdemirli [7] and Oz [8] used the method of multiple scales to analytically calculate
the stability boundaries of an axially accelerating beam under simply supported conditions and fixed-fixed conditions,
respectively. Parker and Lin [9] adopted the one-term Galerkin discretization and the perturbation method to study the
dynamic stability of an axially accelerating moving beam subjected to a tension fluctuation. Oz et al. [10] employed the
method of multiple scales to determine the steady-state transverse nonlinear responses and their stability of axially
accelerating moving beams. Ozkaya and Oz [11] applied artificial neural network algorithm for analyzing the stability of an
axially accelerating beam.

Throughout the history of research, all above-mentioned researchers assumed axially accelerating moving strings or
beams under their consideration to be elastic and did not take into account any dissipative mechanisms for axially
accelerating moving materials. Nevertheless, the modeling of dissipative mechanisms is an important research topic
for the nonlinear vibrations of axially accelerating moving materials. The nonlinear parametric vibrations of axially
moving viscoelastic strings have been investigated by several researchers. Using the three-term Galerkin discretization,
Marynowski [12] and Marynowski and Kapitaniak [13] gave a comparison among the Kelvin model, the Maxwell model
and the Bugers model. They used numerical method to simulate the nonlinear responses of an axially moving beam
excited by a changing tension and found that all models yield similar results in the case of small damping. Marynowski
[14] further numerically studied the nonlinear dynamical behaviors of an axially moving viscoelastic beam with
time-dependent tension using the four-term Galerkin discretization. However, the literatures related to axially
accelerating moving viscoelastic beams are relatively limited. Based on the second-term Galerkin discretization,
Chen et al. [15] analyzed the stability of axially accelerating linear beams. Yang and Chen [16,17] studied the steady-state
nonlinear responses, bifurcations and chaos of an axially accelerating moving viscoelastic beam. Although several
research works on the relevant topic in the field have been carried out in recent years, effort in analyzing the nonplanar
nonlinear transverse vibrations of axially accelerating moving viscoelastic beams is lacking. This situation necessitates
the need for the study presented in this paper. Through the observation of our experimental results, it is found
that the nonlinear vibrations of axially accelerating moving viscoelastic beams are not located in the in-plane.
Mockensturm and Guo [18] utilized the material time derivative in the viscoelastic constitutive relation to analyze the
nonlinear dynamic responses of parametrically excited, axially moving viscoelastic belts and gave a comparison to
previous work.

Recently, Chen et al. [19] established the governing equations of motion for the nonplanar nonlinear vibrations of an
axially moving viscoelastic belt by using the generalized Hamilton’s principle for the first time. The problem for using the
generalized Hamilton’s principle to establish the governing equations of motion for the nonplanar nonlinear vibrations of
an axially moving viscoelastic belt was solved. Based on the results mentioned above, Liu et al. [20] investigated the
periodic and chaotic oscillations of an axially moving viscoelastic belt with one-to-one internal resonance in three-
dimensional space. Zhang and Song [21] studied higher-dimensional periodic and chaotic oscillations for a parametrically
excited viscoelastic moving belt with multiple internal resonances. Marynowski and Kapitaniak [22] investigated the
modeling and nonlinear responses of an axially moving viscoelastic beam with time-dependent tension and Zener internal
damping. Chen et al. [23] gave a survey on the advances in the nonlinear dynamics of transverse motion of axially moving
strings belts. Gao et al. [24] modified the higher-dimensional Melnikov method to investigate the single-pulse homoclinic
orbits and chaotic dynamics for the six-dimensional nonlinear system for an axially moving viscoelastic belt. Chen and
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Ding [25] analyzed the steady-state transverse responses in coupled planar nonlinear vibrations of an axially moving
viscoelastic beam.

This paper investigates the complex dynamic behaviors for the nonplanar nonlinear transverse vibrations of an axially
accelerating moving viscoelastic beam. In Section 2, the governing equations of motion for the nonplanar nonlinear
vibrations of the axially accelerating moving viscoelastic beam are established by using the generalized Hamilton’s
principle for the first time. The governing equations of motion, which are changed to a set of ordinary differential
governing equations with three-degree-of-freedom and six-degree-of-freedom, are obtained in Section 3. Section 4
describes investigation of the nonlinear dynamical behaviors of the axially accelerating moving viscoelastic beam in a
general way, including the bifurcation diagrams, the largest Lyapunov exponents, Poincare maps and phase portraits.
Finally, the results and conclusions are given.

2. Formula of axially accelerating moving viscoelastic beam

When the bending stiffness of an axially accelerating moving viscoelastic belt cannot be neglected, we use an
axially accelerating moving viscoelastic beam to model the belt driving device, as shown in Fig. 1. Therefore, the
governing equations of motion for the nonlinear vibrations of the axially accelerating moving viscoelastic belt are based
on an axially moving beam model. In the axially accelerating moving viscoelastic beam, it is indicated that A is cross-
sectional area of the beam, L is free length of the beam between two supports, p is the mass density of the beam and c(t) is
the axial velocity of the beam. A Cartesian coordinate system, Oxyz, is adopted. Another coordinate system is a moving
coordinate fixed on the beam. The u, v and w are the displacements with respect to moving coordinate in the x, y
and z directions, respectively. It is assumed that the tension P is characterized as a small periodic perturbation P; coswt on
the steady-state tension Po, namely, P = Py + Py coswt. It is also assumed that the moving speed of the beam is characterized
as a simple harmonic change about the constant mean speed, namely, c(t) = co +c;coswt. This assumption has its physical
meaning. For example, if we use the axially moving beam to model a belt on a pair of rotating pulleys, the rotation
vibration of the pulleys will result in a small fluctuation in the axial velocity of the belt.
The displacement components of any point (x,y,z) in the axially accelerating moving viscoelastic beam are obtained as
follows:

ux,t) = uo(x,t)+z%/‘: +y2—z, (1a)
W(X,t) = Wo(x,1), (1b)
v(x,t) = vo(x,1), (1c)

where ug, Vo and wy are the displacement components in the x, y and z directions on the axial line of the axially accelerating
moving beam.

In this paper, the Lagrangian strain for the beam is employed as a finite measure of the strain. The geometric
nonlinearity depending on finite stretching is considered through the Lagrangian strain. The axial Lagrangian strain of the
axially accelerating moving beam is given by

g Ou 1w 2+1 aw\ 2 2)
T ox 2 \ex 2\ox ) -
It is assumed that the viscoelastic material of the axially accelerating moving beam is homogeneous and satisfies the
Kelvin model. Therefore, the constitution relation is given as follows:

0€
0 =Eotx+1 - =0e+0u, (3)

where # is the dynamic viscous coefficient, o.=Eq¢ and o,=1(d¢/ot), respectively, represent the constant stress and the
time-varying stress.

= V=

P P

Fig. 1. The model of an axially moving viscoelastic beam is given.
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The axially moving velocity of the beam is represented by c(t) which is varying with respect to the time t. Then, the
absolute velocity of any point for the axially moving beam is given as follows:

@t~ ata “)
dy oV ov
dt =S T ()

dz ow  ow
ai= Ca_x + e (6)
In 2007, Chen et al. [19] used the generalized Hamilton’s principle to establish the governing equations of motion
for the nonplanar nonlinear vibrations of the axially moving viscoelastic belt for the first time. In the following analysis,
the generalized Hamilton’s principle [19,26] will be used to obtain the nonlinear governing equations of motion
for the axially accelerating moving viscoelastic beam. The governing equation of motion in the context of the
Newtonian mechanics can be derived for the nonplanar nonlinear vibrations of the axially accelerating moving viscoelastic
beam. However, this derivation requires a free body diagram for a differential element of mass and the use of sign rule for
forces and moments. Therefore, it is considered that this derivation is not always easy. Using the generalized Hamilton’s
principle, we can avoid such problems. The mathematical statement of the generalized Hamilton’s principle is given as
follows:

ty
[ (6T—5U+3W)dt =0, 7)

where OT represents the variation of the kinetic energy, 6U indicates the variation of the elastic strain energy or elastic
potential energy, and oW denotes the virtual work performed by both external and viscous dissipative forces.
From Eq. (3), we know that the variation of elastic potential energy is of the form

L
5U:/ae(38dV: / /aeésdAdx. (8)
Jv Jo Ja

The virtual work performed by both external forces and viscous dissipative damping for the axially accelerating moving
viscoelastic beam is represented as

L L .
SW = 6Wex +6W,is = — / / PocdAdx— / / o, ASedAdx, 9)
0 A 0 A

where 7,A is the viscous dissipative force corresponding to the time-varying stress or the past history stress at any position
(x,y,z) for the axially accelerating moving beam.
The kinetic energy of the axially accelerating moving viscoelastic beam is given as follows:

Loty L
T= / ij[x2+y2+zz]dx=/ 5 PA[(C+ QU110+ (V4 V20 + (CWon AW, di. (10)
JO 0

For the expression’s convenience, we drop the subscript ‘0’, which denotes the displacement on the axial line of the
axially accelerating moving viscoelastic beam. The variation of the kinetic energy is obtained as follows:

L
5T:5/ %pA [(C+Cuvx+uyr)2+(vax+vvt)2+(Cva+th)2} dx. (11)
0

We first derive the governing equations of three-dimensional nonlinear vibrations for the axially accelerating moving
viscoelastic beam. Substituting Eqgs. (8), (9) and (11) into Eq. (7) yields

t pL t, oL
[ [ 5 olesusrun?+onrva? +@wctwop]dede— [ [ [ Poerowdorasndede=0.  (12)
ty 0 t 0 JA
Using Eq. (3), then, Eq. (12) can be rewritten as

ty LpA ity pLp
/ / 75 [(c+cu,x+u.t)2+(cv.x+v,t)2+(cw,x+w,r)2] dxdt—/ / /(P58+058)dxdt:0. (13)
t, JO t, Jo JA

It is assumed that the variation and differentiation are interchangeable. The boundary conditions with respect to time
are obtained as

ou(x,ty) =ou(x,t;) =0, Jv(x,ty)=0ov(xt;) =0, Oow(x,t)=0ow(x,t)=0. (14)
The boundary conditions with respect to displacement are denoted as
u©,t) =u(l,t)=0, v(0,6)=v(Lt)=0, w(0,t)=wLt)=0, (15)

Vxx(0,8) = V,xx(L,t) =0, W,xx(0,8) = w,xx(L,t) = 0. (16)
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The governing equations of three-dimensional nonlinear vibrations for the axially accelerating moving viscoelastic
beam are obtained in the following three equations:

PAU, e+ 2CU, ¢+ C Uk +Cy el +c,t)—/a.di =0, O0<x<lI, (17a)
A
PAW, it +2CV xt +C?Vyx + €yt V) —PAV o — / [(0V,x)x+Y0,x]dA=0, 0<x<lL, (17Db)
A
PAW, it 4 2CW, 5t + C* W,y +c,tw,x)—PAw,XX—/[((;W,X).x +2z0,x]dA=0, O<x<L. (17¢)
A

Eq. (17) is a general form of the governing equations of three-dimensional nonlinear vibrations for the axially
accelerating moving viscoelastic beam, which can be satisfied by both the differential and integral constitutive relations of
viscoelastic materials.

The inertia moments of a cross-sectional area for the axially accelerating moving viscoelastic beam are given as follows:

]yz:/Aysz, ]y:/AZZdA, ]z:/Aysz. (18)

Using the Kelvin type viscoelastic constitutive law and substituting Eq. (3) into Eq. (17), we obtain the governing
equations of three-dimensional nonlinear vibrations for the axially accelerating moving viscoelastic beam as

PAU, 1+ 2CU it + C Uy + Gty + Crt) = EoAW e+ VoxVse + Wax W) + AUt + Vot Voxx + VsVt + Woxt Woxx + WoxWoxr),  (19a)
pA(th +2¢cV,x+ c? Vyxx +CotVhx) +J2(EoVsxxxx + NV, xxxxt) +Jyz(EOvaxxx + W, xxxxt)

2 2
2
+ WA(Vyxu-xxt +2V,xVoxtVoxx + V3 Vsxxt + VsxWoxt Wy xx + Vs xWox Wi xxt + Uy xxUs xt + VxxW,xtW,x), ( 1 9b)

3 1
= PAV,xx +EoA (V‘xuvxx + 5 U2V, 0+ Vs x W W+ Vyllyx + *Wv;%vyxx>

PAW, i +2CW,x¢ + C W, + €t W) +Jy (Eo Wy + T Woxee) +Jyz(Eo Vo + 1V, xxxe)

2 2
2
+ AW, xU, xxt + WaxVyxt Vsxx + WoxVsxVsxxt + 2Wox Woxt Woxx + W, g Woxae +Woxxlxe + VixVixeWaxe). - (19€)

3 1
=PAW,xx+EpA (W,xu.xx +W,xV,xV,xx + —W.EW,XX F+W,xxUyx+ 5 U.,%W,xx

Eqgs. (19a)-(19c) respectively describe the longitudinal vibration, the in-plane and the out-of-plane transverse nonlinear
vibrations of the axially accelerating moving viscoelastic beam with the Kelvin type viscoelastic constitutive law.

Generally, the transverse nonlinear vibrations are primary motions of the axially accelerating moving viscoelastic beam.
Therefore, the longitudinal vibration can be ignored in some studies. The governing equations of the nonplanar nonlinear
transverse vibrations, including the in-plane and out-of-plane nonlinear vibrations, are given by

PA(U‘ tt+2CV,x + c2 Vyxx +CotVhx) +J2(EoVsxxxx + NV, xxxxt) +.]yz(E0vaxxx + W, xxxxt)

3 1
= PAV,xx +EoA (5 V.2V, xx 4 Vo W, x Wiy + 5 w,2 v,xx>

2
+ HA(ZU:XU-MV-XX U, 5 Vsxxt + Vo xW,xt Woxx + UV, x WoxWoxxt + UVyix Woxt Wox), (208)

PA(W. tt+2CW,xt + c? W,xx +C,tW,x) +]y(EOvaxxx + W, xxxxt) +Jyz(E0Vyxxxx + NV, xxxxt)

3 1
= PAvax +EOA (W|vaxv|XX + j Wv)%WvXX + i V|£Wyxx>

2
+ nA(vaVyxtV,xx W, xV,xV,xxt + 2W,xW,xt W, xx + W, W,xxt +V,xVyxe Wi xx).- (20b)

In order to compare the nonplanar nonlinear transverse vibrations with the in-plane nonlinear transverse vibrations,
the governing equation of the in-plane nonlinear transverse vibrations for the axially accelerating moving viscoelastic
beam is given by

3
PAW, -+ 2CV,xt + C2V, 5 + €, 1V, x) +Jy (Eo Vs soxx + 1V, xxxt) = PAV, xx + EEOAU-,%U'XX + ARV, V,xtV,xx +V, 2V, xxt)- (21)

3. Galerkin discretization

Using the three-term Galerkin discretization, the nonplanar transverse displacements v and w can be expressed as
follows [15]:

v:sinnqu1(t)+sinZ—?qz(t)+sin3—7lrxq3(t), (22a)
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w =sin 7Iquzl(t)qtsin 2%qu(t)+sin 3—7xq6(t). (22b)

Then, substituting Eq. (22) into Eq. (20) and applying the Galerkin approach to system (20), we obtain the following
nonlinear ordinary differential governing equations of motion for the axially accelerating moving viscoelastic beam with

six-degrees-of-freedom

iy . n? (m*yEo 2
4.+ pA}ll“ q,+ pAP( l;’ —pAc +P0+P1cosa)t>q1+3lc1wsmwtq2

e

16 . TEy (3 5 9 27
31 (Cotarcosmndy + <8q?+§q%q3+3q%q1+zq§q1

3, 3 , 9 9 3, 9 3,
g4+ 5019496 + G591 + —q6q1 + —q2q3 +2429495 +3429645 + §CI4Q3 + 5734496 + 5 9593

*3

27
+ p14;7( A3+ g q1q1+2q1quz+ 5039301+ 3 q1q3q1+ q1q4q4+ q1q4q6
+Q1QSQS+§¢11%Q4+ZQ1Q6%+i‘l%%*‘qg%+3Q2Q2Q3+QZQ4QS+§QZ‘J5%

.3 . 3, 9 3 .9 3
+020544+ 5420645 + 5 9501 + 7469493 + g 939444+ 739644+ 5 93055 =0, (23a)

1674,n .  2m* (87?],Ey
d>+ pAl4y 2+ AR ( l2y —2pAc? +2(Py+P; coswt)> q2— 3lclwsmwtq1
Jyz

. 48 .
wCeq smcutq3——l(co +¢ coswt)q3+ Al4 (Eogs+1qs)

16 . 24
+ —l(co+c1coswt)q1 + =i

2nE
+ 7;1 0< q1‘b+ Q1Q2Q3+Q1Q4Q5+ q1q5q5+3q2+ 5 q3q2+ q4q2+ Q2Q4QS

9 3 21 . . .
+342G5+ 50245 + 5 43ads +9q3qsqs> + W(q%qz +2419241 +3019243+ 3429301
. .3 . . .3 .
+CI5‘J4Q1+Q1(I5CI4+QCI1(I5%+3QZQ3Q1+1SQZQ3Q3+Q2Q4Q4+EQ2‘14Q5+6Q2QSCI5
3, .3 .. 3. 3.

+ 5449296 +9920545 + 5 419695 + 94342 + 5 45443 + 5 439594

+9¢39645 +9939546) =0, (23b)

. 81n%Y,n . 2 [81m2],E 24
G+ pAl{lyn ds DA <% —9pAcz+9(P0+P1cosa)t)>q3— = 1 sinwtq,
3, 27

817Y,, 450 ) 9,
(co+qcoswt)qz+ DAl % (EoQs+1qe)+ —— 1601t g N9+ 7920

—q2q+qu2+quq+2—qq+quq+9qqq+2—q3+fq2q
gdad1+ 70195+ 7 9496q1 + 54293 + 5 424ads 2qeqs + 75 93+ g 9443

PEL=pF 2n4" 9 s+ > Py +3010202 + 24 + 9 + 3 qiud

16 dgds pl4 qiqs 8‘]1‘11 19242+ 5419391+ 7deqath 8Q1Q4Q4

9 . 3 . 3. . . 3 . 3 .

ZQ]QG%"‘leQSQs"‘jQzQ]+9qZQ3+1SQ2QZQ3+5‘12(14(]54-5(]2(15(14"'9(]2(]5(]5
. 243 . . 9 . 243 .

+9420605+ “g— 0345+ 9450593 + 7 434444+ ~g—d3d64s) =0, (230)

4 2IE 16 .
Ga+ pﬁgqél DA <n {ZZ 0—pAc2+P0+P1coswt>q4——(co+c1cosa)t)q5

ch sinwt Jy(E ) 2mEy
+§ 1 qs+ DAL oCI1+'7Q1+ ol 16Q1Q6+]GCI1Q4+CJ1(JZQS+ ChCIa%

3 1, 3 3 9 3 5 9, 3, 27 ,
§Q1Q3Q4+EQZQ4+Z%QG+5‘]2‘13‘154—§Q3Q4+EQ4+EQ4QS+EQ5Q4+§%Q4

+22 _._ﬂ § ‘ +§' +g ' +§ ] +' +§ ' +§ 2
4‘15% ol 8‘]1‘14‘]1 8‘]344‘11 4111116(13 8‘11‘16‘11 429294 2Q2Q5Q3 8‘14‘]4
. 3 . 9 . 3. 3 . 9 . 3 ,. .
+QZQSQ1+QQGQZQZ"‘ZQ4Q3Q3+§Q1Q4Q3+5%45‘12"‘KQ3QGQ1+§Q4QG+Q2QSQ1

.3 .9 . 3 9 ,.
+2444505+ 7 449644+ 5 ad6d6 + 4504+ 5 9346 + 3054506 + 5 9544) =0, (23d)

167, 872],Eo 8
Gs+ pAl“z q5+W( 122 —2pAcz+2(P0+P1coswt)>q5 3lwclsmwtq4
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167y

16 . 48 .
+j(c0+c1coswt)q4+ wclsmwtqe l(co+c1coswt)q6+ DAl (Eoq2+145)

51
27'[4E0

pl
4

9 5, 3 59 3 27 21y . . 5. 3 .
+EQSQ3+§QSQ4+§Q4QSQG+3Q5+7‘]5% +W Q1Q4Q2+Q1QSQ1+9%Q5+EQ1(]5(]3

1, 3 3 , 3
+ 54195 +4192d4+ 5 919296+ 5 419305 +34595+992q396 + 5429394

3, . 3. .3 . .
+ i‘h%fh +419492+ EQzQZ‘M-’-GQZQth + 5‘12‘16‘]1 +9429645
3, . . - . .
+ 5024304+ 3449596 + 9930543+ 9439642 +q495 + 3944506 +2qaq5G4

. . .3,
+3¢6q4ds +6q§q5+18qsqsq6+§q1q3qs) =0, (23e)

.. 81n* . 2 /81 E 24

Ge+ p%{fn %+p7;”2< 7r12]z 9 _9pAc? +9(P0+P1coswt)> 6+ﬁwclsmwtq5
4 TE [ 3 9 3

pAlfy (Eods +11d5)+ 4° (16lﬁq4+ g 146+ 5920501

8 .

+ =i (cp+cicosmt)qs+
9 3. 2,92, o 243 3, 27, 9,
+ZQ4Q3Q1+ZQ4Q2+EQ2‘]6+ Q2Q3QS+W‘h%"‘ﬁ%"’g%%"‘z%%
7 243 27'[411
q5q6+ 16 q6 pl4

3 . . .9, . 243 . 9., 3,
+EQZQSQ1+9QZQSQ3+9QZQG¢12+ZQ1Q4Q3+9Q3QSQ2+TQ3QGQ3 +ZQ4%+§Q4Q4

2 3. 9. 3. 9. 3 .
§Q1Q4Q1+ZQ3Q4Q1+§QzQSCI1+ZQ1%Q1+EQZQ4Q2

9. . . .3, 243 .
+5 040495+ 3959405 + 18959605 + 99346 + 5 9504 + Ttl%%) =0. (23f)

System (23) can be used to describe the in-plane and out-of-plane nonlinear vibrations of the axially accelerating
moving viscoelastic beam simultaneously.

For the in-plane nonlinear vibrations, substituting Eq. (22a) into Eq. (21), we obtain the following nonlinear governing
equations of motion for the axially accelerating moving viscoelastic beam with three-degrees-of-freedom:

4 n? (m?],E
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System (24) can be utilized to describe the in-plane nonlinear vibrations of the axially accelerating moving viscoelastic beam.

4. Numerical simulations

In the present numerical investigation, a straight polymeric beam, namely J,,=J,,=0, is considered with length L=1.0 m,
width b=0.016 m, density p=1000 kg/m> Young’s modulus along the axial direction E=1.5 x 108N/m?, viscoelastic
coefficient 1 =4.0 x 10°Ns/m?, and initial tension P=100N. The displacement and the velocity on the midpoint
of the axially accelerating moving viscoelastic beam, namely x=0.5 m, can be numerically obtained from Eqgs. (23) or (24).
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The complex dynamic responses of six-degrees-of-freedom nonlinear system, namely Eq. (23), are firstly
investigated.

4.1. Case of beam with square or circular cross-sectional area

It is first considered that the beam is of the square or circular cross-sectional area. In this case, two flexural stiffness
coefficients of the in-plane and out-of-plane are same, such as J,=J.. For the different parameters and initial conditions, the
complicated nonlinear phenomena are observed from the numerical results. Fig. 2 illustrates that the in-plane motion of
the axially accelerating moving viscoelastic beam, with square cross-sectional area 0.01 m x 0.01 m, is same as that of the
out-of-plane when the motions of the system are the nonlinear periodic vibrations, where v represents the in-plane motion
and w denotes the out-of-plane motion. This means that in this case, the phase angle of the in-plane motion is also same as
that of the out-of-plane motion. It is seen from Fig. 2(e) that the ratio of the amplitude for the in-plane motion to the
amplitude for the out-of-plane motion is a constant, which means the trajectory of motion of any point on the axially
accelerating moving viscoelastic beam is a line and the beam oscillates in a plane.

If the motions of the axially accelerating moving viscoelastic beam are the quasi-periodic or chaotic vibrations, the
amplitude of the in-plane motion is same as that of the out-of-plane motion, but the phase angle of the in-plane motion is
different from that of the out-of-plane motion, as shown in Fig. 3. In this case, it is observed from Fig. 3(e) that the
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Fig. 2. The periodic motion of system (23) is depicted: (a) waveform of v, (b) phase portrait of v and 7, (c) waveform of w, (d) phase portrait of w and w,
and (e) trajectory of transverse motion for any point on the beam.
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Fig. 3. The quasi-periodic response of system (23) is depicted: (a) waveform of v, (b) phase portrait of v and v, (c) waveform of w, (d) phase portrait of w
and W, and (e) trajectory of transverse motion for any point on the beam.
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Fig. 4. The bifurcation diagrams for the two displacements v and w via the amplitude of the axial velocity fluctuation ¢, are presented when ¢y =30 m/s
and w=15: (a) bifurcation diagrams for the displacement w via c; and (b) bifurcation diagrams for the displacement v via c;.
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(a) (b)
0.03 , ; z - 0.04
002}

0.02
001}

g €

; 0 = 0
-0.01

-0.02
002}
0.03 ‘ A ‘ L o
1 2 3

Fig. 6. The bifurcation diagrams for the two displacements v and w via the amplitude of the axial velocity fluctuation c; are presented when ¢y =20m
and w=15: (a) bifurcation diagrams for the displacement w via c¢; and (b) bifurcation diagrams for the displacement v via c;.



L.H. Chen et al. / Journal of Sound and Vibration 329 (2010) 5321-5345 5331

trajectory of the motion for any point on the axially accelerating moving viscoelastic beam is a curve, which means that the
beam’s motion is not located in a plane.

4.2. Case of beam with rectangular cross-sectional area

In the following analysis, we study the nonplanar nonlinear vibrations of the axially accelerating moving viscoelastic
beam with a rectangular cross-sectional area which is given by 0.01 m x 0.02 m. In this case, the in-plane and out-of-plane
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Fig. 7. The largest Lyapunov exponents via the c; are calculated when ¢y =30m/s.
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Fig. 8. The periodic-2 response of system (23) is depicted when ¢; = 0.5m/s: (a) phase portrait and (b) Poincare map.
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motions have great differences because two flexural stiffness coefficients are not equal. We analyze the effect of the mean
axial speed, the amplitude of the axial speed fluctuation and the frequency of the axial speed fluctuation on the nonlinear
dynamic behaviors of the axially accelerating moving viscoelastic beam, respectively. To give the bifurcation diagrams, we
will project the Poincare maps onto a plane which consists of the two displacements v and w. With variation of the mean
axial velocity co, the amplitude c; of the axial velocity fluctuation and the frequency w of the axial velocity fluctuation cy,
the three types of bifurcation diagrams are respectively presented.

4.2.1. Effect of amplitude of axial velocity fluctuation
Fig. 4 presents the bifurcation diagrams for the two displacements v and w via the amplitude of the axial velocity
fluctuation ¢; when cp =30 m/s and w=15 Hz. From the bifurcation diagrams, we can see that the nonplanar nonlinear
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Fig. 10. The chaotic motion of system (23) is depicted when ¢; = 1m/s: (a) phase portrait and (b) Poincare map.
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Fig. 11. The quasi-periodic motion of system (23) is depicted when c¢; = 1.6m/s: (a) phase portrait and (b) Poincare map.

(a) (b)
0.05 0.03 +
0.02
0.025
0.01
E o E o
- -
-0.01
-0.025
-0.02
-0.05 . . . -0.03 4 2 L i =
-0.02 -0.01 0 0.01 0.02 -0015 -0.01 -0.005 0 0.005 0.01 0015
W(m) ¢ = l.7m/s W (m)

Fig. 12. The periodic-2 motion of system (23) is depicted when c; =1.7m/s: (a) phase portrait and (b) Poincare map.
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vibrations of the axially accelerating moving viscoelastic beam only are the periodic-2 motion, which means that there is
no bifurcation. Fig. 5 gives the phase portraits and waveforms of the periodic-2 motion. Comparing with the
aforementioned case in Section 4.1, it is observed that the trajectory of the transverse motion for any point on
the axially accelerating moving viscoelastic beam is not in a plane, as shown in Fig. 5(e). It is also seen that the motions of
the in-plane and out-plane are great different.

We change the mean axial velocity to ¢o =20 m/s while other parameters are fixed. The bifurcation diagrams for the
two displacements v and w via the amplitude of the axial velocity fluctuation c; are presented, as shown in Fig. 6. To
further confirm the nonlinear dynamic behaviors which we observe from the bifurcation diagrams given in Fig. 6, the
largest Lyapunov exponents are calculated for the nonplanar nonlinear vibrations of the axially accelerating moving
viscoelastic beam, as shown in Fig. 7. In order to illustrate in detail the bifurcation behaviors in a plane which consists
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Fig. 13. The periodic-6 response of system (23) is obtained when c; = 1.74m/s: (a) phase portrait and (b) Poincare map.
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of the two displacements v and w, the Poincare maps and the phase portraits are respectively depicted, as shown in
Figs. 8-18. Qualitative explanation of the various bifurcation phenomena is given based on the observation obtained from
Figs. 6-18.

There is a window of the periodic-2 motion when the axial velocity fluctuation c;€[0.5,0.67|m/s. The corresponding
phase portrait and Poincare map are presented in Fig. 8. Fig. 9 gives a quasi-periodic motion of the axially accelerating
moving viscoelastic beam when c¢;=0.68 m/s. When we continuously increase the axial velocity fluctuation cy, it is
observed that a large amplitude chaotic motion occurs. Fig. 10 indicates that chaotic motion exists for the axially
accelerating moving viscoelastic beam when ¢;=1.0 m/s. Based on Figs. 6, 7, 9 and 10, it is found that a quasi-periodic
bifurcation given in Fig. 9 results in the chaotic motion. The largest Lyapunov exponents of the chaotic motion are
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Fig. 16. The periodic response of system (23) is depicted when c¢; =2.37m/s: (a) phase portrait and (b) Poincare map.
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calculated, as shown in Fig. 7. It is seen from Fig. 7 that the largest Lyapunov exponents are positive. When the axial
velocity fluctuation changes to c; = 1.6 m/s, the chaotic motion disappears and a quasi-periodic motion appears, as shown
in Fig. 11.

Further increasing the axial velocity fluctuation c; gives rise to a window of the periodic-2 motion for the nonplanar
nonlinear vibrations of the axially accelerating moving viscoelastic beam, as shown in Figs. 6 and 12. Within the interval
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Fig. 19. The bifurcation diagrams for the two displacements v and w via the mean axial speed c, are presented when we choose ¢c; = 1m/s and w=15: (a)

bifurcation diagrams for the displacement w via ¢y and (b) bifurcation diagrams for the displacement v via co.
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1.61 < ¢1 <2.23, there exists a very small window of the periodic-6 motion, as shown in Figs. 6 and 13. Fig. 14 illustrates
the existence of the periodic-2 motion.

The periodic-2 motion becomes the periodic nonlinear vibration with increasing the axial velocity fluctuation to
c1=2.28 and 2.37 m/s, as shown in Figs. 15 and 16. In this interval of the axial velocity fluctuation c;, the periodic motion
can suddenly become the large amplitude chaotic motion through the explosive bifurcation. It is observed that chaotic
motion and periodic motion alternatively appear and disappear, as shown in Figs. 6 and 7. This phenomenon of
the nonlinear vibrations is a typical intermittent chaos. When the axial velocity fluctuation c; is located in the interval
[2.47, 3.5] m/s, a very large window of the chaotic motions appears for the nonplanar nonlinear vibrations of the axially
accelerating moving viscoelastic beam, as shown in Fig. 17. In addition, a very small window of the periodic-6 motion also
exists in this window of the chaotic motions, as shown in Fig. 18.
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Fig. 22. The quasi-periodic motion of system (23) is depicted when c,=17.15 m/s: (a) phase portrait and (b) Poincare map.
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Fig. 23. The chaotic motion of system (23) is depicted when cp = 19.4m/s: (a) phase portrait and (b) Poincare map.
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4.2.2. Effect of mean axial velocity

In the following analysis, we investigate the influence of the mean axial velocity on the nonlinear dynamic behaviors of the
axially accelerating moving viscoelastic beam. Fig. 19 presents the bifurcation diagrams for the two displacements v and w via the
mean axial speed co when we choose ¢; =1m/s and w=15Hz. The Lyapunov exponents are calculated for the nonplanar
nonlinear vibrations of the axially accelerating moving viscoelastic beam, as shown in Fig. 20. The Poincare maps and the phase
portraits are depicted to indicate the nonplanar nonlinear responses of the axially accelerating moving viscoelastic beam. The
observation obtained from Figs. 21-32 gives qualitative explanation of the various bifurcation phenomena.

When the mean axial velocity cg is located in the interval [15,17.1]m/s, it is found from Fig. 19 that the in-plane motion
is the nonlinear periodic response and the out-of-plane motion is the periodic-2 response, as shown in Fig. 21. Fig. 22
illustrates the existence of the quasi-periodic motion when the mean axial velocity changes to cop=17.15 m/s. Increasing the
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Fig. 25. The periodic-2 motion of system (23) is depicted when cy =20m/s: (a) phase portrait and (b) Poincare map.
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Fig. 26. The chaotic motion of system (23) appears when ¢y=20.5 m/s: (a) phase portrait and (b) Poincare map.
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Fig. 27. The chaotic motion of system (23) is depicted when ¢y =21.7m/s: (a) phase portrait and (b) Poincare map.
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mean axial velocity co, the quasi-periodic bifurcation results in the chaotic motion of the axially accelerating moving
viscoelastic beam. Fig. 23 demonstrates that there exists the chaotic motion when cy=19.4 m/s. The largest Lyapunov
exponents of the chaotic motion are calculated and are positive. We also observe that the chaotic motion is interrupted by
a small window of the periodic-2 motion, as shown in Fig. 24, where cy=19.5 m/s.

Continuously increasing the mean axial velocity co, it is found that the nonplanar nonlinear responses of the axially
accelerating moving viscoelastic beam become the periodic-2 motions. Fig. 25 indicates the existence of the periodic-2
motion when cy=20 m/s. In the interval 20 m/s < ¢y < 21.65 m/s of the mean axial velocity, there is a small window of the
chaotic motion, as shown in Fig. 26, where cy=20.5 m/s. As we further increase the mean axial velocity cy, it is observed
that the periodic motion suddenly becomes the large amplitude chaotic motion through the explosive bifurcation, as
shown in Figs. 19 and 20. Furthermore, the chaotic, periodic and quasi-periodic motions alternatively appear and
disappear, as shown in Figs. 27-29. When we continuously increase the mean axial velocity co, a large window of the
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Fig. 28. The periodic-2 response of system (23) is depicted when ¢y =22.6m/s: (a) phase portrait and (b) Poincare map.
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Fig. 29. The quasi-periodic motion of system (23) is depicted when co =24.85m/s: (a) phase portrait and (b) Poincare map.
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periodic motion appears, as shown in Figs. 19 and 20. Fig. 30 demonstrates the existence of periodic-10 motion for the
axially accelerating moving viscoelastic beam when cy=25.2 m/s. The periodic-6 motion exists when co=27.1 m/s, as
shown in Fig. 31. Changing the mean axial velocity to cg=29.5 m/s, the periodic-2 motion appears, as shown in Fig. 32.

4.2.3. Effect of frequency of axial velocity fluctuation
We analyze the influence of the frequency of the axial velocity fluctuation on the nonlinear behaviors of the axially
accelerating moving viscoelastic beam. Fig. 33 gives the bifurcation diagrams for the two displacements v and w via the
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Fig. 31. The periodic-6 response of system (23) is obtained when cp=27.1 m/s: (a) phase portrait and (b) Poincare map.
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Fig. 32. The periodic-2 response of system (23) exists when ¢y =29.5m/s: (a) phase portrait and (b) Poincare map.
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Fig. 33. The bifurcation diagrams for the two displacements v and w via the frequency o of the axial velocity fluctuation are presented when c; =1m/s
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frequency w of the axial velocity fluctuation, where ¢;=1 m/s and co=20 m/s. The Lyapunov exponents are calculated for
the nonplanar nonlinear vibrations of the axially accelerating moving viscoelastic beam, as shown in Fig. 34. The Poincare
maps and the phase portraits are depicted to illustrate the nonlinear dynamic behaviors of the axially accelerating moving
viscoelastic beam, as shown in Figs. 35-45.

When the frequency of the axial velocity fluctuation is located in the interval 15 Hz < w < 32.9 Hz, there is a very large
window of the periodic motions including periodic-4 and periodic-2 motions, as shown in Figs. 35, 36 and 39, where the

The largest Lyapunov exponents
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Fig. 34. The largest Lyapunov exponents via the o are calculated when ¢; = 1m/s and ¢y =20m/s.
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Fig. 35. The periodic-4 response of system (23) is obtained when w=15.3 Hz: (a) phase portrait and (b) Poincare map.
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Fig. 36. The periodic-2 response of system (23) is depicted when w=17.5 Hz: (a) phase portrait and (b) Poincare map.



Fig. 37. The chaotic motion of system (23) appears when w=21 Hz: (a) phase portrait and (b) Poincare map.
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Fig. 39. The periodic-2 response of system (23) is depicted when w=25 Hz: (a) phase portrait and (b) Poincare map.

frequencies of axial velocity fluctuation, respectively, are w=15.3, 17.5 and 25 Hz. In addition, there also exist some very
small windows of the chaotic motions, as shown in Figs. 37 and 40, where w=21 and 29.3 Hz. We also observe that there
exists a small window of the quasi-periodic motion for the axially accelerating moving viscoelastic beam, as shown in
Fig. 38, where ww=21.6 Hz.

Continuously increasing the frequency w of the axial velocity fluctuation, a quasi-periodic bifurcation results in the
chaotic motion of the axially accelerating moving viscoelastic beam, as shown in Figs. 33 and 34. Figs. 41 and 42 illustrate
the existence of the quasi-periodic and chaotic motions when w=32.95 and 33.4 Hz, respectively. The largest Lyapunov
exponents of the chaotic motion are calculated and are positive. We also observe that the chaotic motion is interrupted by
some small windows of the periodic motion, as shown in Figs. 43-45.
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Fig. 40. The chaotic motion of system (23) exists when w=29.3 Hz: (a) phase portrait and (b) Poincare map.

(a) (b)
0.04 0.025
0.02 .
.
0.02 "
0.01
£ G "
- 0 : 0 q
-0.01 } g
-0.02 ’ P
>
* H
. : : -0.02 . . . : :
-0.05 -0.025 0 0.025 0.05 -003 -002 -001 0 001 002 003
W (m) W (m)
« =3295

Fig. 41. The quasi-periodic motion of system (23) is depicted when w=32.95 Hz: (a) phase portrait and (b) Poincare map.
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Fig. 42. The chaotic motion of system (23) appears when w=33.4 Hz: (a) phase portrait and (b) Poincare map.

4.3. Contrast to in-plane transverse vibrations

In this subsection, we numerically investigate Eq. (24) to give a comparison of the dynamic responses of six-degrees-of-
freedom nonlinear system and those of three-degrees-of-freedom nonlinear system. To compare the difference between
the nonplanar nonlinear transverse vibrations and the in-plane nonlinear transverse vibrations of the axially accelerating
moving viscoelastic beam, we give the two bifurcation diagrams for the displacement v via the amplitude c; of the axial
velocity fluctuation and the mean axial velocity co, respectively, as shown in Figs. 46 and 47. In Figs. 46 and 47, we,
respectively, choose co=20m/s and c¢; =1 m/s. The other chosen parameters are same as those of the nonplanar
transverse nonlinear vibrations. The displacement on the midpoint of the beam, namely x=0.5 m, can be numerically
obtained from Eq. (24). Comparing Fig. 6 with Fig. 46 and Fig. 19 with Fig. 47, it is observed that the nonlinear dynamic
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behaviors of the axially accelerating moving viscoelastic beam for the nonplanar nonlinear transverse vibrations are very
different from those of the in-plane nonlinear transverse vibrations.

5. Conclusion

In this paper, we study the bifurcations and chaotic motions for the nonplanar nonlinear transverse vibrations of an
axially accelerating moving viscoelastic beam which consists of viscoelastic materials and with the Kelvin-Voigt
constitutive relation. The generalized Hamilton’s principle is employed to establish the nonlinear governing equations of
the nonplanar transverse motion. The three-term Galerkin method is applied to truncating the governing equations to a
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Fig. 47. The bifurcation diagram of system (24) for the displacement v via the mean axial speed c, are presented when we choose ¢; = 1m/s and
=15 Hz.

six-degrees-of-freedom nonlinear system and a three-degrees-of-freedom nonlinear system, which describe the nonplanar
transverse and the in-plane nonlinear vibrations of the axially accelerating moving viscoelastic beam, respectively. The
nonlinear dynamic behaviors are numerically investigated by means of the Poincare maps, the phase portraits and the
largest Lyapunov exponents. The bifurcation diagrams are depicted to demonstrate the changing trend for the two
displacements v and w via the amplitude c; of the axial velocity fluctuation, the mean axial velocity cy and the frequency
of the axial velocity fluctuation, respectively.

For the axially accelerating moving viscoelastic beam with the square cross-sectional area or circular cross-sectional
area, two flexural stiffness coefficients of the in-plane and out-of-plane are same. It is observed that the nonlinear dynamic
responses for the in-plane and out-of-plane of the axially accelerating moving viscoelastic beam are completely uniform
when the motion of the system is the nonlinear periodic vibrations. In addition, when the motion of the system is the
quasi-periodic or chaotic vibrations, two nonlinear responses for the in-plane and out-of-plane also are same besides the
phase angle. The aforementioned phenomenon depends on the symmetry of the governing equations for the nonplanar
nonlinear transverse vibrations of six-degrees-of-freedom system.

When the axially accelerating moving viscoelastic beam with the rectangular cross-sectional area is considered, the
flexural stiffness coefficients of the in-plane and out-of-plane are not equal. It is seen that the motion of the in-plane is
different from that of the out-of-plane. In this case, the periodic, quasi-periodic and chaotic motions occur for the
nonplanar nonlinear transverse vibrations of the axially accelerating moving viscoelastic beam. Furthermore, it is observed
that with the increase of the mean axial velocity, the amplitudes of the nonlinear vibrations for the axially accelerating
moving viscoelastic beam also increase. In this case, the trajectory of the transverse motion for any point on the axially
accelerating moving viscoelastic beam is not in a plane.
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Comparing the bifurcation diagrams of the nonplanar and the in-plane nonlinear transverse vibrations, we can conclude
that the nonlinear dynamic responses of two types of systems with six-degrees-of-freedom and three-degrees-of-freedom
are very different although the structural and material parameters as well as the initial conditions are same.
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