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Abstract. In the supercritical speed range, nonlinear forced vibration of an axially moving
viscoelastic beam in the presence of 3:1 internal resonance is investigated. The straight beam
becomes buckled due to the supercritical moving speed. The governing equation is cast for
motion around buckled configuration by using a coordinate transform. Moreover, the first two
modes of the buckled beam are set to 3:1 by adjusting the axial moving speed. Then the
corresponding equation is approximately analyzed by utilizing the multi-scale method. For the
beam subjected to the primary resonances and super-harmonic resonance with internal
resonance, frequency-amplitude relationship of steady-state responses is constructed.
Numerical examples discovered the influence of internal resonance on the nonlinear dynamic
characteristics of the axially moving beam. Specifically, the energy transfer between the first
two order modes is found for an axially supercritical moving beam. Moreover, several typical
nonlinear phenomenon, such as double jumping phenomenon, hysteretic phenomenon and
saturation-like phenomenon, are discovered in the nonlinear vibration of the axially moving
beam. By comparing with numerically simulative results via the finite difference method and
the Galerkin method, it is confirmed that the method of multi-scale in the present work is quite
credible.

1. Introduction

Model of axially moving continuums demonstrate so many devices which used after the first industrial
revolution. The most typical device is belt-drive dynamics system. It is light, high efficient, and it is
easy to design. However, the translating belt will vibration fiercely in some certain conditions. The
vibration usually brings strong noise and reduces the service life of these devices. If the mechanism of
the vibration is fully understood, the vibration is avoided or reduced during the design progress.
Therefore, many researchers have paid their attention to the dynamics of axially moving continuums,
specially axially moving beams. Moreover, many interesting phenomenon and meritorious conclusions
have been found [1-4].

As it is well-known, the internal resonance of the axially moving beam occur in certain conditions.
By this moment, there is a commensurable relationship among the natural frequencies. Under the
internal resonance condition, the nonlinear vibration of the beams become much more complex.
Therefore, many researchers paid their attentions on the internal resonance of axially moving systems.
By using the method of multiple scales Riedel and Tan researched the forced vibration of moving strip
with 3:1 internal resonance [5]. Sze et al. investigated the forced response of an moving strip with
internal resonance between the first two transverse vibration modes [6,7]. Ghayesh and his co-workers
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made their contributions on the nonlinear vibration of the moving beams with the internal resonance.
The transverse vibration [8], coupled longitudinal-transverse vibration [9], the nonlinear vibration of
the Timoshenko beam [10] are studied by them. Tang et al. are analytically and numerically
investigated the parametric resonance with 3:1 internal resonance of axially moving viscoelastic
beams on elastic foundation [11]. Sahoo et al. analyzed the nonlinear transverse vibration of an axially
moving beam subject to two frequency excitation, i.e. principal parametric resonance of first mode and
combination parametric resonance, in presence of internal resonance [12].

However, all of above literatures only focused on nonlinear vibration of axially moving beams with
the internal resonance in the subcritical speed range. On the other hand, Wickert worked on the non-
trivial equilibrium configuration of a supercritically moving beam [13]. Ding and his co-workers
focused their attentions on the vibration of the supercritically axially moving beam, such as natural
frequencies [14] and nonlinear forced transverse vibrations [15]. However, the nonlinear dynamics of
a axially moving beam with the internal resonance in the supercritical regime hasn't drawn enough
attentions. Ghayesh et al. numerically investigated the global dynamics of an axially moving beam
subjected to a transverse harmonic excitation force with a three-to-one internal resonance.

The present work analytically and numerically studies the steady-state responses of a axially
moving viscoelastic beam in the supercritical speed range with the 3:1 internal resonance. The steady-
state responses of the primary resonances and super-harmonic resonance with internal resonance are
detailedly investigated.

2. Mathematical models and non-trivial equilibrium configuration

Il.‘n‘i.‘ff..’)

Figure 1. Diagram of the axially moving beam.

As shown in figure 1, an axially moving beam with cross-sectional area A, density p, viscoelastic
coefficient A, initial tension P, moment of inertial | and Young’s modulus E, travels at the uniform
constant transport speed V. The distance between the two simply supported ends is L and the
excitation of the extraneous harmonic force F is written as Bcos(©¢). The symbols B and Q are the
amplitude and the frequency, respectively.

The governing equation of the transverse vibration of the moving beam and the simply supported
boundary conditions are obtained as follows

A

L
d d

o =| E+ A fe, M =| EL+ AT W,y (1)

W (0,T)=W(LW)=0W,, (0, T)=W,,, (L,T)=0
where W(X,T) is the vertical displacement of the moving beam, and the comma preceding T or X
denotes partial differentiation with respect to T or X. To cast governing equations and boundary

conditions dimensionless, the dimensionless variables and the dimensionless parameters are
introduced as below

PAW 7 +2W oV VAW o )+ Mg ~PW o —=W o, [ odX = F
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Therefore, dimensionless governing equations and boundary conditions are led as
W, +27W,,, + (7/ 1)W +k 2w aw

1 1
:éw’xx J‘OW’X X T UIxt (C()t) (3)

w(0,t) =w(Lt)=0,w,, (0,t)=w,, (Lt)=0
In the supercritical regime, the non-trivial equilibrium configurations are defined as
2 V72 —1-k *k*n? Sin(knx),(k=1,2,3---) (4)
T

W(x) =+
()=

Therefore, the governing equation of the supercritically axially moving beam is derived

I XxXxxt

2

TXX

W 420 Wsy + (77 = L)Wy KW, g +W,

XXXX 7 XXXXE

|(12 N 1 ~ 2
=1 (W, +W,, w,, +W,, )" dx
S NG -

N ak’
kf

2
W, +W,, ' W, +W,, )W, dx—kLv“v, 1v“v, 2dx +bcos(mt
0 X X xt 2 XX 0 X

The first four natural frequencies are calculated by using Galerkin method [14]. Furthermore,
natural frequencies and 3:1 internal resonance condition between the first-two order modes are
determined. If the dimensionless axially moving speed equal to 4.02795, the first frequency equal to
10 and the second one equal to 30.

3. Galerkin truncation & multi-scale method for the primary resonance
In order to solve the governing equation (5), the Galerkin method is applied in this work. Suppose the
solution of Eq. (5) as

qu )sin(inx),i=1,2,....k (6)

where qg(t) is the kth modal coordinate of the axially moving beam. The set of ordinary differential
equations are derived
MA+Ca+RyG+ Ry +RyA+Kya+ Ky +Kyq=F (7

where M is a k Xk order identity mass matrix, C is a k Xk order inertia coefficient matrix, Ry is a kX
k order linear viscous damping coefficient matrix, R is a k-order quadratic nonlinear damping force
column vector, R is a kX k order diagonal cubic nonlinear viscous damping coefficient matrix, K
is a kXk order diagonal linear stiffness matrix, Ky is a k-order quadratic nonlinear elastic restoring
force column vector, K is a kXk order diagonal cubic nonlinear stiffness matrix, F is a k-order
exciting force column vector.

The steady-state responses of the moving beam are investigated by using the multi-scale method.
The expansion of the perturbation solution is written as follows

q=q0+gq1+‘92qZ (8)
where To=t, T1=et, To=¢’. Therefore,

It follows that the derivatives with respect to t become expansions in terms of the partial
derivatives with respect to the time scales T, according to

(9)

2
i=ﬂ£+ﬂi+---=D0+gD1+---,O'—Z=DOZJrngODl+gz(Df+2D0D2)+
dt  dt oT, dt oT, dt

Furthermore, the forcing and damping are scaled as
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g © eq,a <> fabe e’ (10)

The part of work in this study is the research to the primary response under the condition of 3:1
internal resonance between the first two order natural frequencies. The 4th-order discrete functions of
the moving beam system is written as follows

G, — 240, — 1,4, +k;,q, =bhcos(at) — aa,,0,
— aat,, (20,6, + 40,0, + 90,0, +160,0, ) — o, (30,” +40,” +9q;” +160,”)
— a0, (G + 49,0, + 90,0, +160,0,) — a0, (0, + 4g,” +9q,° +164,% )
U, + 140y — 14305 + Ky 0, = —4aayd, — 4aay, 4,0,
— 4oty (0, + 40,4, + 90,0, +160,4, ) — 84, 0,0, — 42,0, (0 +40,” +90,” +16q,” ),
o . 1 . (11)
O, + 24,0, — 14,0, +K;,0; = §bh cos(wt) —9axar;,0,
—9aa,,G,0; — a0, (0,6, + 40,6, + 90,6, +160,4d,)
—~1801,,0,0; — 9,05 (0 +4q,” + 99’ +164,% )
G, + 4,05 + 1,0, +K,,0, =164, —16aa,,q,0,
—~16a01,50, (040, + 40,4, + 90,0 +160,d, ) - 32,0, —1624,0, (0, + 4q,” +9q,” +160,” )
where

6 @ %
H 37’ H 157’ H 57’ Hy 77:
k, =%kfn4pg,k21 — 127k, ? Ky, = 72K 2" K, = 240k 2 a11=%k12n4ﬁg,a12=%k127t4, (12)

I

'k A n'k’
7 s = 2
2Kk, 2k,

’ =

k2 2
a, :[ ék&z +1jn4,a23 =4n*,a,, =91*, a,, =161, =
f

The V-belt derive systems are widely used today. Moreover, the belt is usually simplified as an
axially moving beam. Table 1 shows the physical parameters of the V-belt. Therefore, ki=40, k=0.8.
Moreover, set b=0.5 and @=0.0001.

Table 1. Physical parameters of a V-belt transmission.

Item Notation Value
Cross-section area A 5.671X10° m?
Moment of inertial I 2.775X10° m*

Initial tension P 7N
Length of the belt L 0.35m
Young’s modulus E 200 MPa

Instead of using the frequency of excitation Q as a parameter,s1 and o, are introduced as
w,=3w, + £°0,, =0, +£°0, (13)

The approximate analytical solutions of the primary resonance is determined by using the multi-
scale method.Figure 2 shows the variation tendency of the response of q: at the first order mode
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changing with the excitation frequency. a: and a. here are the responses of natural modes respectively.
As can be seen from figure 3, the curve is bended to the decreasing direction of the excitation
frequency nears the external resonance. Therefore, the nonlinear characteristic is soft, although the
system contains the cubic nonlinear restoring force. The analytical approximate solutions are
compared with numerical simulations to confirm the accuracy of analytical results. All the numerical
simulations in this paper are obtained by a set of four-order Galerkin truncated functions. Moreover,
the simulation results are calculated by the 4th Runge-Kutta method. Compared with the simulation
results, the analysis results are accurate. The dash line is on behalf of the unstable boundary.
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Figure 2. A-F curve of q; at the first-order Figure 3. A-F curve of q; at the second-order
mode. mode.
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Figure 6. Effect of detuning parameter o1

Figures 4 and 5 show the hysteresis phenomenon, the typical phenomenon of a nonlinear system,
of the axially moving beam under forced and internal resonances. As the nonlinear character is soft,
the hysteresis phenomenon occurs only while o, is negative. One thing should be particularly
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revelatory is the saturated phenomenon in figure 5. The interesting phenomenon occurs at the first
order primary resonance. Figure 6 is the responses of a; and a; with different o1. As can be seen from
the left figure, a; changes very little. But the response at the second mode will increase as the detuning

parameter is decreasing.

4. Super-harmonic resonance by using the directly multi-scale method
Substitution of To=t, T1=ct, To=¢?t. into w(x, t) deduces following operators

w(xt)=w(x,T,,T,T,);

0 0 0 0

- 1t = !T yT yT — yT !T !T 2_ 1T yT yT ’

atw(x ) a_I_Ow(x ol 2)Jrga_l_lw(x o T,)+e 8T2W(X o T,)

0° 0? 0? , 0°

?W(X't) :_6T02 W(X,TO,Tl,Tz)+g—a_|_1a_|_0 w(x,To, T, T,) +¢ —6T28T0 w(x, T, T, T,)

o° o° o°
+‘{8T18T0 WX, Ty, T, T, ) + gWW(X,TO,Tl,TZ) +&? ﬁw(x,To,Tl,Tz)}

ol 0° o°
+&° {6T28T0 WX, Ty, T, T,) + gﬁw(x,To,Tl,Tzﬁ g? - w(x, T, T, T, )}

2

The approximate solution of w(x, t) is written as

WX, To. T T,) =Wy (%, To, T, T, ) + e, (X, T, T, T, ) + €W, (X, T, T, T,)

Equate the coefficients of £°, ¢! and & of both sides, three functions are derived as

o° o° o° o
WWO + 2}/MWO + kf27[2 WWO + ku WWO
0 0

. 1 0
+47r(;/2 —1-k{n? )sm (nx)J‘0 cos(nx)&wO dx =bcos(£2T,)

2 2 62 64 82 82
W, + 2y —— W, + kit =W, + K —— W, + 2y W, +2 W,
aT, oT, ox ox ox o, x oT,aT,

2

0 1 0 . 1 0
—2k1ywo [y? —1—k2n? J‘O cos(nx)&wO dx+4n(y2 _1—|(f27;2)5|n(nx)jocos(nx)&w1 dx
2
+k, 7, [ -1- K22 sin(nx)ﬁ(aiwoj dx=0
X

o o° 2 2 O , 0 2 2.2\ ! 0
S W 27 Wy KT W, K +4n(y’ —1-kin )sm(nx).[ocos(zrx)&w2 dx
0 0
2
—2kl%w(ﬂ/;/2 —-1-k’n? I:COS(EX)%WI dx + 2k m[y® —1—k?n’ sin(nx)ﬁ(%woj(%wlj dx
& G 1,8 ofa Y o°
—2klywl 7/2 —1—kf27'[2 J‘OCOS(T[X)&WO dX_EknyOJ’O(&WOj dX+aWWO
0
o° o° o° o° o°
+2 W, +2 Wy +——5 Wy + 2y ——W, + 2y W,
aT,aT, oT,aT, ° oT, o, ox o, ox

2
+k—];24a7r(}/2 ~1- kfznz)sin(nx)_l.:(%wo}os(nx) dx=0

(14)

(15)

(16)

17)

(18)
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The general solution of Eq. (16) can be written as

W, (X, T, T, T,) = A (T, T,) 6, (X)e™ + A, (T,.T,) @, (x)e'™™ + G(x)e'“™ +cc (19)

where cc is the complex conjugates of foregoing terms. Ai(T1,T2) and Ax(T1,T2) are undetermined
functions and are solved by the solvable conditions.

4.1. Harmonic component of 0Q

The quadratic nonlinearity in the governing function yields a constant. It is included in the particular
solution of Eq. (17). It occurs at the first and the third modal shapes. Solid lines are on behalf of
analytically stable solutions. The up-bifurcations are nearly straight for this component has the
relationship with a:? and az?.
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Figure 7. Amplitude of harmonic component with frequency of 0Q.

4.2. Harmonic component of 1Q
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(c) response of the third-order shape sin(37x) (d) response of the forth-order shape sin(4mx)

Figure 8. Amplitude of harmonic component with frequency of 1Q.

As the external frequency here is not equal to the first natural one, a harmonic response with 1Q will
occur. In figure 8, the responses at the first-four modal shapes are demonstrated. As can be seen from
the figure, the curves are complicated. The upward branch is crossed with the backward one.

4.3. Harmonic component of 2Q

As shown in figure 9, solid lines present the analytical solutions, crosses and circles present
simulations. The simulation results are calculated by 4-order Galerkin method. It clearly demonstrates
that analytical solutions fit the numerical simulations very well. Moreover, nonlinearity of this
harmonic response in figure 6 is also soft. Furthermore, the jumping range is the same as primary
resonance. However, anti-resonance occurs in these harmonic responses. Their positive and negative

properties determined by o> bring this special phenomenon.
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Figure 9. Amplitude of harmonic component with frequency of 2Q.

4.4. Harmonic component of natural modes

Figure 10 and 11 show the responses of the first-two natural modes. The coupling between the natural
modes is weak. Response of the first mode at the first-order shape is sizable. The cubic nonlinearity
plays the role of energy-transporting bridge.
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4.5. Harmonic component of 4Q
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Figure 12. Amplitude of harmonic component with frequency of 4Q.

Figure 12 depicts the steady-state response amplitude-frequency curves of 4Q. Solid line is in present
of analytical results. It is coincide with simulations, the circles and crosses, very well. Besides,
nonlinearity here is soft too. Jumping range is the same as the primary resonance.

4.6. Harmonic component of 6Q

The amplitude of the resonance response is connected with the free vibration squared. The amplitude-
frequency curves are shown in figure 13. The numerical results in figure 13 show that the analytical

solutions are feasible and credible.
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Figure 13. Amplitude of harmonic component with frequency of 6Q.

4.7. Convergence of the Galerkin truncated for super-harmonic resonance

To verify the convergence of the analytical solutions, time-domain responses with different numbers
of harmonic components are compared with the simulations. As an example, the time-domain
response of the first-order shape is shown in figure 14. The first one is composited with harmonic
components of 00, 1Q and wi. Solid line presenting analytical solution is near to the simulations. But
it is not accurate enough. The second one in figure 14 is composited with two more components. They
are responses with frequency of 2Q and 4Q. It is anastomotic to the simulations. So the analytical
method used in this study can obtain the key components in the responses.

5x 10

s * Simulation
—Multi- Scalesl
0 0

5X ‘IO
» Simulation
—Multi- Scales

Response of shape 1
Response of shape 1

(a) time domain response Wlth three components (b) time domain response Wlth five components

Figure 14. Comparison of four-order, six-order and eight-order truncated functions.

5. Conclusions

In the present work, the steady-state response of axially moving beam in the supercritical speed range
under the condition of 3:1 internal resonance is firstly studied. By using the Galerkin method, the
partial-integral differential governing equation of the axially moving beam is truncated into 4 degrees
of freedom ordinary differential equations. The analytical approximate solutions are derived by the
multi-scale method. Moreover, the analytical results are confirmed by numerical simulations.

The approximate solutions discover some interesting phenomenon of the nonlinear forced vibration of
the supercritically axially moving beam with the 3:1 internal resonance. Under the condition of 3:1
internal resonance and 1/3 super-harmonic resonance, response of the system is complicated and
multi-component. The numerical results also find that the nonlinear character of the primary resonance
is soft. Energy transmits from the first order mode two the second one. Therefore, the 3:1 internal
resonance plays a coupling role. Moreover, the hysteresis phenomenon of super-harmonic resonance

11




MOVIC2016 & RASD2016 IOP Publishing
Journal of Physics: Conference Series 744 (2016) 012117 doi:10.1088/1742-6596/744/1/012117

portrays the change of amplitudes according to amplitude of excitation. Furthermore, some harmonic
components are aroused under the condition of 1/3 super-harmonic resonance.
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