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1. INTRODUCTION

In a previous paper [1], the dynamic stability of a moving string in three-dimensional
vibration was studied. It was shown that the unstable regions would be shifted to the lower
frequency if the string transport speed increased and to the higher frequency if the wave
propagation speed increased. The non-linear vibrations of an axially moving string were
extensively studied [2-8]. The effect of magnetic field was not considered in these studies.

The interaction of electromagnetic fields with deformable media is closely related to
some fields of modern technology and nuclear physics. Moon and Pao [9, 10] showed that
the natural frequency of a beam—plate in a transverse magnetic field caused a buckled
phenomenon when it reached a critical value. Lu et al. [11] analyzed a model of a
magnetoelastic buckled beam subjected to an external axial periodic force in a periodic
transverse magnetic field. Wolfe and Seidman [12-14] studied a series of problems of the
hyperelastic conducting rod undergoing flexure, tension, shear, and extension in a parallel
magnetic field. In the symmetric case, which admits trivial solution, they proved that in
the trivial state, non-trivial solutions can exist if the field is strong enough. In the physical
sense, the trivial configuration of the system will cause the rod to remain straight and
untwisted. However, the rod is bent and twisted if the field is strong enough. To the
author’s knowledge, there is no paper concerning the dynamic stability of a moving string
in an alternating magnetic field.

This paper presents the dynamic stability of an axially moving string subjected to both
actions of an alternating uniform transverse magnetic field and a periodic tension force.
Owing to time-varying actions, terms with time-dependent coefficients appear in the
equations of motion which results in the existence of parametric instability. First,
Galerkin’s procedure is applied to discretize the continuous system into a
finite-degree-of-freedom system. Then, the equations of the discrete system are decoupled
by using a special modal analysis procedure [1, 15] which is suitable for the gyroscopic
systems. Finally, the first-order simultancous differential equations are solved by the
method of multiple-scales. The system response and the expressions for the boundaries of
the unstable regions are obtained. It is well known that the unstable regions occurring at
the higher frequencies are better than those at the lower frequencies for most mechanical
applications. It is found in the present paper that the unstable regions will be shifted to
the lower frequencies when the string transport speed increases or the wave propagation
speed decreases.

2. EQUATION OF MOTION

A moving string passing through two fixed eyelets is modeled as shown in Figure 1. The
co-ordinate system (oxyz) is used to interpret the overall phenomenon of the system.
The values u(x, t), v(x, t), and w(x, t) are the displacement components of an arbitrary
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point P in the x, y and z directions, respectively. One assumes the moving string
subjected to both external perturbations, an alternating uniform transverse magnetic field
B = (By+ Bicos Q,t)j in the y direction, and a periodic tension force T = (To+
T cos Q)i in the x direction. The definitions of the symbols are the same as those in
(1, 11].

Under the quasi-static assumption [10], the perturbed magnetic field caused by the
deformation at any instant is the same as that in the static case for the instantaneous
configuration. The frequency of the applied time-dependent magnetic field is assumed to
be low enough and the string diameter is sufficiently small, and hence the skin effect on
the magnetic field can be ignored.

The most general form of Hamilton’s principle is

fz(aLJra‘W)dz:o, 1)

1

where 0L is the variation of Lagrangian density which is the same as that reported in
Huang et al. [1]. 0W is the total virtual work, and oW = oW, + oW,,. W, and oW, are
the virtual work respectively done by the viscous damping force and the external magnetic
field on the system.

By using the following dimensionless variables and parameters U = u/l, V =v/l, W=
wil, E=x/l, 1 =ctll, T=T/T,, B= B\/By, Quy= Qullcs, Q= Ql/c,, e, = /(EA[p),
o= /(Tilp), B = clex, i = aifes, fu= Cllpes, il = Cllpes, = Cullpes, iln = aBil/pes,
one can write the dimensionless governing equations for the moving string system as

Use + [ + 71n(1 + B cos Qur)J(U: + BU) + 2BUs + [B* — B — (1 + T cos Q)] Uz
—Bi@BUUs + ViViee + WWe + 35U U2 + U VE+ ;U WE + UV Ve
+UW:W:) = —i.f(1 + Bcos Q1) (2a)
Vi + (Ve + BVe) + 2BV + [f2 — 1 — Tcos Qyt]Ve
—BIVeUs + UeVee + 3V U 4+ 3V VE+ Ve WE 4 ViU Uee + VW W) = 0,
(2b)

Wn + [ﬁu- + ﬁm(l + E COS Qm,‘c)z](W1 + ﬂWg) + 2ﬁWgr + [ﬁ2 -1 - TCOS Q,/‘C]W;“f

Frictionless
eyelet

Frictionless
eyelet

Figure 1. The string system subjected to magnetic field in the y direction and time-dependent tension in the
x direction.
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—BiWUse + UWee + s WU+ 5 Wi VE W W2+ WU Ui + VW Vi) = 0,
(2¢)

and the dimensionless boundary conditions
U@©,7)=V(0,7) = W(0,7)=0, ul,n)=V({1,t1)=W({,t)=0. (3a,b)

From the above governing equations (2a—c), the following observations are made: (i)
In the absence of the magnetic field, the system is the same as that in Huang et al. [1].
(i1) The Coriolis terms, 2U:., 2fV: and 2 W, appear in three equations (2a—c) for the
moving string. (iii) It is seen that the alternating uniform transverse magnetic force,
i1.(1 + B cos Q,,7)* appears in the equations (2a) and (2¢) (x and z directions), but
physically it acts in the y direction. Thus, the vibration in the y direction will not be affected
by the magnetic field. (iv) The magnetic force acts as a damping effect in the x and z
directions. (v) The nonhomogeneous term, —#,B8(1 4+ Bcos Q,,7)’, appears in the x
direction, and this term is proportional to the moving speed parameter f3.

3. PERTURBATION ANALYSIS

In order to solve these governing equations (2a—c), Galerkin’s method is used here to
discretize these governing equations. One can obtain three sets of ordinary differential
equations with respect to three axes:

ém + Z [amnén + bmnen] - ﬁlz{ Z Z [Dmm'(3en€i +f/1ﬁ + gngi)]
n=1i=1

n=1

s
M8

+ [EniGeneie; + 5 fufie; + 38.8€; + e fifi + engigj)]} = db, (4a)
n=11i

1

1Jj

n=1 n=1i=1
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Figure 2. The effect of mode number on the stable-unstable regions in the x direction where (p, ¢) denotes
the resonance near Q, + Q,. , Three modes; ----, 13 modes.
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Figure 3. The effect of mode number on the stable-unstable regions in the y direction where (p, ¢) denotes

the resonance near Q, + Q,. ——, Three modes; ----, 13 modes.
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G = (1Tu + (1 + B 08 Q7)) A + 28 B,

mn (ﬁ”u + ﬂ”’m(l + B Cos Qm/f)z)an + [ﬁ - ﬂ] - (1 + TCOS Q//T)Cm,,,
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(4b)

(4¢)

Figure 4. The effect of mode number on the stable-unstable regions in the z direction where (p, ¢) denotes

the resonance near Q, + Q,. ——, Three modes; ----, 13 modes.
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Figure 5. The effect of the transport speed parameter f§ on the stable-unstable regions in the y direction where
s B=01; -, f= 04 ——, f=07.

(», q) denotes the resonance near Q, + Q,.

1
dU = _J\ ﬁm(l + E Ccos anf"[)ngm dé, dmn = ﬁL'Amn + 2ﬁBmﬂ7
0
hmn = ﬁﬁvan + (ﬁZ - 1 - 7_-'COS Qz/f)cmny
Kum = (i + (1 + B cos Q,yt)") Ay + 2B,
Zmn = (ﬁﬁu' + ﬁﬁm(l + E Cos mef)z)an + (ﬁz - 1 - TCOS Qtf‘c)cmna

1
1, m=n
Amn = L ¢n¢m di = {0, m # n,

1
’ _ Oa
Bun = L Pupm dE = 2nm(cos mm cos nw — 1) -

2 — m? >

1 ’,\\ \‘ |
1 1
RER Vool Las
0.6 — ,\ I \ \‘(1,3)”
K v
o (1,2)/\.‘ ‘\ /
\/ /
02— |\ / \ \\ ]
Vo Y \
w 2 4 14
1 T Il I
(2,2)\ \ i
ost i/ 1 I
K I H ’ ' [
i \, i
02 Vo A4l
‘\1(2,5\4(33/), ie.2)
4 8 12 16 20 24

Figure 6. The effect of the transport speed parameter f on the stable-unstable regions in the z direction where
L B=01; weeey = 04 ——, = 0°T.

(p, q) denotes the resonance near Q, + Q,.
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Figure 7. The effect of the wave propagation speed f5; on the stable-unstable regions in the x direction where
(, q) denotes the resonance near Q, + Q.. (a) i = 20. (b) fi = 25. (c) i = 30.
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One defines both the tension ratio T and the magnetic ratio B to be the first order of
the small parameter ¢, that is T = O(e) and B = O(g), in the perturbation technique. The
damping terms 1, = &n., i, = ey, and 7, = &, are assumed to have the same order as the
first non-autonomous term. The magnetic constant 7,, = &1, is also assumed to be a first
order term. Following the earlier work [1], a special modal analysis is used to decouple
the discrete gyroscopic system and then the multiple-scale method is employed to
approximate. The system responses and the expressions for the boundaries of the unstable
regions are obtained.
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Figure 8. The effect of magnetic field on the stable-unstable regions in the x direction where (p, ¢) denotes
the resonance near Q, + Q,. (——), without magnetic field 7., = 0; (——), without magnetic field #., + 0.5.

4. NUMERICAL RESULTS

From the equations of motion, the natural frequencies of the transverse vibration are
Q, = mn\/l — B, 0<pB<I1, m=1,2,.... In this paper, the effects of various
parameters, including the parameter f§ of the string transport speed, the parameter ff; of
the wave propagation speed, and the external magnetic field #,, on the dynamic stability
will be analyzed.

Figures 24 show the effect of the mode numbers on the dynamic stability in the x, y
and z directions. The other parameters are f=0-1, f; =20, #,=01, and
n. = n, = n,, = 0-01. In these figures, ( p, ¢) denotes the resonance near 2, + Q,. It can be
seen in these figures that the unstable regions are shifted to the lower frequencies when
the mode number 13 is used. In the present simulations, when the mode number is larger
than 13, which is not shown here, the unstable regions are almost the same with those of
the mode number 13. Hence, in the following cases presented in this paper, the mode
number 13 is used.

Figure 9. The effect of magnetic field on the stable-unstable regions in the z direction where (p, ¢) denotes
the resonance near Q, + Q,. ( ), without magnetic field #,,=0; (——), with magnetic field #,,=0.5.
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Figures 5-6 present the stable—unstable regions in the y and z directions for the different
values of the transport speed parameter = 0-1, 0-4 and 0-7. The other parameters are
B =20, g,y =0-1, and 5, = n, = 1, = 0-01. In these figures, the stable-unstable regions are
developed for the summed-type resonances. It is found that the unstable regions will be
shifted to the lower frequencies when the string transport speed parameter f increases.
Therefore, the string has the unstable region in the lower frequency domain when its
transport speed is higher.

The factors including damping coefficient, natural frequency and magnetic field will
affect the unstable regions of the system. The location of the unstable region will be near
the sum or the difference of any two natural frequencies of the string system. Moreover,
the natural frequencies vary in accordance with the change in the string transport speed
parameter f§ and the wave propagation speed parameter f3;. Therefore, as these parameters
vary, the location of the unstable region will be shifted simultaneously.

The metal strings with the wave speed ratio ¢i/c; = EA/T = O (400-1000) are considered
[8]. The rigidity of the string will dominate the natural frequency of the system.
The higher rigidity of the string has a higher natural frequency and a smaller unstable
region. The stable-unstable regions in the y and z directions will not be affected by the
parameters f3;. In Figures 7(a—c), the stable—unstable regions with various values of the
wave propagation speed parameter f; in the x direction are shown. The other parameters
are f =04, n,,= 0-1 and n, = 5, = 1, = 0-01. From these figures, it is found that as the
wave propagation speed parameter f5; increases, the unstable regions will be shifted toward
higher frequencies and the system becomes more stable.

From equation (2b), the unstable regions in the y direction are not affected by the
external magnetic field in the same direction. Figures 8 and 9 show that as the magnetic
field increases, the unstable regions in the x and z directions will become small or even
disappear. In these figures, the other parameters are =04, f =20 and
Ny =1, =1, = 0-0L

5. CONCLUSIONS

The dynamic stability of an axially moving string with both actions of an alternating
uniform transverse magnetic field and a periodic tension force is investigated in this paper.
From previous studies, some conclusions are drawn.

(1) It is seen that the unstable regions in the y direction will not be affected by the
external magnetic field in the same direction.

(2) The transverse magnetic field causes the unstable regions to be smaller.

(3) The unstable regions will be shifted to the lower frequencies as the string transport
speed parameter increases or the wave propagation speed parameter decreases.
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