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NONLINEAR WAVES IN AN ABSOLUTELY FLEXIBLE FIBER

V. V. Ridel’ and M. A. I’'gamov UDC 534.1

1. Formulation of the Problem and Method of Solution. Oscillating systems having
unsymmetrical characteristics of the restoring and external forces are well known. A classical example is
a pendulum whose motion is restricted on one side. The mathematical description of these systems contains
inequalities, which lead to first-order discontinuities in the coefficients or on the right sides of equations [1].
In the literature, considerable attention has been given to the features of a shock oscillator.

In solid deformable bodies, extended and compressed zones can have different elastic moduli [2]. The
dynamic behavior of members made of such materials are covered, for example, in [2-6]. It is shown, in
particular, that, along with the set of steady states, which depend only on the initial conditions, there are
subharmonic resonances. They can be accompanied by a cascade of bifurcations of period doubling.

In this work, we analyzed a model in which the inequality in the physical law leads to a change in
the type of differential equation of motion. We established a number of features that are not studied, in the
author’s opinion, in the theory of nonlinear oscillations and waves.

We study longitudinal oscillations of a previously extended, forward, viscoelastic fiber whose one end
is immovable and the other vibrates along the fiber by a harmonic law. Energy dissipation depends on the
presence of physical viscosity in the material, which is described by the Kelvin-Voigt model. The main feature
of the problem is the absolute flexibility of the fiber, which implies that it cannot resist compression (the force
in it cannot be negative). ‘

The wave process in the viscoelastic fiber is described by the following system of equations in
dimensionless form:
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Here the velocity u is related to the velocity of the longitudinal elastic wave, the coordinates (z is the Eulerian
coordinate and s is the Lagrangian coordinate) are related to the length of the fiber and N is related to the
elastic modulus, € is the strain, and (") = §/0t. The inequality in (1.3) ensures nonpenetration of neighboring
points of the fiber through one another. The boundary and initial conditions of the problem are of the form

z(0,t) = —psinwt, z(1,t) =1 + €g; (1.4)
z(s,0) = s(1 + €o), u(s,0)=0 (s> 0), (1.5)

where €g, p, and w are the initial tensile strain of the fiber and the amplitude and angular frequency of
oscillations of its left end.
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The nonlinearity of system (1.1)-(1.5) is due to inequality (1.2). When N = f(¢,€) and there is no
restriction on the sign of f in condition (1.2), the problem reduces to the well-know equation of longitudinal
oscillations of a viscoelastic bar:
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In this case, the natural frequencies and the damping coefficients are of the form

wm = mmy\/1 — (gmn [2)?, bm = (1/2qm?*r? (m=1,2,...). (L.7)

System (1.1)-(1.5) was integrated using a numerical algorithm based on an explicit difference scheme.
The algorithm was tested in calculations of unsteady processes in soft shells [7]. In each time layer, we analyze
the type of stressed state in all elements of a discrete region of a fiber. If somewhere f < 0, the force N in
the corresponding element is set to zero without changing its strain. For solutions with a continuous second
derivative, the difference scheme is of second-order approximation for 7 and h and is stable with satisfaction
of the conditions [8]

0.5—1/0.25 -8 < 7/h < 0.5+/0.25 -8, B=nr/h?<0.25.

The practical convergence of the solution of the nonlinear problems with refinement of » was determined
by numerical experiments.

The transition process and the steady motion regime are described using several control points (nodes
of the difference grid). For them, we constructed the Poincaré transform X, = X(to +nT) (n =0,1, 2, ...)
and the projections of the phase trajectories onto the plane (w,u), where w is the displacement of the point
from the equilibrium position at ¢t = 0 and T = 27 /w is the period of external action. Next, we consider
steady oscillation regimes after multiple reflection of waves from the ends of the fiber.

2. Oscillations of a Viscoelastic Bar and the Fiber. To estimate the effect of condition (1.2) on
the wave process, we compare the solutions of two problems: in one of these, inequalities (1.2) are ignored, i.e.,
N = f, and, in the other, they are taken into account. In both variants, it is assumed that w = 6, n = 0.003,
and p = 0.005.

In the first case, we have the linear problem (1.4)-(1.6) for a viscoelastic bar. After the attainment of
a steady regime, oscillations proceed with the period of external action. In this case, the Poincaré section is a
stationary point. The phase trajectory enters the limiting cycle in the form of an ellipse (Fig. 1, curve 1). Here
the results for the middle point (s = 0.5) in the time interval 100T for w = 6 are given. The force distribution
is of the form of a standing wave with two nodes and compression zones. This numerical solution agrees well
with the analytical solution of [9-11].

If conditions (1.2) are taken into account, the character of the wave process changes radically. The
phase trajectories are not smooth (Fig. 1, curve 2). They have angular points and straight segments. The
force distribution along the fiber is of the form of a traveling tension wave (Fig. 2a) The results are given

937



=025

l lmlﬂﬂgeunu}z

| ”l”hn

Ly
24 48 72 96 w

Fig. 2

at equal intervals At = T/4 = 7/12 for w = 6. The variation in the velocity of the left end of the fiber in
the interval 27" = 27 /3 is shown schematically along the time axis. The arrow shows the direction of wave
propagation. Immediately after reflection from one of the ends, the leading edge of the wave moves toward the
unstressed zone, decreases in amplitude, and levels out. Note that, in the previously extended fiber, unstressed
zones occur after the first reflection of waves from the fiber ends.

Figure 2b compares the tension waves NV and the velocity waves u (the dashed and solid curves,
respectively). The shapes of steady waves are shown at equal time intervals 7'/4 at moments after the reflection
from the right fixed end, where u = 0 and the tension is maximal. The wave propagation direction is shown
by arrows. Characteristically, in what follows, the tension and velocity waves coincide in both shape and
intensity. This is the case up to the moment the front reaches the let end of the fiber. After reflection, the
sign of the velocity is reversed, as shown by arrows in Fig. 2b. In motion to the right, the tension and velocity
waves again have identical shapes but opposite signs (not shown in the figure).

Figure 2c shows the power spectra P at three points. The angular frequency of velocity fluctuations
at these points is plotted on the abscissa. Note the following features:

(1) the spectrum is discrete for all resonance frequencies (this is discussed in detail below);

(2) oscillations with a wider spectrum occur near the excitation source (s = 0.25) and oscillations with
a less wide spectrum occur near the right end;

(3) at the middle of the fiber, the power of the oscillations at frequency w = 6 is about two times lower
than at neighboring frequencies, although excitation occurs precisely at this frequency.

The effect of physical viscosity was analyzed for w = 4, p = 0.005, and 0.002 < n < 0.003. For the
coefficient n = 0.002, the system enters a subharmonic oscillation regime with a period 87 (in the steady
motion regime there are four pairs of stationary points present in the Poincaré section). In the range 0.0025 <
n < 0.003, the system has the limiting cycle with a period T. However, for the range 0.002 < 5 < 0.0025, no
period-doubling cascade was observed. Thus, there is a strong dependence of the solution on the dissipative
term. This issue requires further investigation.

3. Dependence of the Waves on the Excitation Frequency and Initial Tension of the Fiber.
We study the occurrence of nonlinear waves in the fiber with increase in the excitation frequency from w = 1
(for €9 = 0.02, n = 0.003, and p = 0.005).

Figure 3 shows the phase portrait for the middle point of the fiber in the time interval of 1007 at
excitation frequencies w = 1, 2, and 3. The initial strain € increases the average tension in the fiber, about
which fluctuations of forces occur. In this connection, the condition f > 0 is not violated for w = 1 and 2. The
fiber behaves as a viscoelastic bar, whose oscillations are of the form of a standing wave. As w approaches the
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first natural frequency w;, determined from (1.7), the amplitude increases suddenly. As the rarefaction wave
reaches the value f < 0, condition (1.2) becomes true, according to which the values of N are set to zero. In
the fiber, an unstressed zone appears, moves, disappears, and again appears with time.

Thus, the standing linear wave becomes a traveling nonlinear wave with steep edges (Fig. 4). The figure
shows the pattern for w = 3 and At = T/8 = 7 /12 in the time interval T = 2x /3. The phase portrait for

= 3 changes suddenly (see Fig. 3). The amplitudes of the oscillations considerably increase. Angular points
and horizontal portions of the trajectories (u = const) appear, which indicate a discontinuity of the phase
velocity and the passage of the unstressed zone through the given point of the fiber.

In the Poincaré section at w = 1 and 2 there is a stable focus, which corresponds to the limiting cycle
in Fig. 3. At an oscillation frequency w = 3, which is close to the resonance frequency, a dense accumulation
of points occurs in the Poincaré section. This motion can be only approximately considered periodic with a
frequency w = 3. Accordingly, instead of the limiting cycle, there is a rather dense bundle of phase trajectories
(see Fig. 3).

Note that, for dimensionless excitation frequencies w of 1 to 15, the curve of maximum tension at
the point s = 0.25 has five peaks which correspond to resonances (Fig. 5). The resonance frequencies are
divisible by 3, whereas the natural frequencies from (1.7) are divisible by = [the square root in (1.7) differs
little from unity]. The difference can be explained by the simultaneous effect of unstressed zones that arise and
viscosity on the wave process (on the decrease in the wave-propagation velocity) in the nonlinear problem.
In particular, the unstressed zones of the fiber show only the mass characteristic in the absence of elastic
forces. Characteristically, all resonances, except for the first, have equal intensity, although, with increase in
the excitation frequency, the velocity of the left end of the fiber (the factor of oscillation excitation) increase
proportionally. For points with the coordinates s = 0.5 and s = 0.75, this saturation occurs at higher resonance
frequencies.

The dimensionless value of the initial tension of the fiber g¢ is also given in Fig. 5. The frequency wq
that corresponds to the point of intersection of the curve with the horizontal line N = ¢q is the threshold
frequency. At w < wy, standing waves occur in the fiber, as in the bar, as noted above (for w =1 and 2). At
w > wp, nonlinear waves arise. The threshold frequency wq depends on the initial tension €9 and the other
parameters of the problem. Evidently, for unchanged parameter values, an increase in the initial tension leads
to the occurrence of frequency ranges in which intense traveling waves (in the vicinity of resonances) and
standing waves (far from the resonance zones) are excited.

We consider the behavior of the system at constant excitation frequency and gradually decreased initial
tension (in experiments, this can be achieved by slow release of the right end of the fiber). We assume that
€p = 0.06 and w = 4.

Figure 6 shows curves of the tension distribution in the fiber at time intervals of T'/4. Under these
conditions, as can bee seen from Fig. 6a, standing waves with an amplitude of =0.024 and one node at the
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point s = 0.6 are excited. This pattern remains unchanged with increase in ¢ to 0.024. However, a further
decrease in the initial tension (¢ = 0.02 in Fig. 6b) leads to strong distortions, characterized by a complex
combination of standing and traveling waves.

If we consider the excitation frequency in the vicinity of a resonance, for example, at w = 3, an
increase in €9 from 0.06 to 0.02 does not affect the character of traveling waves in the fiber (see Fig. 4)
but only decreases their intensity. The corresponding phase trajectories remain similar to one another, but
decrease in dimensions to the value shown in Fig. 3.

4. Wave Excitation Regime at Resonance Frequencies. Two oscillation regimes can be
distinguished in the system, depending on the excitation frequency. Thus, at w = 3 and 6, we observe a
resonance regime for which the steady wave process is shown in Figs. 2 and 4. It is evident from the figures
that the motion of the left end of the fiber gives rise to a single pulse, which moves along the unstressed fiber.
With increase in w, the pulse intensity increases and its length decreases, but the pulse velocity practically
does not depend on the excitation frequency. This effect leads to a constant oscillation period of the system
at oscillation frequencies close to the resonance frequencies. If the directions of wave propagation and the
velocity of points ahead of the front coincide, the front becomes steeper, otherwise, it flattens out.

A specific feature of the process is that the motion of the left end of the fiber changes the pulse intensity
only when the stressed zone is in the vicinity of the vibrating end point. Otherwise, its motion at the left end
can affect only the nearest points upon their direct contact during collapse of the fiber, according to condition
(1.3). The remaining points in the unstressed zone move uniformly at a velocity they had at the moment
when the forces in the vicinity of these points were set to zero.

We consider in detail the time history for the excitation of waves at a resonance frequency w = 9.
Figure 7 shows the velocity and tension values at the point s = 0.75. Here the time axis is the same for both
plots. The above coincidence of the velocity and tension waves is clearly seen. In this case, the waves that
move to the right have a higher intensity than the waves that move in the opposite direction. This is explained
by the unsymmetric boundary conditions at the ends of the fiber.

For the excitation at a frequency w = 6, small waves appear between the main waves. As noted above,
at lower excitation frequencies they are absent. At w = 9, 12, and 15, the indicated small waves are enhanced.
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This is explained by the interaction of the motion of the end and unstressed zones in the fiber as the velocity
of the left end of the fiber increases at higher frequencies. It should be noted that the power spectrum for
excitation at resonance frequencies have the feature indicated in Fig. 2c: the spectral density of oscillations
of fiber points at a frequency of 3 is always much higher than the corresponding values at frequencies that
coincide with the perturbing frequency.

Thus, at excitation frequencies divisible by 3 (w =3m, m =1, ..., 5), a resonance regime occurs and
the oscillations can be considered periodic with a constant period Tsystem = 27 /3. In this case, each value of
m corresponds to the m-cycle Tsystem = mT, because in the Poincaré section in the phase plane (w,u), m
dense accumulations of points are observed.

5. Wave Excitation Regime at Nonresonance Frequencies. At frequencies that are fairly distant
from the resonance frequencies, the system rapidly enters the limiting cycle with a period of external action
T or with a period divisible by it.

Figure 8 shows the spatial-temporal pattern of tension for excitation at a frequency w = 6.2. Since this
excitation region is behind the second resonance (see Fig. 5), two waves that move on two halves of the length
and collide at the middle of the fiber are observed. This pattern is more usual in the theory of nonlinear
waves 11, 12]. The oscillations at each point are subharmonic with a period 57. The phase trajectories form
a pentacycle. The highest spectral density corresponds to the excitation frequency.

6. Conclusions. The analysis performed reveals the effect of previous tension and excitation
frequencies on the longitudinal oscillations of the fiber. The amplitude of displacements of one end of the
fiber was assumed to be constant (the other end was fixed).

Depending on the level of previous tension, the motion of the fiber can be represented by both standing
and traveling waves. The first type of oscillations is realized when the tensile forces excited by the source do not
exceed the previous tensile forces. Otherwise, a complex combination of standing and traveling waves occurs
or only traveling waves occur. The latter have a number of features, among which are their higher intensity
compared with the intensity of standing waves, the occurrence of moving unstressed zones, the nondependence
of the oscillation frequencies on the excitation frequency (near resonances), and a decrease in wave-propagation
velocity and resonance frequencies. The latter is explained by the contribution of unstressed zones, in which
only mass forces act, to the motion. The constant-frequency oscillation regime at various excitation frequencies
is due to the selective interaction of the moving end of the fiber with stressed and unstressed zones.
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