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Abstract

The nonlinear two-degrees-of-freedom system under consideration consists of a linear oscillator with a
relatively big mass which is an approximation of some continuous elastic system, and an essentially
nonlinear oscillator with a relatively small mass which is an absorber of the main linear system vibrations.
Free and forced vibrations of the system are investigated. Analysis of nonlinear normal vibration modes
shows that a stable localized vibration mode, which provides the vibration regime appropriate for an
absorption, exists in a large region of the system parameters. In this regime amplitudes of vibrations of the
main elastic system are small; simultaneously vibrations of the absorber are significant. Frequency response
of the system under external periodic force is obtained. The dynamical interaction of elastic string under
impact impulse and the essentially nonlinear absorber is considered too. Absorption of a longitudinal
traveling wave in the system is analyzed.
© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Numerous scientific publications contain a description and analysis of different devices for the
vibration absorption of machines and mechanisms due to the importance of these problems in
engineering. It is known that often the effective vibro-absorption can be achieved by using linear
absorbers with big mass, but this is impossible to realize in most concrete systems. So an analysis of
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absorption by using nonlinear passive absorbers is interesting as a theory as well for engineering
applications. Here only some of publications on the subject are selected. In particular, principal
aspects of the nonlinear absorption theory are analyzed by Kolovski [1]. Haxton and Barr [2]
considered the absorber in the form of a beam, which is attached to the system mass—spring. Shaw
and Wiggins [3] analyzed a pendulum-type centrifugal vibration absorber to reduce torsion
oscillations. They studied chaotic motions in the system too. Shaw et al. [4] considered forced
resonances in the system containing the nonlinear absorber when the forced frequency was close to
the half-sum of two natural frequencies. Natsiavas [5] offered to use the oscillator with a nonlinear
spring to absorb forced oscillations of the Duffing system. In Ref. [6], the mass—spring nonlinear
system was analyzed by using the perturbation method to reduce vibrations of some self-excited
system. The linear and nonlinear absorber general theory is presented in the handbook [7]. Lee and
Shaw [8] considered the absorption of torsion vibrations of the four-cylinder engine by using the
pendulum-type centrifugal absorber. Haddow and Shaw [9] studied experimentally the rotating
machinery with the centrifugal pendulum absorber. The pendulum was also used by Cuvalci and
Ertas [10] as a vibration absorber to reduce the response of a flexible cantilever beam. In Ref. [11]
the dynamics of a resonantly excited single-degree-of-freedom (dof) linear system coupled to an
array of nonlinear autoparametric vibration pendulums is analyzed. Vakakis [12] considered a semi-
infinite linear chain with an essentially nonlinear spring, which was attached to the chain to absorb
the vibration energy. Impact systems can be used to absorb oscillations too [13,14]. Aoki and
Watanabe [15] offered the impact absorber, which contains small mass hitting on the stop.

In this paper, the single dof essentially nonlinear oscillator is examined to use an absorption of
oscillations of some elastic structure. In this case a part of the elastic oscillations energy is transferred
to the oscillator. The elastic structure is approximated by the single-dof mass—spring model to study
the principal capacity to absorb oscillations. Free oscillations of the two-dof system are studied in this
paper by the methods of the nonlinear normal vibration modes (NNMs) theory [16-23]. Note that the
NNMs approach is very effective if large amplitude oscillations are analyzed. The localized NNM in
the two-dof nonlinear system under consideration is appropriate for the absorption, when the main
linear system and absorber have small and large amplitudes, respectively. It is accepted here that the
absorber mass is significantly smaller than the mass of the main linear subsystem. Such choice of the
parameter is determined by the real engineering design conditions.

Free vibrations of the system under consideration are analyzed in Section 2 by using the
nonlinear normal vibration theory. Analysis of stability of the localized and non-localized NNMs
is presented in Section 3. Here two approaches are used. In the first place we used the Mathieu
equation that is the simplest variant of the stability problem. Next, we used the algebraization by
Ince to obtain more exact results. The regions in the system parameter space are selected where the
non-localized mode is unstable, and the localized mode, appropriate to the absorption, is stable.
In Section 4, forced resonances and its stability are considered. Finally, the absorption of elastic
waves in string by using the essentially nonlinear absorber is considered in Section 5.

2. Nonlinear normal modes in a system containing the essentially nonlinear absorber

One considers a possibility to absorb vibrations of linear elastic structure. We use the single-dof
oscillator as the absorber connected with the fixing point by spring with a cubic nonlinearity. To
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simplify an investigation we replace the elastic system by a single-dof linear oscillator. The
transformation can be realized, for example, by using the standard Bubnov—Galerkin procedure.
As a result we obtain the following two-dof nonlinear system (Fig. 1):

{smi&+cx3+y(x—y)=0, )

Mjp + w0’y +9(y — x) = 0.

Here x and y are displacements of the absorber and main elastic systems, respectively, and w?, y
and ¢ are stiffness coefficients of the springs. By assumption of the Section 1, the mass of the
absorber is significantly smaller than the corresponding parameter of the elastic system.
Therefore, the formal small parameter ¢ is introduced.

In this system non-localized as well as localized vibration modes are possible. To analyze the
vibration modes, methods of the NNMs theory are used [16-23]. Nonlinear NNMs are a
generalization of the normal (principal) vibrations of linear systems. In this regime a finite-
dimensional system behaves like a conservative one having a single dof, and all position
coordinates can be analytically parametrized by any one of them.

One writes system (1) energy integral of the form

T+1=h, )

where T = emx’/2+ Mj3?/2 and IT = cx*/4 + ©*y*/2 4+ y(x — y)*/2 are kinetic and potential
energies, respectively, and / is a constant of the system total energy.
Following the NNMs approach [16,17] trajectories of the NNMs in system (1) configuration
space are sought in the form y(x). We use the following equation to eliminate ¢ from Eqgs. (1):
dO _ 40 O _ Ld0) | .40
dr T Vdxe de2 7 dx? dx
Using the last relations and system (1) energy integral (2), we derive the following equation to
obtain the trajectories:

Mlzy,/h (ex*/4+ 0?2+ 9(x — p) /2) y -0 =0. ()

o MO —( ex® = y(x =)

Here prime means a derivation by x.

Eq. (3) has the singularity at the maximum isoenergetic surface IT = i where x = X, y = (Xo),
and all velocities are equal to zero. The NNM trajectory can be analytically continued up to the
maximum equipotential surface by satisfying some additional boundary condition:

=0, (4)

MMWE

Fig. 1. Two-dof nonlinear system under consideration.

[ —( ex? —p(x — ) + oy + 9y — X)
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which is a condition of orthogonality of the NNMs trajectory to the maximum isoenergetic
surface [16,17].

The zero approximation with respect to & (¢ = 0) gives us y, = x + (¢/y)x>. This is the non-
localized vibration mode. In this regime the vibration energy is distributed both in the linear
oscillator, and in the essentially nonlinear absorber, that is, the vibration amplitudes of the
subsystems are comparable. The corresponding limiting system, which can be obtained from Egs.
(1), is the following:

exd+9(x—y) =0,
Mjp + w?y +9(y — x) = 0.

By using the classical procedure of the small parameter method we present the solution as the
power series with respect to &:

y=yotey +Ey . (5)
Note that the power series method was proposed for a construction of the NNMs curvilinear
trajectories in [16,20,23]. The first approximation equation by ¢ and corresponding boundary

conditions are not presented here, but the equation can be easily obtained from relations (3) and
(4). The solution of the first approximation by ¢ is obtained in the closed form:

126 [H — (ox*/4 + Qx*(1 + 6x2)* /2 + 6°x9/2)] +[Q(1 + ox?) + 6x?](1 + 30x?)
X
(1 + 30x2)}

where the following variables are introduced: u=m/M, ¢ = c/y, Q = */y, H = h/y.
Here

. (6)

Y1 =—H

X} X ((X0)) | 9(Xo — yp(Xo))
=7 T 5 * 2 ’

x = Xy is a value of the variable x at the maximal isoenergetic surface.

One now selects the localized vibration mode. When amplitudes of vibrations of the main elastic
system are small, simultaneously vibrations of the absorber are significant. This regime can be
analyzed if the next time transformation is imputed: 7 = \/et. Then system (1) is written as

h

mx 4+ cx® +y(x —y) =0,

M 7
?j?+co2y+y(y—x)=0. @)

The corresponding limiting system (for ¢ = 0) has the form
mi + cx® +p(x —y) =0,
My =0.

One has from here y, =0. In this case the equation to obtain NNM trajectory y(x) is the
following:

h— (ex*/d+ ™2 /24 p(x — »)?)2)

il m+ (M /9" "

(—cx® —p(x — )| + e’y 4+ ey(y —x) = 0. (8)

m
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By using the first approximation equation with respect to ¢ and the corresponding boundary
conditions at the maximal isoenergetic surface, one obtains a solution of the form of the following
power series by x:

VI =aix +azx’ +asx’ +ax’ + -, )
where
Xz . 3xi
ar=—H it i a3=,u-|—a1 as=_1 i(#+a1)+ala
12H ° 40H |4H

X3 3 x4
L+ a5+ (@ + o) e

3. Stability of localized and non-localized nonlinear normal modes
3.1. Analysis of stability by using the Mathieu equation

First, one considers a stability of non-localized vibration mode, which can be written up to terms
of the order O(¢) in the form

y x+§x3. (10)

By substituting approximation (10) as well derivatives with respect to time
3 3 6
y= (1 +—Cx2>>'c, j= <1 +—cx2>5é+ﬂx2,
v v v

to the second equation of system (1), we can write the following equation to obtain the solution

x(1):
3¢ 2\, 6c 5 2 €3 3
M 1+?x x+7xx + w x+;x‘ +cx’ = 0. (11)

To get an approximate expression of the vibration mode frequency wy we use the following
harmonic approximation: xy = A cos wgt; here A is the vibration amplitude. By substituting the
approximation to Eq. (11) and extracting terms of cos wyz, one obtains the next equation to obtain
the frequency: Mw3(1 + p) = w*(1 + p) + py. One has from here w3 = w?/M + py/(M(1 + p)),
where p = 3c4*/y.

To investigate a stability of system (1) solutions we can write a system of the variational
equations. Let x = xo + u, y = y, + v, where u and v are variations for the NNMs of system (1).
Then we have

{ emii + 3exiu + p(u —v) = 0, (12)

Mi+ o*v+ (v —u) = 0.

Note that we will investigate a stability of NNMs up to terms of the order O(g). In this case,
eliminating the variable u from the first equation (12), u = v/(1 + (3¢/y)x3), from the second
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equation (12) we can obtain the following simplified variational equation:

MiH—v[a)z—i—y(l—;)] =0. (13)

1 + 4pcos?myt
Then we use the next Fourier-series expansion:

1

- 2 t e
1 + 4pcos?wt o+ azCosZmott s o
where
1 72 wy [ dr
= — d = 2_ =7
day T —T/Zf(r) (T) 27_[/0 1+ 4pCOSz((DOT) 1 >
2 -T2 wy [ cosRwor)dr 207-1)
= — 2 d = 27 == h
@ T/T/Z S (@) cos2wor) dv n /0 1 + 4pcos*(wp1) 2+’

.oy =+/14+4p.

Extracting two first harmonics of expansion (14) and using the transformation wyt = 6, it is
possible to rewrite the variational equation (13) as follows:

Muggep + vl +y(1 — ag — a3 c0s 20)] = 0,
or
Upg + [0 + 26" cos 20]v = 0, (15)

where

w? 1 1 -1 1
& = 2+y<1——) ' 8*:7’(% ) 3
My 1) Mg 1O+ 1) Mw;

So an analysis of system (1) vibration modes is reduced to investigation of the well-known
Mathieu equation in the form (15). The vibration amplitudes are not limited here. Regions of
stability/instability of the Mathieu equation are known. The next analysis was made for fixed
values of some parameters: em = 0.1, M =1, ¢ = 1, o> = 1. It is noteworthy that an influence of
these parameters to results of the stability analysis is not principal. Fig. 2 shows lines
corresponding to the considered solution, in the plane of the Mathieu equation parameters when
the amplitude X increases (for some fixed values of the parameter y). Direction of the vibration
amplitudes increase is showed by pointers. As we can see the non-localized vibration mode is
situated in the region of instability (the region of instability is shaded), but for not very big
vibration amplitudes the solution is near the boundary of stability/instability regions, that is, the
instability develops slowly. There is a qualitative correspondence of the analysis with results of the
direct numerical calculations.
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0.3

0.24

0.14

Fig. 2. Region of instability of the non-localized mode (for some fixed values of the parameter y) in a plane of the
Mathieu equation parameters when the amplitude X increases. Direction of the vibration amplitudes increase is shown
by pointers.

The asymptotic expansion for the positive exponent in the region of instability [24]
%

. 3 .
uw= %5111(2(7) — ﬁg*s sin2o) + - - -.

Here o is the parameter (—n/2 <0 <0 in the instability region) which can be obtained from the
following asymptotic expansion for §*:

%2

oF =1+8*COS26+%(—2+COS4U)+"',

where the parameters ¢* and 6" are presented in Eq. (15).

Table 1 contains some exponents which were calculated for some fixed values of the connection
parameter 7.

Now one considers a stability of the localized vibration mode in the following approximate form:

y = 0. (16)
By substituting the expression to the first equation of system (7) we can obtain the equation of
motion in the form
mi 4 cx® +yx = 0.

Repeating the transformation which was made in a case of the non-localized vibration mode, we
can obtain the vibration frequency in harmonic approximation as wj = y + p/m. In this case the
variational equation is reduced to the Mathieu equation in the form (15) too.
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Table 1
Values of positive exponents in the region of instability of the localized mode
V= 0.1 Hmax = 0.008 if 4 = 0.441
y=1 Umax = 0.054 if 4 =1.221
y=2 Umax = 0.079 if 4 = 1.595
y=>5 Umayx = 0.114 if 4 =2.259
=9 Umax = 0.131 if 4 = 2.856
0.1 1
0.08
0.06 1
T
0.04 1
0.02 1
v=0.1] ¥=0.05 ¥=0.01
_____———_——_'—__@3‘\\
0 ﬁ \
0 2 4 G g 10
8*

Fig. 3. Regions of instability of the localized mode (for some fixed values of the parameter ) in a plane of the Mathieu
equation parameters when the amplitude X increases. Direction of the vibration amplitudes increase is shown by
pointers.

The next analysis was conducted for the same fixed parameter values as for the non-localized
vibration mode. Fig. 3 shows lines corresponding to the localized mode, in a plane of the Mathieu
equation parameters when the amplitude X increases (for some fixed values of the parameter y).
Here we can see that, in a case y = 0.01, the curve meets three regions of instability. It is
interesting that the regions are very narrow, that is, the localized mode is stable for almost all
values of the system parameters.

Results of the NNMs stability analysis are approximate because only the harmonic
approximation was used. But the results are basically confirmed by checking numerical
calculations for small values of the parameter em.
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3.2. Algebraization of the variational equations

Another approach of the NNMs stability analysis is based on the so-called algebraization by
Ince. In this case a new variable associated with the solution under consideration is chosen as an
independent argument [25]. Then the variational equation is converted to the equation with
singular points. This approach was used to investigate a problem of the NNMs stability and
described in Refs. [16,17,26]. The algebraization gives us more exact results in the stability
problem than if we reduce the problem to the Mathieu equation.

So, one considers a new a stability of the non-localized vibration mode. Motion along the mode
is determined by Eq. (11), which was obtained by using the approximate representation of the
NNM the form (10). The representation permits to write the energy integral (3) as

M 3 2 4 2 2 2
— 1+—Cx2 )'c2+cx—+w— x—i—fx3 +X %) = (17)
2 Y 4 2 Y 2 \y

Variational equation can be obtained with regard to relation (10) from the second equation of

system (12):
1
M oyl ———]| =0 1
v—|—v[a)+/< 1+4Px2>] 0 (%)

One introduces the following transformation of the independent variable: # — x. Expressing the
time derivatives in terms of the new independent variable x,

g_ix d_z_d_2x2+ijé
dr  dx™’ de2 = dx? dx™’

we can obtain the next equation instead of Eq. (12):
w?+y[1 - LI | (19)
’ 1+ %xz -

R 2
S 2h— [c%-l—%(x—i—%)?) +§—;x6}

M <1 +3fo2)2

M5+ %) +v

One has from the energy integral (17)

and from Eq. (11)

OMe 32 4 ()2 (x + Ex"’) + ex?
7

M(l + %—‘xz)

f=-
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Substituting the expressions into Eq. (19), after some transformations we can write the
following:

y 7
3 3 2
n v<w2(1 +ycx2) + 3cx2> (1 +;x2) —0. (20)

Singular points of Eq. (20) are situated on the maximal isoenergetic surface:

A 2+c2x6
4 2 y 2y

h— =0.

One denotes the points as +£X,. One introduces the next transformation in Eq. (20): x> — X 5 =z
Then we have

2l 4(z + X%) + 20 (ae(z + X(%)2 + (a4 + a6X§)(Z + X(2)) +ar + a4X% + a6X3)
3 12
X <1 +76(Z+X(2))>Z— U;Z(Z+X%)TCZ
x (a6(z + X3)° + (as + asX3)(z + X3) + a2 + as X§ + ag X )

2
— v<w2<1 —I—%(z—i— X3)> + 3c(z+X3)> (1 —I—%(z+ X%)) =0, (21)

where @ = 0?/2, ay = c/4+ ca?/y, and as = ?/(2y) + >w?/(2y%). Indices of the equation
singular points are equal to oy =0 and oy = % It is demonstrated in Ref. [25] that solutions
corresponding to boundaries of stability/instability regions of equations with singular points,
indices of which are equal to 0 and % are the following:

01 = ap+ a1x + arx? + a3 +agxt + -, (22)
vy = \/ X3 — X2(bo + b1x + bax? + b3x + byx* 4 - 0). (23)

Substituting the series v; to the variational equation (21) and matching respective powers of x,
we can obtain the next infinite recurrent system of linear algebraic equations to determine
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coefficients of expansion (22):
X dhay + w’ay = 0,

h
X' 12ha; — 12‘7511 — 0,
) ch ) w’c
x“:3cay — 127012 — 3w a, + 97410 + 24hay = 0,
2
X3 2cay + S%al + 40has — 8w*ay = 0,

2 0)26’2

y2

h

2
242 0 1502 + 185 g — 3%@ +27%°C 4y + 60hag = 0,
y y

It is clear that the system decomposes into two subsystems to determine coefficients with even and
odd subscripts.

Analogously, substituting the solution v, to Eq. (21) and matching respective powers of x, one
has the following recurrent equations:

.XOZ ngzbo — 2X(2)hb0 + 4Xghb2 =0,
Xghe

x' 12X ghby — 12 b1 — 6X3hby = 0,

X4h Xéa)zc

X2h
X2 —1270192-1—9 0"1¢

by — 3Xw*by — 12X hb,y + 24X ghby + 6 by + 3Xgchy = 0,

X%hc

X — 40X ghbs — 12 b1 — 38X hby — 8X by + 4X3w?by + 4hb,

Xgew?

+8 by 4+ 2Xgch; =0,

Xghc X%wzc

"

x*: 60X hbe + 24 bo + 12hby + 12X} by

9
by — 66X ghby — Echbo —12

X4 2 h le’l X4 2 X4 2.2
0y — 15X 0by — 125 by + 620 py + 1820 by 427202 €

~3
Y Y Y V 7?

by =0,

which also decompose into two subsystems to determine coefficients with even and odd subscripts.

As a result four systems of the algebraic equations with respect to a;, b; , i = 1, 00 are derived.
These systems have non-trivial solutions if their determinants are equal to zero. These
determinants were calculated until six order. Thus, four equations connecting the system
parameters are derived. These equations give the instability region boundaries for the non-
localized vibration mode. Three determinants have solutions only when the system parameters are
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Fig. 4. Boundary of stability/instability regions of the non-localized mode in place of parameters Xy, 7, obtained by
using the Ince algebraization.

equal to zero. The boundary of instability for the last determinant, which correspond to b;, i = 2k,
k € N for the parameters em =0.1, M =1, c=1, ®> = 1, is shown in Fig. 4. This boundary
generally corresponds to the right one, which is obtained for the Mathieu equation (2). However,
the boundary obtained by the algebraization for relatively big values of the parameter y is situated
above. We conclude that, at some values of the system parameters the non-localized vibration
mode is situated in the domain of stability near its boundary and gets into the instability domain if
the vibration amplitude increases.

Now the procedure of algebraization is used to analyze the stability of the localized vibration
mode. We restrict ourselves by the following approximation y =~ 0. The energy integral along this
vibration mode has the form

%) 4 2
b X X
Let us exclude from system (7) first equation ¥ = —(yx 4 ¢x*)/m and from the energy integral (24)
— (ex*/4 2/2
2o A+ /)
m

The results are substituted into the variational equation (19). We derive the following equation:

4 2
M h— (S 1+¥x2 v/’—%(yx+cx3) l—i—ﬁx2 v
m 4 2 Y m Y

3 3 2
+ v<w2<l +T;:x2> + 3cx2> <1 —|—7€x2> —0. 25)

Developing the same transformations as for the non-localized mode with respect to the singular
points of Eq. (25) and its exponents, we obtain that the boundary solutions have the form of the
power series (22) or (23).
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Substituting these series into Eq. (20), we derive two systems of recurrent algebraic equations to
obtain the series coefficients:

M
x%: 4= ha, + w’ay = 0,
m

M M
x': ——vya; + w’a; +12=ha; = 0,
m m

M M 2 M ch
x2:3ca0—4—ya2+24—ha4+w2a2+3ga0 12—C—a2_0
m m Y m vy

3 M M w’c M he

X —4=ca; + v*az + 40— has + 3—a, + 36——a3 — 9—ya3 + 3ca; =0,
m m Y m vy m

M M M w? Mh
x*: —16Eya4 + w’as + GOE/I% - 15—ca2 + 3ca; + 376@ + 72—7Ca4 =0,

M M
K0 — 2ZX§hb0 + Xgw?ho + 4EX5‘hb2 =0,

M M M
xl — —ngbl — 6—X§hb1 + Xgohy + 12—){3141;3 =0,
M M X3h
X% — ngbz — 18—X2hb2 + Xgo’hy + 24—X4hb4 + 12— 0%,
M X32h X4
—2X3w 2b0+2—X2 by — 6= by + 3X ey + 302 py =0,

X — 9EX6‘yb3 +3Xbic — 38—X2hb3 + Xjw?hy + 40EX5‘hb5 - 2X0’b

M M X} MX“ X3w?
— by — 18— ey 36— o 4 3 Ko

M M
bl — 4*X3€b1 + 6*X(2)Vb1 = 0,
m m

M M M
xt —16 —X4yb4 — 66 —Xghm + Xgohy + 6OEXghb6 + 14Z)(§yb2

M Xh 15M X2 2 M
72— Cb4 2 chb() — 0® Cbo — 6X3Cb0 + a)2b0 + 125}1192
M M X3h M Xiw?
——'))bo—54— Cbz—ISEchb2—2X(2)co2b2+3 0® Cb2+3Xng2=0,

Each of these systems is decomposed into two systems. One of these system corresponds to even
powers of x and the other one to odd powers. The systems of linear equations have non-trivial
solutions, if determinants are equal to zero. The determinants are calculated until six order. Thus,
we obtain four equations to determine the boundary of instability, which depend on the system
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Fig. 5. Boundaries of the instability regions of the localized mode in place of parameters X and y, obtained by using
the Ince algebraization.

parameters. The boundaries for localized mode with the following system parameters em = 0.1,
M =1, c=1, w* =1 are shown in Fig. 5. The regions of instability are shaded in this figure.

The numerical calculations generally confirm the analytical results which are obtained by the
algebraization. In particular, the unstable non-localized vibration mode and stable localized mode
are presented in Figs. 6 and 7, respectively. Here em = 0.1, M =1, c=1, 0> = 1,7 =15, X( = 4
(Fig. 6) and y =1, Xy = 1.5 (Fig. 7).

Taking into account a weak dissipation in system (1) we show in Fig. 8 oscillations which are
close to the stable localized normal mode if the vibration amplitudes are significant. Subsequently,
the fast stability loss of the localized mode and a passage to the stable non-localized mode takes
place, when the oscillation amplitude decreases and the trajectory hits the unstable region.

4. Forced vibrations of system containing the essentially nonlinear absorber

The forced oscillations of the two-dof system discussed in this paper are considered in this
section. The system is similar to system (1) but the external periodic action is presented here:

(26)

emx 4 cx? + p(x — y) = 0,
M3 + w*y 4+ y(y — x) = Pycoskt,

where all coefficients mean the same as in system (1), Py cos kt is the time-periodic external force,
and ¢ is the small parameter.

An aim of this section is to show, by using the standard approximate methods, that the forced
resonance regimes are close to the localized and non-localized NNMs of the generating
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Fig. 6. Trajectory in a configuration place of solution close to the non-localized mode in the region of instability.
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Fig. 7. Trajectory in a configuration place of solution close to the localized mode in the region of stability.
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Fig. 8. Dynamics of system (1) with dissipation: transfer from the localized mode to non-localized one when the
vibration amplitude decreases.

conservative system, analyzed in preceding sections. Frequency responses for approximate
solutions of system (1) are obtained here. Skeletons of the frequency responses correspond to the
localized and non-localized NNMs.

4.1. Damped forced oscillations

Let us introduce the viscous damping into system (26). As a result we obtain the following
equations of motion:

. . 3 _ —
{ emi 4 Bx + cx’ 4+ y(x — y) = 0, 27)

M3 + By + @’y + y(y — x) = Pycoskt,

where f is a coefficient of viscous damping. Solutions of the system are presented in the following
single-harmonic approximate form:

x = acos(kt + ¢,),

y = bcos(kt + ¢,). (28)

Substituting (28) into Egs. (27) and using the simplest harmonic balance procedure, we obtain the
system of nonlinear equations with respect to a, b, S;, C;, where S; = sin¢,, C; =cos¢;, i = 1,2.
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After some transformations one has the following equations:

emak*S, — pakC, — 2ca’S) — yaS) +ybS, =0,
—emak®Cy — PakSy + 3 ca*Cy + yaCy — ybCr = 0,
Mbk*S, — pbkC, + paS, — ybS, = 0,

—Mbk*C, — pbkS, — yaCy + ybCy — Py = 0,
Si+Ci=1,

S+ Ci=1.

(29)

Excluding from system (29) the variables S, C;, S, and C,, we obtain the next system of two
equations:

2
<b2(Mk2 —w? =y +d <% ca® +y— smk2>> + B2 (a® + b*) = Pyb?,

2
B + a° G ca’ +y — 8mk2> = 72b’. (30)

Excluding b%, we can obtain the nonlinear equation with respect to the amplitude ¢ and the
external frequency k. Fig. 9 shows the frequency response a(k) with the following parameters,
M=1,m=01e=1,c=1y=1, Ph=0.1, o =1, f =0.005. Fig. 10 shows the frequency
response b(k) for the parameters.

The additional calculations show that decreasing of the nonlinear coefficient ¢ leads to the
increase of oscillations amplitudes in the two main resonance domains. Thus, the choice of the
essential nonlinear oscillator as the absorber is effective if the nonlinear stiffness is sufficiently
large. We stress from the Figs. 9 and 10 that in the domain of the second main resonance the
oscillations amplitudes of the main elastic system are considerably smaller than the oscillations

2.5

Fig. 9. Frequency response a(k) in system (27): damped forced oscillations.
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Fig. 10. Frequency response b(k) in system (27): damped forced oscillations.

amplitudes of the absorber. In the frequency range of this second main resonance the absorption
of elastic system oscillations takes place.

4.2. Biharmonic approximation of the forced oscillations

Let us increase the number of harmonics of the approximate solution to check the accuracy of
the harmonic approximation. The solution is chosen for system (26) without dissipation of the
form

x = a; coskt + asz cos 3kt,

y = by cos kt + b cos 3kt. (€29)

Substituting approximation (31) into system (26) and equating amplitudes of the first and third
harmonics of cosine, the following equations are derived:

—ma\k* +3aic+3aaze +3aidie +yay — yby =0,
—9mk*as + rajc+3ataze + 3a3c + yas — ybs = 0,
—Mbk* + &*by + yby — ya; — Py = 0,

—9Mb3k* + b3 + pb3 — yaz = 0.

(32)

Eq. (32) allows for obtaining the frequency response for the different harmonics. Figs. 11 and
12 show the dependences of a; and a3 on the frequency k& with the parameters presented in the
above sections, Figs. 13 and 14 show frequency responses bi(k) and b;(k), respectively. It is
interesting that the checking numerical calculations performed by A. Koz’min confirm principally
the frequency response obtained by using the biharmonic approximation.
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Fig. 12. Frequency response as(k) in system (26): two-harmonic approximation of the forced oscillations.

4.3. The stability of forced oscillations

109

The system of variation equations coincides here with system (12) constructed for an analysis of

the free vibrations stability.

By excluding the variation u from the first equation of system (12) and substituting the
corresponding expression into the second equation of this system, we obtain the equation of the
form (13). Expanding the function 1/(1 + 4p cos® kt) into the Fourier series and preserving only
two first harmonics, it can obtain the variational equation of the form (15) where it has to write

the external frequency k instead of the wy.
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Fig. 13. Frequency response b;(k) in system (26): two-harmonic approximation of the forced oscillations.
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Fig. 14. Frequency response b3(k?) in system (26): two-harmonic approximation of the forced oscillations.

Here the restrictions on the oscillations amplitudes is not introduced. The future analysis is
developed with parameters em = 0.1, M = 1, ¢ = 1, w*> = 1. It is important that these parameters
change do not essentially influence the solution of the stability problem. Fig. 15 shows the forced
vibration stability and instability (instability solutions are selected by markers), which are
superimposed on the frequency response. We stress that the oscillations near the first resonance
are unstable and the oscillations near the second resonance, which are provided by the absorption
mode, are stable.
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Fig. 15. Stability of the forced oscillations in system (26).

String W%

Fig. 16. The model “string-nonlinear oscillator” to investigate an absorption of impulse longitudinal waves.

The results of analytical stability study of the forced oscillations investigation are approximate
but the checking numerical calculations basically confirm the results of the forced oscillations
stability analysis.

5. Absorption of elastic waves by using the essentially nonlinear absorber

We consider in this section an interaction of the semi-infinite ideal elastic string and essentially
nonlinear oscillator. It is assumed that a longitudinal traveling wave in the form of rectangular
pulse induces longitudinal vibrations in the nonlinear oscillator. The nonlinear oscillator can be
considered as an absorber if an essential part of elastic energy is concentrated in the nonlinear
discrete unit with a relatively small mass. Note that the problem was studied in Ref. [27]. An
analysis presented here is more exact and detailed because the approximate solution was obtained
in Ref. [27] only for some limited case when the elastic constant of the coupling spring equalled to
infinity, and the nonlinear oscillator mass equalled to zero.

Here an approximate analytical solution is constructed in a supposition that a duration of the
pulse is small, that is the system is under an impact action.

The principal model is presented in Fig. 16. The equations describing this system can be written
as

Wi, X) = @wilt,x) =0, x<0, (33)
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mi + cv® 4+ y(v — w(t,0)) = 0, (34)
,OW
'y(U - Wy(ta 0)) =pa——- 5 (35)
0x|,_

where Eq. (33) describes a longitudinal motion in a string; Eq. (34) describes the single-dof
oscillator vibrations and Eq. (35) describes a motion of the string extreme point. Here w denotes a
displacement of the string elements, v is a displacement of the nonlinear oscillator, x and ¢ are,
respectively, space and time coordinates, y is an elastic constant of the coupling spring, p is a
density of the string, a is a sound velocity in the string and ¢ is an elastic constant of the nonlinear
oscillator “‘anchor’ spring.

The solution for the region x<0 is searched in the D’Alambert form:

w(x, 1) = F(x — at) + R(x + at), (36)

where F(x — at) is the external wave and R(x + at) is the reflected wave. By substituting Eq. (36)
into Eq. (33) and eliminating R(x + af) by using the standard procedure [28], we have as a result
the following system of equations:

mi + cv’ + p(v — w(0)) = 0,
paw(0) + y(w(0) — v) = —2F'(—at).

The external excitation is presented in a form of the rectangular pulse,

0, at — x<0,
F'(x—aty=< —D/2, O<at—x<r, (37)
0, T<at — X.

Its approximates an effect of impact applied to the string at infinity. Here 7 is small.
Introducing some renames, we formulate the problem as follows.
The next model is considered:

{ emi + cv’ + y(v — u) = 0, (38)

Mu+ y(u —v) = f(2),

where v is a variable which describes longitudinal displacements of the nonlinear oscillator; u is a
variable which describes the wave front set in the extreme point of the string; f(¢) is an external
action (the constant pulse), which acts during the small interval of time. It is assumed that the
oscillator mass is essentially smaller than the string mass, so the formal small parameter ¢ in the

first equation (38) is introduced. Here
D, 0<it<r,
0, it>r1.

£ = {

Initial values chosen are trivial.
Starting from the physical reasons we can select three regions and obtain analytical solutions
for each of them: (1) a region of the fast increase of variables u(¢) and v(¢); (2) a region of damped
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oscillations; (3) a region of non-oscillating motion. Note that the next analysis and the numerical
simulation confirm a correctness of the choice.

5.1. Construction of the approximate analytical solution

5.1.1

One considers the first region: the fast increase of variables u(7) and v(¢) (D#0, 0<z<r1). Here
f(¢) induces an increase by 7 of the displacement u(¢); therefore the terms f(z) and Mu are selected
in the second equation of system (38). Besides, an increase of u induces an increase of the variable
v; therefore the terms m and y(v — u) are selected in the first equation of system (38). To obtain
the corresponding limiting system we assume that 7 is small; the variables u(¢) and v(z) are small
too. We introduce the formal small parameters x; and p, to system (38) by using ¢ — ¢,
u — [hLu, v —> W,v. As a result we can obtain the following system:

%mi} + 15ev* + (v — u) = 0,
1

M
M—Mzu + ypp(u —v) = D.
1

To select the above discussed principal terms in the system it is necessary to assume ¢/u3 = 1,
W /1y, = 1. We obtain from here that u; = /¢ and u, = /e. Denoting by /¢ = p, one can write

{mi5+uzcv3+y(v—u)=0, (39)

M+ uy(u —v) = D.
The limiting system of the zero approximation by u can be written in the form

mijy + P(vo — up) = 0,
Muy = D.

Taking into account the trivial initial values we obtain from here that uy = (D/M)t.

One now writes an equation to determine vo: iy + w?vg = (y/m)(D/M)t (here w* = y/m) that
gives us (taking into account the trivial initial values) that vy = D/M(t — sin wt/w).

The obtained solution (ug, vy) can be easily made more precise by the small parameter method.
In this case in the first approximation by u the term uy(u — v) will be considered in the second
equation of system (39) too.

5.1.2

One considers the next region: a continuation of the variables increase and damped oscillations
(D =0, t<t<7t;). Conditions of joining of the first and second regions solutions gives us initial
conditions for the second region in a point ¢ = 7. The initial conditions are the following:

D < sin wt
‘C J—

upi(t) = BT, un(t) = —

M M > on(r) = 2(1 — cos w1). (40)

M
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Assuming anew that the variables u, v are not large, we introduce the small parameter u: u — uu,
v — uv. Then the corresponding limiting system can be written as

(41)

mb + pcv® +7 (v —u) =0,
Mi+ y(u—v) = 0.

One expresses the variable u from the first equation of system (41), u = (m/y)é 4+ v + u(c/y)v°,
and it is substituted into the second equation. As a result one obtains the next differential
equation of the third order by t:

© —20b + 0’0 = —u%[%zl} — 2w,
where o0 = —y/2M, o = \/7/m.
A solution of the equation can be expanded in powers of the small parameter u:
V="V + uvy +---.
One has the following equation of the zero approximation by u:
v =20y + iy = 0. (42)
We can write the characteristic equation for Eq. (42) as
k> — 20k® + 0’k =0, (43)

from here k; = 0, ky3 = o +1Q, where Q = vo> — 2. One now writes a solution of Eq. (42) of the
form vy = ay + €*(Bo; sin Qt + By, cos Qt), and it is possible to determine the coefficients a, By,
and By, from the initial conditions (40).

Equation of the first approximation by u is the following:

'1')'1 — 200y + (1)21.)1 = —/,L%[:Sl)gvo — 20(1)(3)]. (44)

Here the initial conditions for v; and its derivatives are trivial.

To solve system (41) (or the corresponding Eqgs. (42) and (44)) in two approximations by the
small parameter it is not advisable to utilize the multi-scale method [29], which here leads to
cumbersome calculations. Here we use the method, which is some generalization of the harmonic
balance method.

The solution v(#) is presented of the form

v=">00+ pv +---, (45)

where 7y = ape™’ 4+ e®/(By; sin @»t + By cos d»1).
One introduces the following:

@Dy = pwoy + -+, Oy =od+uwi+---, @Or =+ uwy +---. (46)

One substitutes the zero approximation solution vy into Eq. (44). To remove the secular terms
from the equation the following procedure is proposed. Substituting series (45) into Eq. (44) and



Yu. V. Mikhlin, S.N. Reshetnikova | Journal of Sound and Vibration 283 (2005) 91-120 115

linearizing the equation by v;, we can write the following:
Uy — 2ui) + w0
= —*{ag@y — e”"[(w11Bo1 — 21 Bn) sin @zt + (w11 Bz + w21 Bo1) cos @t}
+ 20e®{2(ccco11 Bor — (ewa + Q1) Boy — Qa1 Boy) sin dt
+ 2(ow 1By + (w21 + Qwi1)By1 — Qa1 By) cos dat)
— e?1"{3(cfw1 By — (P + 20Qaw11)Boy — (Q2w11 + 20Qwy1) By
+ Q2 wy1 Byy) sin @yt + 3(o* w11 Boa + (Pwar + 20Qw11) By

— (Q®w1) + 20Qw)1)Byy — @%@y By ) cos dat} — %[3031’)0 - 2ocv(3)].

Then, setting u = 0, we can obtain the next differential equation with respect to v;:

U1 — 20 4+ by = Po + [Py sin Qt + P, cos Qf] — %[31;31)0 — 2003], (47)

where
Py = —apwo0?, Py = 2Q((2Bo2 + 2By + 2By — QBp)wa),

P = =2Q((0Bo1 — QBp2)wi1 — (B2 + 2Bo1)wn).
One calculates separately the last summand in Eq. (47):
3ug0p — 200y = — 20y + 3age™ [N, sin Qt + N, cos Q1]
+ 3age® [N sin 2Qt + N4 cos 2Q1]
+ &3 [Ns5sin Qf + Ngcos Qt + N7sin 3Qt + Ny cos 3Q1],

where N| = —(aBo; + 2Bg2), No = —(2Byy — QBo1), N3 = Q(B3, — B},), N4 = 20Bo1 Boa,
Ns =3(Bj, + B,)(@Bo1 — @By), Ne = 3(Bj, + By,)(@By + QBoy),

N7 = {aBy(3Bj, — B})) — 3QBn(Bj, — 3B;))),

Ng = YaBy(Bj, — 3B5,) + 3QByi1(3B5, — Bj))).

Then Eq. (47) takes the form
vy — 2ad) + o] = Py + e*[Pysin Qt + P, cos Q1]
— %{—Zaag + 3a%e“’[N1 sin Q + N, cos Q1]
+ 3age® [N sin 2Qt + N4 cos 2Q1]
+ &> [Nssin Qt + Ngcos Qt + N7sin 3Qt 4+ Ny cos 3Q1]}.
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To take off the secular terms in Eq. (44) solution, we equate the constant term and coefficients
at e sin Q1, e* cos Q¢ to zero. One obtains the following equalities:

—apmw’wor + 2a£ag =0,
m
3a3cN,
(aBys + QB )w1) + (2By; — QBp)wy = —%—,
20Qm
3aicN
(aBy1 — QBy2)w11 — (0B + QB )wa = — —2 2
20m

Thus, the system of linear algebraic equations with respect to the first approximations of the
characteristic values wy;, @i, wy; is obtained. One has a solution of the system:

cal 3ajc
W = ——, W1 =—
M 2mQA

(N2(aBgy — 2Bp) — Ni(aBox + 2Bo1)),

3a(2)c
2mQA

Wy = (N1(aBo1 — 2By2) + No(oBox + 2Byy)),

where A = (aBy; — QBoz)Z + (B + QB()])2.
As a result the general solution of Eq. (44) can be written in the form

vl = a; + (B sin Qf + Bjs cos Q1) + e[ G sin 2Qt + H | cos 2Q1]
+ &[G, sin Qt + H, cos Q1] + e¥*'[G5 sin 3Qt + H cos 3Q1].

Here a;, Bi1, By, are arbitrary constants which can be calculated by using the trivial initial values

3

Gi = — 2% (2 — TV + Q5% — 3QP)N,],

2mA1
3
Hy = - 2};0: [o(o? — TQ)N4 — Q5% = 3QP)N3], Ay = (0 — 7Q%)* + QX (5% — 3Q%)7,
1
¢ 2 2 ¢ 2 2
G, = — [Ba — Q°)Ns 4+ 4aQNg], Hr,=— [Ba” — Q)N — 40 QN5],
domA, domA,
Ar = 3o — Q%) + 160°Q%,
— ¢ 2 2 2 02

Gy = Domhs [a(o” — SQ)N7 + 2QQ20" — 2°)Ng],

Hy = —— 5 [a(0® = 5Q*)Ng — 20202 — Q)N], As = o202 — 5Q7) + 4Q2(2:% — QP

12mAg
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As a result, the asymptotic expansions of system (41) solution are obtained in the region of the
damped vibrations:

v = 0o+ uvr + - -,

m. m C 3
ug = ?UO—FU() +u ;Ul‘}'vl"f—;vo + -

5.1.3
One considers now the third region where oscillations are absent. We denote an initial time of
motion at the region by #;. The value can be determined from the initial conditions for the region.
Here motion is slow, so the inertial term emi can be neglected. Then the limiting system has the
next form

3 )=
{cv + 9 —u)=0, (48)

M+ y(u—v) = 0.

One writes a solution of the system u = v + (¢/7)v}, M /(2cv*) — 3M /y) In|v| = t + @, where ¢
is an arbitrary constant. One introduces initial conditions for the third region as

unl(t1) = um(t1),  ovn(t) = vin(f).

It is possible to determine ¢ and ¢, from the conditions. The obtained solution can be made more
precise in the first approximation by e.

5.2. Comparison of the analytical and numerical solutions

Numerical calculations which were made for different values of the system parameters show a
good accuracy of the analytical solution for a sufficiently small time interval of the external pulse.
Fig. 17 shows a comparison of the checking numerical calculations and the asymptotics
constructed here for different values of the connection parameter y and the time interval 7 if the
next parameter values are fixed at c =1, D =1, M = 1, and em = 0.1. In this figure the analytical
solution is presented by points, and the numerical one by a solid line. Fig. 18 presents a
dependence of the maximal kinetic energy on the parameter ). The dependence shows that the
nonlinear oscillator with a relatively small mass, connected to the linear elastic system, can keep
up to 20% of the traveling elastic wave energy.

6. Conclusions

In this paper the two-dof system consisting of the linear oscillator with a relatively big mass
which is an approximation of some continuous elastic system, and the nonlinear oscillator with a
relatively small mass which is an absorber of the main linear system vibrations, is analyzed by
using the nonlinear normal modes theory and methods of perturbations. Analysis of free and
forced vibrations shows that there are large regions of the system parameters favorable for
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Fig. 17. Comparison of the checking numerical calculations and the asymptotics for system (38) for different values of
the connection parameter y and the impulse time interval 7 if the next parameter values are fixed at: ¢ =1, D=1,
M =1, m = 0.1. The analytical solution is presented by points, and the numerical one by solid line.
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Fig. 18. Dependence of the maximal kinetic energy of the nonlinear oscillator and the parameter .

extinguishing elastic vibrations where the non-localized mode is unstable, and the localized mode
is stable. In a case when the localized mode, appropriate for an absorption, is realized, the main
elastic system and absorber have small and significant amplitudes, respectively.
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