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Abstract. This paper studies the dynamics of vibro-impact capsuleerys with one-sided and double-sided
constraints under variations of control parameters, tfioly frequency of excitation, mass ratio, andisgss
ratio. The aim of this study is to promote the forward speethefcapsule system. Extensive comparisons
reveal that the capsule system with one-sided constrabstier than the one with double-sided constraints in
terms of progression speed. Moreover, the system’s pemedene-right-impact motion is proved as the ideal
vibration condition due to its lowest energy consumptionifiopacts. According to the dynamic analyses of
control parameters, an inner mass with its weight similahasveight of capsule and a right constraint with a
relative weak sffness are beneficial for further accelerating the capsutesyfrwards.

1 Introduction is smaller than the weight of the capsule. In [7], the non-
linear dynamics analysis has been conducted to identify
Pipelines play an important role in a large number of mod-the optimal amplitude and frequency of the applied force
ern industries, which are essential for oil and gas transpor tg gchieve the required motion and the maximal speed. In
water supplies, and so on. With many pipelines being 10-[10], Paez Chavez et al. studied two practical problems
cated in remote and harsh locations, such as undergroungy the capsule system, which were maximizing the rate
or seabed, access for inspection, maintenance and repai progression and directional control of the system by
work could be extremely dicult. Moreover, it becomes a  fojlowing a typical period-1 trajectory by means of path-
costly issue if the pipeline has to be drained and productiofo|iowing techniques. However, the above studies were
stopped while repair work takes place. Therefore, pipelinepased on the dynamics of the capsule system with one-
inspection devices capable of moving independently, withsjded constraint, and the performance of the system with
or against product flow would yield significant advantagesgouble-sided constraints has not been investigated. Thus,
over traditional pressure driven inspection tool in certai it is reasonable to carry out a comparative study of vibro-
situations. In recent years, investigation of such a self-impact capsule systems with one-sided and double-sided
propelled mechanism moving rectilinearly under internal constraints in this paper, which can provide a better in-
vibration force when overcoming medium resistance hassight for design of such system with consideration of the
attracted great attention from researchers, e.g. [1-5. Th optimum rate of progression.
principle of such mechanism is that the rectilinear mo- The rest of this paper is organized as follows. In Sec-
tion can be obtained by overcoming external resistancgjon 2, mathematical modelling of the vibro-impact cap-
described as dry friction using an additional internal masssy|e systems with one-sided and double-sided constraints
interacting with the main body of the system. is studied. In Section 3, a comparative study of both the
The dynamics of the vibro-impact capsule system, capsule systems through varying control parameters to ex-
which consists of a capsule main body interacting with apjore the optimum rate of progression are conducted. Fi-

harmonica”y driven internal mass, has been studied eX'na”y, some Concluding remarks are drawn in Section 4.
tensively by Liu et al. [5-11]. In [5], the model of the

vibro-impact capsule system was firstly studied to provide ] ]
a fundamental understanding of its dynamics. Dynamics2 Mathematical Modelling

of the system in various environments was investigated inC i wo d ¢ freed ‘ h .
[6], and numerical results show that the behaviour of the onsider a o degrees-ol-reedom system as shown in

system becomes very complex when the capsule is mov.'-:'g' 1, which is composed of a movable internal mags

ing in a fluid, but the nature of the friction mechanism be- interacting with a rigid capsuley, via a primary linear

comes less significant when the weight of the internal massSp”ng.W'th Stﬁnes.Sk anda viscous da_mper with damping
codficientc. The internal mass is driven by an external

*e-mail: liaomldr@cnpc.com.cn harmonic force with amplitud®y and frequency2. The




vibro-impact capsule system with double-sided constraintwhere

is shown in Fig. 1(b). Specifically, on the right of the inter-

nal mass, a weightless plate is connected to the capsule by

a linear spring with sfinessk;, and a secondary weight-
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less plate is connected to the capsule by a linear spring —HoBs(x1(7) — Xa(7) + g2),
with stiffnessk, on the left of the .|nternal mass. HeDéJ,_ Hi = HOa() - (@) - g1),
and X, represent the absolute displacements of the inter-
nal mass and the capsule, respectively. The internal mass 2 = HOe((1) - x(7) - g2),
will contact with the right plate when the relative displace Hie = H(fil-1)
mentX; — Xz is larger or equals to the g&, or contact s, = dyA7)),
with the left plate when the relative displacem&at— X; . :
. M S, = signyz(1)),
is larger or equals to the gd&,. When the left spring is )

St = sign(f).

removed (i.e.k; = 0), the vibro-impact capsule system
with one-sided constraint is obtained, see Fig. 1(a).

(@ e

o

-

ny

®) m Voo

k 3—' Xl
P,cos(Qt)

-]

c
]_ m

¢G1+ kl

Backward drift Forward drift

3 Bifurcation analysis

In order to compare the system dynamics and promote the
progression speed of a capsule, bifurcation analyses were
carried out for both the capsule systems with one-sided
and double-sided constraints by varying control param-
eters, including frequency of excitation, mass ratio, and
stiffness ratio. The simulations were run for 200 cycles of
the external excitation, and the data for the first 180 cycles
were omitted to ensure the steady state responses, where
the last 20 cycles were used to plot bifurcation diagrams,
phase portraits, and time series. Specifically, the relativ
displacementx; — xp) is plotted as a function of the con-
trol parameters to obtain bifurcation diagrams; the redati
velocity (y1—y2) against the relative displacemert £ xo)

is plotted to obtain phase portraits.

3.1 Frequency of excitation

Figure 1. Physical models of the vibro-impact capsule systems To investigate the influence of excitation frequercyn

with (a) one-sided and (b) double-sided constraints [12].

Introduce nondimensional parameters
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and nondimensional variables
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The nondimensional equations of motion are written as

X1(7) = ya(7),
y1(1) = a cosr) + fi,
%2(7) = ya(7),

: 1
yo(1) = ;(f, + (1—6y)Sy + 6nySf + (5y(1— Hf)fi),

the capsule progression, numerical simulations are car-
ried out forw € [0.5, 2.0], and the simulation results
are presented in Fig. 2. According to the comparison of
subplots (a) and (b), the dynamic responses of the cap-
sule system with one-sided constraint are mainly periodic,
while the chaotic motion is observed for the capsule sys-
tem with two-sided constraints when the excitation fre-
quency is low. Additionally, a number of jumps of the rel-
ative displacement are observed in bifurcation diagrams,
they are due to the grazing when the inner mass contacts
with the constraints. Subplots (c), (d) show the progres-
sions per unit time and per unit power for the capsule sys-
tem with one-sided constraint, respectively. Both of their
optimum progressions are achieveduat 1.005 where a
period-one one-right-impact motion is detected. Subplots
(e), (f) show the corresponding results for the capsule sys-
tem with double-sided constraint, whose maximal progres-
sion speed is abouf3 of that for the capsule system with
one-sided constraint.

3.2 Mass ratio

The dfects of mass ratior on the dynamic responses
of both the capsule systems are studied via varying

[1, 10], and the obtained numerical results are shown in
Fig. 3. One can observe from subplots (a) and (b) that,
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Figure 2. Bifurcation analyses of excitation frequency for the cé@systems with one-sided (a) and double-sided (b) conssralhe
nondimensional parameters ave= [0.5, 2.0], £ = 0.05,y =4,a= 16,5, = 12,9, = 0.02,3;, = 5, g, = —0.06. The labels shown as
P-n-m-l indicate that the trajectory is a period-n respamil m left impacts and | right impacts. The vertical greeu anange lines
in panels represent the impact boundasigs x, = g, andx; — X, = g1, respectively. Subplots (c), (d) show the progressionaiper
time and per unit power for the capsule system with one-sidedtraint, respectively. Subplots (e), (f) show the pesgions for the
capsule system with double-sided constraint. The posRionarked by a red circle indicates the obtained optimum pssjoe, its
corresponding phase portrait and time series of displagtnier the inner mass (black) and the capsule (red) areagiegl

both the capsule systems experience a period-doubling andess ratio, and then it drops quickly when passing the bi-
a reverse period doubling bifurcations as the increase ofurcations. In addition, comparing the two capsule sys-
mass ratio. For the capsule system with double-sided contems with the same right fiiness ratio, the capsule system
straints, the capsule moves backwards, see subplots (@yith one-sided constraint moves forwards faster.

and (f); namely, the backward impacts dominate the cap-

sule movement. As a comparison, the capsule system with i

one-sided constraint maintains forward progression with% Concluding Remarks

the progression speed deceasing as the mass ratio is irb-
creased, see subplots (c) and (d). This observation indi-
cates that a relatively small mass is hard to vibrate a Iarg(%1
capsule; therefore, it is better to design the weight of the
inner mass closing to that of the capsule.

ynamic analysis of a vibro-impact capsule system to pro-
ote the progression speed was carried out in this paper.
ifferent capsule structures were compared and a series of
control parameters was analyzed. Extensive comparisons
revealed that the capsule system with one-sided constraint
was better than that with double-sided constraints in terms
3.3 Stiffness ratio of progression speed; moreover, the system’s period-one
one-right-impact motion was proved as the ideal vibration
¥ondition due to its lowest energy consumption for im-
Lf)acts. Meanwhile, according to the dynamic analyses of
control parameters, an inner mass with its weight closing
to the weight of capsule and a right constraint with the
Telative weak sfiness could be beneficial to further accel-
erate the motion of the capsule.

The dynamic responses of the capsule systems under var
ing the right stifness ratioB; € [2, 20], are investigated,
and the obtained numerical results are presented in Fig.
As can be seen from subplots (c) and (d), the fastest pro
gression speed of the capsule system with one-sided co
straint is achieved g; = 6.05 where a period-doubling
bifurcation is observed. Similarly, the fastest progressi
speed of the capsule system with double-sided constraint

is achieved aB; = 4.10 where a grazing bifurcation is Acknowledgements

detected, see subplots (e) and (f). Before appearance of

the bifurcations, period-one motions are observed, and th& his research is funded by National Basic Research Pro-
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Figure 3. Bifurcation analyses of mass ratio for the capsule systeittsame-sided (a) and double-sided (b) constraints. Thelinon
mensional parameters ayes [1, 10],a= 1.6, w = 1.1,¢ = 0.05,8; = 12,9, = 0.02,8, = 5, g> = —0.06. Subplots (c), (d) show the
progressions per unit time and per unit power for the capsggeem with one-sided constraint. Subplots (e), (f) shapttogressions

for the capsule system with double-sided constraint.
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Figure 4. Bifurcation analyses of gtness ratio for the capsule systems with one-sided (a) anblelsided (b) constraints. The
nondimensional parameters @ee [2, 20],y = 4,a=16,w = 11, ¢ = 0.05,9, = 0.02,3, = 5, g» = —0.06. Subplots (c), (d)
show the progressions per unit time and per unit power foctpsule system with one-sided constraint. Subplots (e3h@w the
progressions for the capsule system with double-sidedti@ints
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