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We numerically investigate the nonlinear waves propagating in a one-dimensional particle chain when the damping
effect is taken into account. It is found that decaying solitary waves exist, in which the amplitude of the wave decreases
exponentially as time increases. Meanwhile, the velocity of the solitary wave also slows down as time goes. This result
implies that the damping coefficient is an important parameter in such a nonlinear system. Theoretical analysis has also
been done by the reductive perturbation method. The result indicates that the nonlinear waves propagating in such a system

can be described by the damped KdV equation.
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PACS: 45.05.+x, 05.45.-a, 46.40.Cd, 45.70.-n

1. Introduction

The propagation of solitary wave in a non-prestressed
one-dimensional nonlinear granular chain was first proposed
by Nesterenko in 1984[!! and was verified lately.*! In Refs. [1]
and [2], the authors assumed that the interaction between two
contacted particles follows the Hertzian law, and they found
that the interaction forces propagating in the one-dimensional
granular chain forms a solitary wave. This solitary wave has
strong nonlinearity.[>-3] Nesterenko noticed that the propaga-
tion of a perturbation in a granular chain with Hertzian contact
has the nature of a soliton.[®! The existence of this kind of
soliton pulses has also been confirmed by both theoretical and

10-14] Degpite the large amount of recent

experimental studies.
work on this subject,!! 1214231 the granular system in physics
still needs a great deal of challenging new research.

In Refs. [24]-{26], the researchers also found that the soli-
tary wave in a prestressed one-dimensional granular chain is
quite different from the characteristics of a sound wave for
the non-prestressed case, implying that the prestress probably
plays an important role in the properties of solitary waves.
However, the damping effect was neglected in most of the
references mentioned above. In this paper, we find that the
properties of solitary waves will be changed when the damp-
ing effect is taken into account. In fact, the solitary waves
propagating in such a system can be described by the damped
KdV equation instead of the KdV equation. It is also found
numerically that the amplitude of the solitary wave decreases
exponentially as time increases.

DOI: 10.1088/1674-1056/27/7/074501

2. Model

We consider the case that N identical balls (made of
steel), confined in a polytetrafluoroethylene (PTFE) tube, are
placed horizontally to form a one-dimensional granular chain,
as shown in Fig. 1. The first particle of the chain, driven
by an external force, oscillates harmonically along the hori-
zontal direction. The last ball is fixed, which causes all the
particles to move around the equilibrium position and the dis-
placement cannot be very large. The i-th ball (i =1, 2, 3,
..., N) is labeled by i. We assume that all the particles have
the same radius R, the same mass m, and the same material
parameters, such as Young’s modulus Y and Poisson’s ratio
o. The potential between two contacted particles is assumed
to be Hertz’s potential, expressed as U = %ké", where 0 is
the overlap deformation between the two contacted particles,
k= (R/2)"*/D(Y,5),and D (Y,0) = 3(12;),62).[27] In general,
the value of n depends upon the contact geometry between two
contacted particles and typically varies between n = 5/2 and
3.114.28] In our work, 7 is taken to be 5 /2. For the i-th particle
(i=2,3,4,..., N—1), the damping force is also taken into
account, and assumed to be proportional to the i-th particle’s
velocity. Thus, the dynamic of the granular chain can be de-
scribed by a set of N coupled nonlinear equations, in which
the motion equation of the i-th particle can be expressed as

dzu,-
m
dr?

= nk[(2R+ui 1 —u;)" ' — 2R+ u;j —ui )"

—Bui(t), i=2,3,...,N—1, (1)
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where u; = u;(¢) is the position of the i-th particle at time 7,
V(1) = % is its velocity, and f3 is the coefficient of the struc-

tural damping of the material.

solitary wave
=7 5

Fig. 1. Illustration of a one-dimensional granular chain.

The first particle oscillates harmonically along the hori-
zontal direction. Thus the motion equation can be given easily
as

ui(t)=Asinwt, v(t) =Awcoswt, 2)

where A is the amplitude, o is the frequency, and both of them
are constants. For the N-th particle located at the most far-right
of the chain, the motion equation is

ON(r) =0, 3)

because it is fixed.

3. Numerical simulation

We now numerically investigate the solitary waves propa-
gating in the one-dimensional granular chain shown in Fig. 1.
We place a granular chain composed of 200 particles (N =
200). In the experiment, we use steel balls. The parameters
are taken as Young’s modulus ¥ = 2.06 x 10'! Pa, Poisson’s
ratio 6 = 0.3, the density p = 7.9 x 10° kg/m?, the radius
R = 0.006 m, and the damping coefficient § = 10 kg/s. So
we can get the mass m = $p7R> = 7.144 x 1073 kg and the
k= ﬁ\/ﬁ =8.266 x 10° kg-m~'/2. 572 In the exper-
iment, one can apply an external force on the first particle to
generate solitary waves. In our study, we assume that the first
particle is driven by an external force. The first particle os-
cillates harmonically along the horizontal direction, with the
frequency @ and a very small amplitude A. Both A and @
are adjustable constants. In our simulation, they are taken as
A=25x10"*mand @ = 1.0 x 10’ rad/s. We find that soli-
tary waves can be generated under such circumstances.

Figure 2 displays the profiles of solitary waves propagat-
ing in a one-dimensional granular chain under different pa-
rameters at the same time. The red line is the solitary wave
(called undamped soliton) when there is no damping force
(B = 0 kg/s), while the black line shows the solitary wave
(called damped soliton) when there is damping force (f =
10 kg/s). It is remarkable that for a finite granular system,
because the particle located at the most far-right of the granu-
lar chain is fixed, the reflection wave will be formed when the

solitary wave arrives near the last particle. In the numerical ex-
periment, it is also noted that the reflection wave (if it exists),
which propagates along the left direction, is still a solitary one.
However, here we only consider the case that the solitary wave
is far away from the last particle. Thus, the reflected wave is
so weak that can be omitted. It can be seen clearly from Fig. 2
that the amplitude of the damped soliton is smaller than the
undamped soliton because of damping. Furthermore, the un-
damped soliton propagates a longer distance than the damped
soliton during the same time, which implies that the aver-
age speed of the undamped soliton is faster than the damped
soliton. Under this case, the average speeds of damped soli-
ton and undamped soliton are Vyamp = 1.820 x 103 m/s and
Vandamp = 2.016 x 103 m/s, respectively. A detailed obser-
vation indicates that the amplitude of the undamped soliton
is nearly invariant when time goes, while the amplitude of
the damped soliton decreases exponentially as time increases,
which is shown in Fig. 3.

25F —B=0 kg/s t=0.0010 s

—B—10 ks |t =0-00055

0 5 AN

04 08 12 16 20 24

Fig. 2. (color online) Profiles of solitary waves propagating in a one-
dimensional granular chain. Red line: no damping, i.e., damping coef-
ficient B = 0 kg/s. Black line: damping coefficient = 10 kg/s.
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20F t=10.0004 s
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Fig. 3. (color online) Profiles of the damped soliton propagating in a
one-dimensional granular chain at different times # = 0.0002 s, 0.0004 s,
0.0006 s, 0.0008 s, and 0.0010 s.

In Fig. 3, one can see that the damped soliton travels along
the right direction and its amplitude decreases monotonously
as time increases. This implies that there exists kinetic en-
ergy loss because of the damping force applied on the granular
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chain. The damping force in such a system has great influences
on the propagation of solitary waves in the granular chain. In
Fig. 4, the profiles of damped soliton under different damping
coefficients are shown for a certain time t = 0.001 s.

We can see from Fig. 4 that the smaller the damping co-
efficient is, the larger the amplitude is, which suggests that
the kinetic energy loss increases when the damping coefficient
increases. It can also be seen from Fig. 4 that a damped soli-
ton travels a shorter distance than the one for a smaller damp-
ing coefficient, which implies that the average speed of the
damped soliton is lower than that one. In order to make it more
clear, the maximum average speed, which can be regarded as
the amplitude of the solitary wave, is computed as

2
Dmax = Max gj;ﬁzv,»ﬂ-|i: igig+1,....N=2 >,
where ig should be large enough to avoid the influence of the
particles located near the most-left of the chain. In practice,
we take ig = 10.

t=0.001s
20 /\Jl\ \ 1 B8=25 kg/s
-~ 15 y | B=20 kg/s
‘é 10 ﬁ: 15 kg/s
< %10 ke/s
pa)

0 8 5\@/ s/
0 L L L L L L L
1.

60 1.68 1.76 1.84 1.92 2.00

w;/m
Fig. 4. (color online) Profiles of damped soliton under different damp-
ing coefficients B = 5 kg/s, 10 kg/s, 15 kg/s, 20 kg/s, and 25 kg/s at
time r = 0.001 s.

Figure 5 shows the maximum average speed D,y ver-
sus time ¢ for different damping coefficients 3. It can be seen
evidently from Fig. 5 that the amplitude of the solitary wave
decreases as time ¢ increases for a given §. In order to see
that Dpax decreases exponentially indeed, a fitting function
for Dyax When B = 20 kg/s is achieved as Dyax ~ 8.3e 14077,
which is shown as a solid line in Fig. 5. It can also be seen
clearly that D¢ decays faster and faster as the damping coef-
ficient 8 increases.

8ri=-..

"
~
~ AL B
- .~ .

_ B=5kg/s

- e N
-~

7 L el
2 © oL, f=10kg/s
\§ fitted curve o L
& Ar
£5=20 kg/s
2_

0.0006 0.0008 0.0010
t/s
Fig. 5. (color online) Dyax versus time ¢ under different damping coef-

ficients B = 5 kg/s, 10 kg/s, and 20 kg/s with dotted lines. Solid line is
the fitted curve when 8 = 20 kg/s.

0.0002 0.0004

Meanwhile, we find numerically that the radius of the par-
ticles R also has obvious effects on the solitary waves. Figure 6
shows the maximum average speed Vyax versus time ¢ for dif-
ferent particle radii R for a fixed § = 10 kg/s. One can see
from Fig. 6 that at the beginning as the solitary wave is formed,
the amplitude of the solitary wave for a smaller R is larger than
that one with bigger R. However, it decreases even faster than
that one with a bigger radius as time increases, which tells us
that a bigger radius is to the benefit of the propagating of a
solitary wave. It is also noted that the amplitude of the solitary
waves decreases exponentially, just like those shown in Fig. 5.
The solid line in Fig. 6 is a fitting function Dpay ~9.32¢ 1123
for the case of R =0.005 m, indicating that D« indeed de-
creases exponentially as time goes on.

fitted curve

0.0002 0.0004 0.0006 0.0008 0.0010
t/s
Fig. 6. (color online) Dp,x versus time ¢ under different particle radii

R =0.005 m, 0.006 m, and 0.008 m with dotted lines. The solid line is
the fitted curve when R = 0.005 m. Here we take § = 10 kg/s.

4. Theoretical analysis

To understand the above nonlinear phenomena clearly,
we now perform a theoretical analysis on Eq. (1). The ab-
solute position of the i-th particle at time ¢ can be rewritten as
u;(t) = (2i — 1) R +5;(¢), where s;(¢) is the displacement from
its equilibrium position at time ¢ and R’ is the effective radius
of the particle. At initial time ¢ = O s, the particle chain is
prestressed by an external force, which leads to that the effec-
tive radius of each particle will become smaller. We assume
that the overlaps between two contacted particles are the same,
noted by &. Then R’ can be written as R = R — % Now, the
equation (1) can be rewritten as

d?s; _ _
md;l = nk | (So+si1—5)"' = (So+si—sir1)"
dS,‘
—B—, i=23,...,N—1. 4
dt’ l ) ) ) ()

& > si_1 —s; and
O > s; — sit+1, one can expand the two terms in the bracket
of Eq. (4) by their Taylor series. Then the equation (4) can be

If the prestress is large enough, i.e.

approximated as
d2S i

m
dr?

= n(n—1)k& *[(si-1 —s;) = (si = si+1)]

074501-3



Chin. Phys. B Vol. 27, No. 7 (2018) 074501

n n(n— li(n -2) k5(’)173
2 2 ds;
X [(sie1—8i)" — (si = si1) ]—ﬁga &)
where the cubic nonlinear term and other higher-order terms
have been omitted.

Under long-wavelength approximation, s; varies slowly

in space. One can expand s;+; with the continuous approxi-

mation
ds;  1d%s  1d; 1 d*;
P T T - — 6
Sl =S T e T ar 24 di - ©
where i is assumed to be a continuous variable.”’! Equa-
tion (5) becomes
dZs; d2s; 1 d%s; ds; d2s; ds;
21: W\ =t T 27.72*E77 @)
dr di 12 di di di m dt
where
_ n(n—1)k&) > _ _n(n—1)(n —2)k&y 3
1 m ) 2 m )
and s; = s;(t) = s(i,1).
Following the reductive perturbation method, 3% we

make the coordinate transformation

{szea—zn,

T =g,

where € < k. (k. the wave number) is a small parameter
(€ < 1),3% je., the long wavelength approximation, and A
is a constant which will be determined later. We also make the
expansion

s=¢€s1(E,1)+€%52(E, 1)+,

where €' is also a small parameter with the same order of
e(¢' = ag), ie., the small amplitude approximation. We
choose o = 1 in the system since its value does not affect
the final results.>"] Then we substitute these expansions into
Eq. (7). At the lowest order, one can obtain A = /B] . As
an assumption, it is proposed that the damping coefficient in
Eq. (7) is B = pe>, where p is a constant. Substituting these
expressions into Eq. (7) yields

(92S1 B> dsq (92S1

o5, P2 951 1 (94S1
JEJT ' 2B; JE Q&2

pv/Bi 95y
ﬁa&* —=0. (8

m &

If one introduces the transformation w = %, then equation (8)
becomes the damped KdV equation

a—w+ a—W+ 33—er =0 ©)

where M= 32/231, v = 1/24, and = p\/Bl/m. In Eq. ),
the last item 3w represents the damping effect.

For the above damped KdV equation (9), the solitary

wave solution with a generalized form is given as!*3!

(=12 (1-ein) 4y, (10)
3
where a () is the amplitude of the solitary wave, and
a(t) = age 3o P97 = gye im0, (11)

ap is the amplitude of the wave at initial time ¢ = ¢y, and [ is
an arbitrary constant which only affects the phase of the wave.
Furthermore, one can get

1

2
Up = Ao e I Ko AU R 1
127,

)

y o |20 qm (12)
Tao

where vy, is the phase velocity of the solitary wave, K the wave
number, and J the width of the solitary wave. From Egs. (11)
and (12), we find that the amplitude of the solitary wave de-
creases exponentially, however, the width of the solitary wave
increases, as time ¢ increases when 3 > 0. It is somewhat re-
versed that the amplitude of the solitary wave increases expo-
nentially but the width of the solitary wave decreases as time
goes when 3 < 0. Meanwhile, the velocity of the solitary
wave also varies as the wave propagates. 3!

t=0.0004 s
L5l ® = 0.0008 s
n t=0.0010 s
s 10F
~
S 5F
0
1 1 1 1
0.5 1.0 1.5 2.0
wi/m
251 (b)
20}
5 15F
| 10}
5 L
0 1 1 1 1
0 0.5 1.0 1.5 2.0
§

Fig. 7. (color online) Wave frames for (a) the numerical results and (b)
the analytical results.

From the above analysis, we know that u;(f) =
(2i—1)R' +s;(t) and w = %—%‘, which results in that the veloc-
ity of the i-th particle is v; = % = —282‘3—2‘ = —A&%w. Fig-
ure 7(a) shows the profiles of a decaying solitary wave at dif-
ferent time ¢ by solving Eq. (1) directly and numerically. The
parameters are chosen as § = 10 kg/s and R = 0.006 m. Other
parameters are the same as before. Figure 7(b) is the graph of
an analytical solution of the damped KdV equation (9), given
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by Eq. (10). In Fig. 7(b), for the sake of simplicity, —w is in-
stead of w when making the graph. We can see from Fig. 7 that
the analytical results are rather similar to the numerical results,
implying that it is indeed that the damped KdV equation can
be used to describe the solitary waves propagating in a one-
dimensional granular chain when the damping effect is taken
into account. We also computed the numerical results and ana-
lytical solutions under lots of different parameters. The graphs
for those results are omitted because they are similar to Fig. 7.

5. Conclusion

We numerically investigate the nonlinear wave propagat-
ing in a one-dimensional particle chain when the damping
effect is taken into account. It is found that decaying soli-
tary waves exist which can be described by the damped KdV
equation. The numerical results indicate that the amplitude of
the solitary wave decreases exponentially as time increases.
Meanwhile, the velocity of the solitary wave also slows down
as time goes on. This result also implies that the damping co-
efficient is an important parameter in such a nonlinear system.
Finally, comparing the numerical solution to the analytical so-
lution of the damped KdV equation shows that the numeri-
cal solution and analytical solution are consistent qualitatively
with each other.
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