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�\ïÄ. �âó´d N ��¥Ú���¥�O

ü�
¤�, e�âó¥k M ��¥, KTóo¥

ê� L = MN + M + N . æ^gd>.^�, �N

-ECqnØ���Å3DÂL§¥�¥���

ªÇ!Å�DÂ�Ý±9ÅÏL�^�âó��

m. ïÄuy�¥���ªÇ�X�»�O�
~

�. �N-ECqnØ�Ñ�ÅÏL�^�âó�

m, 3 N 6 2 ��O�Å�[(JÎÜ�éÐ. �

�X N �O�, nØ���(J�éØ�C�.
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2.1 ÃÃÃþþþjjjzzz

���âXÚ¥, �âm��p�^åÌ�

´ Hertzian�p�^å=�5å. b½�âódá

��Ó�»ØÓ�¥�¤, K���âm� Hertz

�p�^å [3]

F (δi,i+1) = ki,i+1(δi,i+1)
3/2H(δi,i+1), (1)

Ù¥ δi,i+1 = Ri + Ri+1 − (xi+1 − xi) �ü�¥

�Ø þ, xi Ú Ri ©O�1 i �¥� �Ú�».

ki,i+1 =
2E

3(1 − v2)

√

RiRi+1

Ri + Ri+1
��âm��5X

ê, E Ú v ©O��âá��
¼�þÚÑt'.

H(x) ��F¼ê, � x > 0 � H(x) = 1, � x 6 0

� H(x) = 0. 1 i �¥�$Ä�©�§�

Mi
d2xi

dt2
=ki,i−1δ

3/2
i,i−1H(δi,i−1)

− ki,i+1δ
3/2
i,i+1H(δi,i+1), (2)

Ù¥ Mi �1 i �¥��þ, i = 2, · · · , L − 1. �½
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¦¥�Ð©�Ýþ�". �
�BnØ©Û±9O

�Å�[, ·�ò¤k�þ?1­#IÝ. ½ÂÃ

þj~þ
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2
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2ER3
1

, (3)

Ù¥ M1 Ú R1 ©O��âó¥1��¥��þÚ
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ui =
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, τ =
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R1ξ2/5
,
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R1
, mi =

3Mi

4πρR3
1

, (4)

K (2) ª�z�
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d2ui

dτ2
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3/2H(ui−1 − ui)

− ηi,i+1(ui − ui+1)
3/2

× H(ui − ui+1), (5)
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¤��âó, KÃþjz��¥��þ!�»Ú

�¥m��5�þÑ� 1, �¥��þÚ�»©O
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044501-2



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 4 (2012) 044501

���Å�nØïÄÚ�N-EnØïÄ. �©Ä

k©Û N = 2 ���âó, ,�2ò¤��(J*

Ð� N > 2 ��¹, ��±Ï.���âónØ©

Û�Ê·(J.

3.1 2 : 1 ±±±ÏÏÏ...���������âââóóó

Äk©Ûdü��¥Ú���¥�Oü��

¤��âXÚ, Xã 1 ¤«. 1 i, i + 1, i + 3, i +

4, i + 6, i + 7 �¥��¥, 1 i + 2 Ú i + 5 ��¥.

i⇁ i⇁

i⇁i⇁i⇁i⇁i⇁i

ã 1 2 : 1 ±Ï.���âó

�âó¥¥�$Ä�©�§���

üi = − (ui − ui+1)
n−1H(ui − ui+1),

üi+1 =(ui − ui+1)
n−1H(ui − ui+1)

− η(ui+1 − ui+2)
n−1H(ui+1 − ui+2),

müi+2 =η(ui+1 − ui+2)
n−1H(ui+1 − ui+2)

− η(ui+2 − ui+3)
n−1H(ui+2 − ui+3),

üi+3 =η(ui+2 − ui+3)
n−1H(ui+2 − ui+3)

− (ui+3 − ui+4)
n−1H(ui+3 − ui+4),

üi+4 =(ui+3 − ui+4)
n−1H(ui+3 − ui+4)

− η(ui+4 − ui+5)
n−1H(ui+4 − ui+5),

müi+5 =η(ui+4 − ui+5)
n−1H(ui+4 − ui+5)

− η(ui+5 − ui+6)
n−1H(ui+5 − ui+6),

üi+6 =η(ui+5 − ui+6)
n−1H(ui+5 − ui+6)

− (ui+6 − ui+7)
n−1H(ui+6 − ui+7),

üi+7 =(ui+6 − ui+7)
n−1H(ui+6 − ui+7). (8)

©z [21] uy uü��¥�m��¥¬k��

1�. du�¥���Ì��, �±�Ñ, Ïd�¥

� £�Cq�u��ü��¥� £Ú���,

=

ui+2 =
ui+1 + ui+3

2
,

ui+5 =
ui+4 + ui+6

2
. (9)

e � ´ � Ä 1 i + 1, i + 2, i + 3 n � ¥, K

k müi+2 + üi+1 + üi+3 = 0, �â (9) ª�±�

� (1 + m/2)(üi+1 + üi+3) = 0, ù�n�¥Ò�±

w�ü�¥5?1?n. 1 i + 4, i+ 5, i+ 6 �¥�

æ^Ó��?n�{. ½Â���þ µ = 1 + m/2,

K (8) ª�z�

üi = − (ui − ui+1)
n−1H(ui − ui+1),

µüi+1 =(ui − ui+1)
n−1H(ui − ui+1)

− η

2n−1
(ui+1 − ui+3)

n−1H(ui+1 − ui+3),

µüi+3 =
η

2n−1
(ui+1 − ui+3)

n−1H(ui+1 − ui+3)

− (ui+3 − ui+4)
n−1H(ui+3 − ui+4),

µüi+4 =(ui+3 − ui+4)
n−1H(ui+3 − ui+4)

− η

2n−1
(ui+4 − ui+6)

n−1H(ui+4 − ui+6),

µüi+6 =
η

2n−1
(ui+4 − ui+6)

n−1H(ui+4 − ui+6)

− (ui+6 − ui+7)
n−1H(ui+6 − ui+7),

üi+7 =(ui+6 − ui+7)
n−1H(ui+6 − ui+7). (10)

ÏLCq?n�����óXã 2 ¤«, üà¥�

�þÚ��C¥��5~êÑØCE,� 1, ¥m

¥��þþ� µ, ¥�¥m��5~êC�
η

2n−1
.

i⇁i⇁i⇁i⇁i⇁i

ã 2 ��� 2 : 1 ±Ï.�âó

²L���, éu1 i + 2 ��¥�©ÛÒ=

z¤
é���ó¥ i + 1 Ú i + 3 ¥�©Û. �N

-E-E�nØÄ:´-E�u)3�Ck-E

1��ü��âþ. �ü�¥�mu)-E�, �

â (10)ª��Ù$Ä��§�

µüi+1 = − η

2n−1
(ui+1 − ui+3)

n−1,

µüi+3 =
η

2n−1
(ui+1 − ui+3)

n−1. (11)

½Â#�Cþ δ = ui+1 − ui+3, Kk

δ̈ =üi+1 − üi+3

= − 2

µ
· η

2n−1
(ui+1 − ui+3)

n−1

= − η

µm2n−1
δn−1, (12)

Ù¥ µm = µ/2, =�rü�¥w����N��

���þ. ®�-Ec�k1 i + 1 ¥k�Ý, i + 3

¥��Ý�", K�â (7) ª���ù��XÚ�

Ð�Ý� (v0 = 1)

δ̇(0) =u̇i+1(0) − u̇i+3(0)
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=u̇i+1(0) = vi+1

=
2v0

1 + µ
=

2

1 + µ
. (13)

� â U þ Å ð ^ �
1

2
µmδ̇2(t) +

η

2n−1n
δn(t) =

1

2
µmδ̇2(0), K

δ̇(t) =

[

δ̇2(0) − 2

µm
· η

2n−1n
δn(t)

]1/2

=

[

δ̇2(0) − η

2n−3nµ
δn(t)

]1/2

. (14)

� i + 1 � i + 3 ¥��Ý�Ó= δ̇ = 0 �, ü¥�

Ø þ���� δmax. �â (14) ª����Ø 

þ

δmax =

[

2n−3nµ

η
δ̇2(0)

]1/n

. (15)

Ïd, �Ål1 i + 1 D�1 i + 3 �¥¤^��m

�

T =

∫ δmax

0

dδ

δ̇

=
√

π

(

2n−3nµ

η

)1/n
[

δ̇(0)
]2/n−1 Γ (1 + 1/n)

Γ (1/2 + 1/n)

=
√

π2−
2n+1

2n n
1
n r−

1
2n (1 + r)

1
2n

(

2 + r3
)

1
n

×
(

4 + r3
)

n−2
n

Γ (1 + 1/n)

Γ (1/2 + 1/n)
, (16)

KÅ3Tó¥�DÂ�Ý� Vs = 1/T .

�¥��ÄªÇ�

f =
1

2π

√

2(n − 1)

m
η

1
n

(nµ

8

)
n−2

2n

[

δ̇(0)
]

n−2

n

=

√
n − 1

π
2

1−n

2n n
n−2

2n r
1−3n

2n (1 + r)
−

1
2n

×
(

2 + r3
)

n−2

2n

(

4 + r3
)

2−n

n . (17)

3.2 N : 1(N > 2) ±±±ÏÏÏ...���������âââóóó

òTnØ©Û*Ð� N > 2 �±Ï.���

âó, N ��¥Ú���¥�Oü� (Xã 3 ¤«),

o¥ê� L = MN + M + N .

N N N

ã 3 M > 2, N > 2 ��âó

ó¥�¥�$Ä�©�§�

m1ü1 = − η1(u1 − u2)
n−1H(u1 − u2),

miüi =ηi−1(ui−1 − ui)
n−1H(ui−1 − ui)

− ηi(ui − ui+1)
n−1H(ui − ui+1),

mLüL =ηL−1(uL−1 − uL)n−1

× H(uL−1 − uL), (18)

Ù¥ i = 2, · · · , L − 1. æ^�þ¡�Ó��{?1

Cq©Û, �����ó (� L − M �¥) ¥�¥

�$Ä�©�§�

µ1ü1 = −ℜ1(u1 − u2)
n−1H(u1 − u2),

µiüi =ℜi−1(ui−1 − ui)
n−1H(ui−1 − ui)

−ℜi(ui − ui+1)
n−1H(ui − ui+1),

µL−M üL−M

=ℜL−M−1(uL−M−1 − uL−M )n−1

× H(uL−M−1 − uL−M ), (19)

Ù¥

µ =µN = µN+1 = µ2N = µ2N+1 = · · ·
=µMN = µMN+1 = 1 + m/2,

ℜ =ℜN = ℜ2N = · · · = ℜMN

=
η

2n−1
= 21−n

(

2r

1 + r

)1/2

. (20)

Ù¦����þ!�»Ú�5~êÑ� 1. ÅÏL

��ó¥1 N, 2N, · · · , MN �¥��m�

Ti =

∫ δmax
i

0

dδi

δ̇i

=
√

π

(

2n−3nµ

η

)1/n

×
[

δ̇i(0)
]2/n−1 Γ (1 + 1/n)

Γ (1/2 + 1/n)
. (21)

ÅÏL1 N + 1, 2N + 1, · · · , MN + 1 �¥��m

�

Ti =
√

π
(nµ

4

)1/n [

δ̇i(0)
]2/n−1

× Γ (1 + 1/n)

Γ (1/2 + 1/n)
. (22)

ÅÏLÙ¦¥��m�

Ti =
√

π
(n

4

)1/n [

δ̇i(0)
]2/n−1

× Γ (1 + 1/n)

Γ (1/2 + 1/n)
. (23)

�â (21), (22)Ú (23) ª�±��ÅÏL�^�â

ó��m�

t =

L−M
∑

i=1

Ti. (24)
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4 O�(JÚ?Ø

�
�ynØ��(5, ·�é N : 1 ±Ï.

���âó¥�áÅ�DÂ1�?1
O�Å�

[, ¿ò�[(J�nØ(J?1'é. ã 4 ��

âó¥Ü©âf��Ý��m�Czã�, ã 4(a)

� M = 2 �� 2:1 ±Ï.���âó, ã 4(b)

� M = 25 �� 2:1 ±Ï.���âó. lã¥

�±wÑ, �����âó¥¥��Ý (^J�

L«) �Ð©ó¥�éA¥��Ý (^¢�L«)

ÎÜéÐ.

     

(b)

(a)

⊲

⊲

⊲

⊲

⊲

⊲

v

t

             

֓⊲

⊲

⊲

⊲

⊲

⊲

⊲
i⇁

i⇁

i⇁

i⇁


i⇁

v

t

i

ã 4 Ð©ó¥�¥�Ý (¢�) Ú��ó¥�¥�Ý (J�) �

�mCzã� (�¥�» r = 0.3) (a)M = 2 �� 2:1.±Ï.

���âó¥z��¥��ÝCz�¹; (b) M = 25 �� 2:1

.±Ï.���âó¥1 12—15�¥��ÝCz�¹

⊲ ⊲ ⊲ ⊲ ⊲








f

r

ã 5 2:1±Ï.���âó¥Û��ÄªÇ��¥�»�Cz

'X (�%�´O�Å�[(J, ¢�´nØ(J)

ã 5 � 2:1 ±Ï.���âó¥�¥�ÄªÇ

��¥�»�Cz'X. �%�´O�Å�[�(

J, ¢�´ (17) ª�nØO�(J, Ù¥ n = 5/2.

�Å3�âóDÂL§¥, du¥���Øþ!5,

3�¥NCÚå�Û��Ä�. lã 5 ¥�±wÑ,

Û��Ä��ªÇ��¥��»k', ¿��»~

�
O�. ,��¡, 3CqnØ?nL§¥, ò�

¥�Ù����¥��¤��¥, l
¦d�þ�

����ü«�â|¤��âó=z¤�þ��

���ü«�â|¤��âó, =ò��k"��

�âóCqw�
�þþ!��âó. ã 5 ?�Ú

�y
þãCqnØ?n��(5.

      












 r/⊲
 r/⊲
 r/⊲
 r/⊲

t

M ↼N/↽

M ↼N/↽

M ↼N/↽
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[4] Carretero-Gonález R, Khatri D, Porter M A, Kevrekidis PG,

Daraio C 2009Phys. Rev. Lett. 102 024102

[5] Hong J, Xu A 2001Phys. Rev. E 63 061310

[6] Hong J 2005Phys. Rev. Lett. 94 108001

[7] Daroio C, Nesterenko V F, Herbold E B, Jin S 2006Phys. Rev.

Lett. 96 058002

[8] Daraio C, Ngo D, Nesterenko V F, Fraternali F 2010Phys. Rev. E

82 036603

[9] Job S, Santibanez F, Tapia F, Melo F 2009Phys. Rev. E 80

025602(R)

044501-6



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 4 (2012) 044501

[10] Porter M A, Daraio C, Herbold E B, Szelengowicz I, Kevrekidis P

G 2008Phys. Rev. E 77 015601(R)

[11] Vergara L 2006Phys. Rev. E 73 066623

[12] Wang P J, Xia J H, Li Y D, Liu C S 2007Phys. Rev. E 76 041305

[13] Wang P J, Li Y D, Xia J H, Liu C S 2008Phys. Rev. E 77

060301(R)

[14] Daraio C, Nesterenko V F, Herbold E B, Jin S 2005Phys. Rev. E

72 016603

[15] Nesterenko V F, Daraio C, Herbold E B, Jin S 2005Phys. Rev.

Lett. 95 158702

[16] Hascoet E, Herrmann H J 2000Eur. Phys. J. B 14 183

[17] Daraio C, Nesterenko V F 2006Phys. Rev. E 73 026612

[18] Jayaprakash K R, Starosvetsky Y, Vakakis A F 2011Phys. Rev. E

83 036606

[19] Rosas A, Lindenberg K 2004Phys. Rev. E 69 037601

[20] Harbola U, Rosas A, Esposito M, Lindenberg K 2009Phys. Rev.

E 80 031303

[21] Harbola U, Rosas A, Romero A H, Esposito M, Lindenberg K

2009Phys. Rev. E 80 051302

[22] Harbola U, Rosas A, Romero A H, Lindenberg K 2010Phys. Rev.

E 82 011306

[23] Pinto I L D, Rosas A 2010Phys. Rev. E 82 031308

[24] Pinto I L D, Rosas A, Lindenberg K 2009Phys. Rev. E 79 061307

Binary collision approximation for solitary wave in
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Abstract

We study solitary wave propagation in periodic dimer granular chains of beads with the same material but different sizesby binary

collision approximation. This kind of chain which is called“N : 1 dimer” consists of pairs ofN big beads and one small bead. First we

present a method to map the actual chain into an effective chain, then use the binary collision approximation to obtain the transmitted

solitary wave speed, the total time taken by the pulse to passthrough the chain, and the frequency of oscillation of the small particle.

Frequency of oscillation, which increases with the decrease of the radius of the small particle, is analytically obtained. And the results

are in excellent agreement with numerical results. For the total time of the pulse passing through the chain, the resultsof theoretical

analysis is in good agreement with numerical results whenN 6 2. The relative error seems no change with the chain length but

becomes larger with the increase of the value ofN .

Keywords: periodic dimer granule chain, solitary wave, binary collision approximation
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