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1 Ú ó

8c¯�uÐ��6NEâ�3ØäJ,�
6Nì��5UÚõU. ~X, Yun � [1] ï�
�
«3�ºÝ^�e|^L¡Üå°Ä�¿äk4
$UÑ��", TXÚk"A^uB�ª)Ô�>
ì�¥; Gordillo � [2] ï���í�)¤C��)
¤��þ?�í�. Tí����é�, nØþ�
±��=kL¡¹5JÚ�N��A�©f�þ
Ý. �
Æö�{é�Ï�¥�N��N9¡�m
�Ed5?1AÏ?n, ±Ú�6N3�NL¡$
Ä, $�ï�g'Ä�� [3]. ù
Eâ�"±{ü
(¹��ª¢y�«��!B�(��\ó [4]. þ
ã�«�ì��ïu~~�9�ºÝ^�e�a
Edy�!f[y�±9�gd¡6N�6Äy
�. �[
)6N3�ºÝ^�e�6ÄÅn, ´
�6NEâmu�'�, I�?12��\�ïÄ.

�XÚ�ºÝC��, �N�L¡È�NÈ
'ò¬O�, ù¦����m�Ed5wÍK�
�N�$ÄA5. 6N3�Ï�¥6Ä�Ì�
É	|å!Å5åÚL¡Üå��^, .5å�

K�~~�±�ÑØO [5]. du��¤�, ~~
ØU?1�õ��ºÝ6N¢�, O�Åê�
�[K�±Jø'��¦�&E. 8c·^u�
�ÚB�ºÝ6Nê��[��{Ì�k�A
kÛ�{ (Monte Carlo method)[6]!©fÄåÆ�
{ (molecular dynamics method)[7]!�f - À�[ù
�{ (lattice Boltzmann method, {¡ LBM)[8] ±9
ÑÑâfÄåÆ�{ (dissipative particle dynamics,
{¡ DPD)[9] �. du DPD �±�[���mSX
Ú0*(��üCL§, É�IS	Æö�2�
'5. 8c DPD ®²¤õ/A^uéE,6NÚ
E,6ÄL§��[, XàÜÔ!p©f!�NM
���*/m!�©l!6N6CA5!h/Y/L
¡¹5JNX!õ�6Ä±9�Ï�¥6N6Ä
��[� [10,11], ~X Liu �$^ DPD �{�[

�kgd¡�6N3²�Ï�Ú Y /Ï� [10,11]

ÚÙ¦�
�ì� [12] ¥�6Ä, �[���(J
��A�¢�*ÿ¬Ü.
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CÏ�ïÄ%L²|¤Ö��á���´�Y
� [13], Ö��ÕYÅn3uAÏ�L¡o÷¤�
���Ed5, �=Ö�L¡AÏ��*(�û
½
Ù�ÕY5. Ó�, <��uy, L¡�*/
�¤�)��A��r¦���mdÜ©Ed�
��Ed=z [14]. ù
y�w«L¡�(�é�
��m�Ed5�U¬�)��K�. �8c
��, 'uo÷L¡�(�é�6N6ÄK��ï
Äó��,�M. ~X Huang � [15,16] $^ LBM
�[
6N3�]ø�o÷L¡�Ï�¥�6Ä;
Mchale � [14] K�[
o÷L¡éu�N3�N
L¡òÐL§�K��; �gw� [17] ÏL��9
¡�Ed5FÝ, $^ LBM �.�[
��L¡
ÜåFÝ°Ä��%$Ä. ù�¡�&¢kÏu�
��t�Ù9¡ÿÀ(�é�6N6Ä1��K
�Ån�eÄ:, ´���~��ïÄ��K.

�©$^0*ºÝê��[Eâ —— ÑÑâ
fÄåÆ�{�[
�%3�«d]ø¤�¤�
o÷L¡�Ï�S�$Ä1�, ©Û
d]ø�¤
�o÷L¡éäkØÓEd5��%$Ä1��
K�. �©æ^�´d Liu � [10,11,18] #CJÑ�
�«� “á§ü½!�§áÚ” �âfm³U¼ê,
l�±�[�í��½�kgd¡6N�6Ä.
Äk, ·��[
�%3ØÓ§Ýe�·��>
�, ?Ø
���m!���mâf�p�^�·
��>��'X; Ùg, ïÄ
lÕY5 (θ = 130◦

) ��Y5 (θ = 70◦) ^�eäkØÓ9¡Ed
5�]ø�Ï�é�%$ÄA5�K�; 2g, Ï
LUC	|å�e�©þ (αF = 45◦, αF = 30◦,
αF = 0◦), ïÄ
ØÓ�Ý	|åé�%$ÄA
5�K�; ��, ÏLUC�%�§Ý (kBT = 1.0,
kBT = 0.8) ±UC�%�ÅÝÚ�í�Ý', l
?Ø§Ýé�%3]ø�Ï�¥$ÄA5�K�.

2 DPD { 0

2.1 DPD ��� ...

DPD ´�«#,�0*ºÝ6N�[Eâ,
u 1992 c d Hoogerbrugge Ú Koelman J Ñ [9].
3 DPD ¥, z�âf�L�´�ì©f (½�f),
�©fì�md�Åå!ÑÑåÚ�Åå�p�
^. duù
©fì�m��p�^'©f�m�
�p�^” ^” �õ, Ïd�±æ^'©fÄåÆ�

�õ��mÚ�. ���mÚ�Ú��âfºÝ¦
�ÑÑâfÄåÆ'©fÄåÆ3�[6N�¡
k�¢S�^å. DPD �Ì�þÅð, âf�m
�p�^�é¡5, �y
XÚ�ÄþÅð. DPD
¥�âfdu3ëY��m�lÑ��fþ$
Ä, Ïd�Ì Galilean ØC5. DPD �±n)�÷
*��©6Ä���§3�ºÝþ��Å£ã [19],
lù�¿Â`, DPD �{´ë��*©fÄåÆ�
{Ú÷*6NåÆ�{���xù, ´�«'�¢
^�0*ºÝ6N�[Eâ.

ÄuÚî$Ä�§, DPD XÚ¥z�âf� 
�Ú�Ý��m�Cz5Æ�

dri

dt
= vi,

dvi

dt
= fi + Fe, (1)

ª¥µri Ú vi �âf� �Ú�Ý¥þ; fi �¤
kÙ¦âf (Ø�)âf i ��) �^3âf i þ�
å; Fe �âf¤É��Ù¦	åXp©fó��
5å�; t ��m. DPD XÚ¥ü �þ�ü�â
f��þ, Ïd�^3z�âfþ�å����u
âf�\�Ý�. âf�m�Äå�p�^dÑÑ
åÚ�Åå|¤, ùüÜ©�^�pÖ�¦�XÚ
�²þÄU��ð½�.

fi � ) � Å å FC,ij , Ñ Ñ å FD,ij Ú � Å
å FR,ij nÜ©, Ù¥z�Ü©ÑL«âf�m
�üü�p�^µ

fi =
∑
j 6=i

(FC,ij + FD,ij + FR,ij), (2)

ª¥�¦ÚÎÒé�½��ä�» rc S¤k�Ø
�)âf i �Ù¦âf?1¦Ú (XJâf�m�
ål rij > rc, Kâf�m��p�^�").

�Åå FC,ij ��^3ü�âf�%ë���
þâf�m��^å, �L«�µ

FC,ij = aijwC(rij)r̂ij , (3)

ª¥µaij ��ÅåXê, L«âf i �âf j �
m���^��, wC(rij) ��Åå�¼ê, Ù��
�âfmål rij k'. rij = ri − rj , rij = |rij |,
r̂ij = rij/|rij |.

â f j � ^ 3 â f i þ � Ñ Ñ å (½ ö {
å)FD,ij �±L��µ

FD,ij = −γwD(rij)(r̂ij · vij)r̂ij , (4)

ª ¥ µwD � � â f m å l rij k ' � � ¼ ê,
� rij > rc �, wD �"; vij �âf�m�é�
Ý, vij = vi − vj ; γ �ÑÑXê, γ c¡�KÒL²
ÑÑå��^��o´Ú�é�Ý vij ����.
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ÑÑå��^o´{�âf�m��é$Ä,
ÏdÑÑå�^�(J¬ü$XÚ�ÄU. XÚÄ
U�ü$òd�Åå FR,ij Úå�âf��Å$Ä
?1Ö�, �Åå FR,ij �L��µ

FR,ij = σwR(rij)ξij r̂ij , (5)

ª¥µwR ���âf�mål rij k'��¼ê,
¡��Åå�¼ê, � rij > rc � wR �"; ξij �
�ÅCþ, Ù²þ��"���� ∆t−1, ∆t ��
mÚ�; σ ��ÅåXê. ��Åå��, �ÅåÚ
ÑÑå��^3âf�%�ë���.

Espanol � [20] �ïÄL², (4), (5) ª¥�ü�
�¼ê�p'é, üö�U?���, Ù�p'X
�L��µ

wD(r) = w2
R(r). (6)

ÑÑåXê γ Ú�ÅåXê σ ��p'é, üö�
�U?���µ

σ2 = 2γkBT, (7)

ª¥µkBT �XÚ� Boltzmann §Ý, �XÚ�Þ
á - ÑÑnØ�aq [21].

Fan � [22] �ïÄL², æ^²����¼ê
k|uJp DPD XÚ� Schmidt ê, Ïd�©¥æ
^U?��¼êL�ª, =

wD(rij) = w2
R(rij)

=


√

1 − rij

rc
rij < rc

0 rij > rc,

(8)

U?���¼êU
3âf�m�)�r�ÑÑ
å.

2.2 ���ÅÅÅååå���¼¼¼êêê���UUU???

DÚ� DPD �{æ^��Åå�¼ê���
Xü½5��54~¼ê

wC(rij) =

 1 − rij

rc
rij < rc

0 rij > rc,
(9)

(9) ª¥ù«�Åå�¼ê½¦âf�l*d, Ó
â��O��m. ¤±$^ù«�¼ê�U�[a
qíN�5�, ØU�[�í��y�Ú�kgd
L¡�6N6Äy� [23,24]. Liu � [11] ë�1wâ
fÄåÆ (SPH) ¥�1w¼ê, |^ 3 g�^¼ê
��5|Ü�E
#��Åå�¼ê, #��Åå
�¼ê3âfªC�Ly�ü½�/ª, �âf

ª��Ly�áÚ�/ª. #��Åå�¼ê·^
u�©��[. SPH[25] ¥�~^�ng�^1w
¼ê�

W (r)

= W (r, rc)

=



1 − 3
2

(2r

rc

)2

+
3
4

(2r

rc

)3

0 6 2r

rc
< 1,

1
4

[
2 −

(2r

rc

)]3

1 6 2r

rc
< 2,

0
2r

rc
> 2.

(10)

ùp rc ��ä�», éAu SPH �{¥�1w�
Ý h, T 3 g�^¼ê´�K!üN~��, ¿�3
�mà:?�±1w. À�ù« 3 g�^¼ê��
«�5|Ü, ©O�±ØÓ�XêÚ�ä�», ,
�¦±�^rÝ a, l��âfm�p�^³¼
ê, L��

U(r) = a[AW (r, rc1) − BW (r, rc2)], (11)

ùp W (r, rc1), W (r, rc2) ´ (10) ª¥�ng�^
¼ê, rc1, rc2 ��ä�», A, B ��N��^rÝ
Xê, a ��ÅåXê. W (r, rc1) Ú W (r, rc2) ©O
L�ü½�^ÚáÚ�^, A Ú B ©OL�ü½�
^ÚáÚ�^�rÝ, rc1 Ú rc2 ©OL�ü½�^
ÚáÚ�^��^��. rc1 Ú rc2 ±9 A Ú B �
ÀJÒ½
 U(r) �/G. DPD âfm��Åå�
³¼ê�^FÝ���ê, =

FC,ij = − dU(r)
dr

r̂ij = −a
[
AW ′(r, rc1)

−BW ′(r, rc2)
]
r̂ij , (12)

éá (3) ªÚ (12) ª��U?���Åå�¼ê�

WC(rij) = −
[
AW ′(r, rc1) − BW ′(r, rc2)

]
. (13)

ÜnÀJ rc1 Ú rc2 ±9 A Ú B, ÒU���
A�¹ “á§ü½!�§áÚ” ��Åå³¼ê
Ú�¼ê. �
Æö�cÏïÄ¥� A = 18.75,
A = 2.0, B = 1.0, rc1 = 0.8, rc2 = 1.0, =�Åå³
¼ê�

U(r) = 18.75
[
2.0W (r, 0.8) − W (r, 1.0)

]
, (14)

(14) ª¥��ëê�|Ü, �±¦��í�m��
Ý'�u 600, lÑy.�©²��í.¡ [18],
Ïd� (14) ª��Åå³¼êUk�/�[�k
gd¡�6N. þã³U¼ê¤/¤��í.¡�
�[?Ø, �ë�©z [18,26,27]. �©�[¤æ^
��Åå³¼ê=� (14) ª�/ª.
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3 ·��>���[

·��>���[L§Xã 1 ¤«. T�[«
��AÛº�� (X ¶)!° (Y ¶)!p (Z ¶) �
� 80, 2, 80. 3 Z ��Ù�þe9¡, T9¡dn
�·��âf|¤, 3�[«�¥%Ù����Î
/�%. T�.�d 8336 �âf|¤, Ù¥6Nâ
f 6416 �, 9¡âf 1920 �. �.¥ X Ú Y ��
æ^±Ï5�>.^�, Ï�9¡æ^ Fan � [22]

JÑ�Ãw£>.^�. T9¡�.æ^ “È5” �
âf�L9¡, 39¡NC�6N«����Û�,
3ù�Û�S�±6ÄÃw£^�. äN�-Û�
S�âf�Ý���Å©Ù, �Ý�����½
�XÚ§Ý�éA, ��âf�Ý�¥þ²þ��
" (�·��9¡�éA). ?�Ú, -TÛ�S�
âf±�½�Ýlm9¡, l�yâfØBß9
¡. Ùlm��Ý�:

vi = vR + n
(√

(n · vR)2 − n · vR

)
, (15)

Ù¥, vR ��Å�Ý¥þ, n �9¡ü {�¥
þ (��6N), ��©z [22]. Ù¦�
�ëê
�: σ = 3.0, ²�ëê λ ��mÚ� ∆t ©O� 0.65
Ú 0.01.

�©�[æ^U?� DPD �Åå³U¼ê,
6 N â f � m � p � ^ � ³ U ¼ ê � U(r) =
af [AW (r, rc1) − BW (r, rc2)], af �6NâfÚ6N
âf�m��^åXê; 9¡âfÚ6Nâf�m
�p�^�³U¼ê� U(r) = awf [AW (r, rc1) −
BW (r, rc2)], Ù¥ awf �9¡âfÚ6Nâf�m

��^åXê. þã³U¼ê¥�ëê� (14) ª(
½��, = A = 2.0, B = 1.0, rc1 = 0.8, rc2 = 1.0,
af = 18.75. ù��.BU���í²ïG�: �Ü
©6Nâf¬à3�å, /¤½��Î/gd¡;
�Ü©6Nâf3�[«�¥/¤í�.

ã 1 ·��>��[�.«¿ã

�[¥��%�\��÷ Z ¶K���é�
��Ý, 4Ùúú�Ce9¡. du9¡âfÚ�
%âf�m��p�^, �%¬ÏEdUå�ØÓ
ØÓ§Ý/áN�9¡þ, /¤½�·��>
�. ÏLUC awf/af ��5UC�%�EdUå.
�©�[ïÄ
�%§Ý kBT = 1.0 Ú kBT = 0.8
ü«�¹e, �%��>�� awf/af �Cz. �[
L§�$1 105 Ú.

ã 2 ØÓ^�e�%�9¡/¤�·��>�. (a) kBT = 1.0, awf/af = 0.707; (b) kBT = 1.0, awf/af = 1.0; (c)
kBT = 1.0, awf/af = 1.225; (d) kBT = 0.8, awf/af = 0.707; (e) kBT = 0.8, awf/af = 1.0; (f) kBT = 0.8, awf/af = 1.225
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��%eá�e9¡¿�e9¡�>��Ä
�²ï�, �%�/GCqu±9¡������,
Xã 2 ¤«. ù�·�ÒUÿ��%��>� θ[28].
ã 2 (a), (b), (c) ´ kBT = 1.0, awf/af ��©O
� 0.707, 1.0, 1.225 �/¤�·��>�; ã 2(d),
(e), (f) ´ kBT = 0.8, awf/af ��©O� 0.707, 1.0,
1.225 �/¤�·��>�.

�%3�N9¡/¤��>����´6N
âf�m�SàåÚ6Nâf�9¡âf�m�
áNå�p|ï�(J. dã 2 ¤«, �X awf � af

'��O�, 9¡âfé6Nâf�áÚ�^Åì
Or [29], �%É��9¡áNåO�, �%��>
�Åì~�, Ed5O�. §Ýü$�, �%�ÅÝ
O�, �í�Ý'wÍO�. §Ý�UCÑ�/K
��%3�N9¡��>�.

ã 3 awf/af �·��>��'X. (a) kBT = 1.0; (b)
kBT = 0.8

du DPD �[¥�3�Åå, ¤±�%�
9¡�ª��� ´Ä�²ïG�, Ïd�>�
�¬�X�mu)���ÅÄ. �ud, 3ÿþ
z � awf/af � ¤ é A � � > � �, · � ÿ Ñ 3
�����>�, ,�òù 3 �ÿþ��²þ
���T awf/af �éA��>�. ã 3 ¤«�
3 kBT = 1.0 Ú kBT = 0.8 ü«§Ýe awf/af �

��·��>��'X.
|^ 2 gõ�ª[Üþãü|êâ, [ÜÑ�

úª©O�µ
� kBT = 1.0 �,

θ = 20.202
(awf

af

)2

− 129.71
(awf

af

)
+ 181.61, (16)

� kBT = 0.8 �,

θ = 25.509
(awf

af

)2

− 134.63
(awf

af

)
+ 180.89. (17)

l[Ü�ã��±wÑ, 3Ó� awf/af �'�
e, kBT = 0.8 ���>�Ñ�u kBT = 1.0 ��
�>�, §Ýü$�, 6Nâf�m�SàåO�,
�Ñ9¡áNå�UåOr, ¤±§Ýü$�%�
��>�ÑkO�.

4 �%3�k]ø��Ï�¥�$Ä
�[�©Û

4.1 999¡¡¡EEEddd555ééé���%%%$$$ÄÄÄAAA555���KKK���

]ø�Ï��.Xã 4 ¤«. TÏ��AÛº
�� 120× 10× 16 (� × ° × p), ]ø�AÛº�
� 7 × 3 (� × p), ]øãà>�AÛº�� 3×3
(� × p). TÏ�9Ù¥�6N�d 37760 �âf
|¤, Ù¥|^n�·��âf|¤9¡, |¤Ï
�9¡�âfoê� 16960 �, |¤6N�âfo
ê� 20800 �. 9¡�6Nâf�Ð©ü�dc?
n^�)¤, 6Nâf�Ð©�Ý��´�Å�,
Ù���XÚ¤�½�§Ý�éA, 9¡âf�
�Ý©ª�" (=�” È4”). �[¥, Y �� (R
�u�¡��) Ú X �� (Y²��) þæ^±Ï
5�>.^�, Ï�9¡æ^ Fan � [22] JÑ�Ã
w£>.�., Ù¦�
ëê�µσ = 3.0, ²�ë
ê λ = 0.65, �mÚ� ∆t = 0.01.

âfm��^³¼ê U(r) = AW (r, rc1) −
BW (r, rc2) ¥�ëê��� A = 2.0, rc1 = 0.8,
B = 1.0, rc2 = 1.0, 6Nâf�m��ÅåX
ê af = 18.75. �g�[¥� kBT = 1.0. $^ (16)
ª [ Ü “awf/af ∼ θ”  � ¦ � � kBT = 1.0,
af = 18.75 �, �>�� 130◦, 110◦, 90◦, 70◦, 50◦,
�éA� awf/af ��©O� 0.426, 0.610, 0.808,
1.024, 1.263. �
Bu'�ØÓEd5^�e�
%3�Ï�]øL¡�$ÄA5, ·�ò�%�
�Ï�þL¡�·��>��½� 90◦ ØC, (=
� awf/af = 0.808), =UC�%��Ï�eL¡�
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·��>�. ÏLN!e9¡� awf/af �5UC
6Nâf�e9¡âf�m��^å, ±�[3Ø
Ó�e9¡Ed5^�e�%�6ÄA5.

3�[�Ð©�ã, 6Nâf�±gd$Ä,
�ã�m�, 6Nâf3 “á§ü½, �§áÚ”
�³U¼ê�^e��9åÆ²ï�: �Ü©6
Nâf®à3�å/¤�ã�%, =ã 4 Ï�¥
çÚ�Ü©; �Ü©6Nâf3Ï�¥/¤í�.
��²ï��, �z�6Nâf�\��±Y�
��e	|å g = 0.01

√
2, aF = −45◦ (g �	|

å���, aF �	|å��^��, = gx = 0.01,
gz = −0.01), %�3	|å��^em©$Ä.
ã 5 ��Ï�e9¡¥ÕY5 (θ = 110◦)!¥5
Y (θ = 90◦)!�Y5 (θ = 70◦) �, �%3z� 20
��mÚ�ÏL]øÏ���6Ä/�ã.

ã 4 �Ï��.«¿ã

(a1)

(a2)

(a3)

(a4)

(a5)

(a6)

(b1)

(b2)

(b3)

(b4)

(b5)

(b6)

(c1)

(c2)

(c3)

(c4)

(c5)

(c6)

ã 5 ØÓe9¡Ed5e, �%6Ä�/�ã (a1) θ = 110◦, t = 100; (b1) θ = 90◦, t = 100; (c1) θ = 70◦, t = 100; (a2)
θ = 110◦, t = 300; (b2) θ = 90◦, t = 300 (c2) θ = 70◦, t = 300; (a3) θ = 110◦, t = 500; (b3) θ = 90◦, t = 500; (c3) θ = 70◦,
t = 500; (a4) θ = 110◦, t = 700; (b4) θ = 90◦, t = 700; (c4) θ = 70◦, t = 700; (a5) θ = 110◦, t = 900; (b5) θ = 90◦, t = 900;
(c5) θ = 70◦, t = 900; (a6) θ = 110◦, t = 1100; (b6) θ = 90◦, t = 1100; (c6) θ = 70◦, t = 1100

lã 5 �±wÑ, ��²ï�±�, �%3	
|å��^e�m£Ä. 9¡Ed5�O�¬O\
�%$Ä�{å, ¦��%�6Ä�ÝwÍC�.
3fm©$Ä�, �%3	|å��^eÑyC/,
Xã 5(a1), (b1), (c1) ¤«, du�%þL¡��>
��½� 90◦, ¤±ã 5(a1), (b1), (c1) ¥�%�þ
9¡��>/�Ä��q; eL¡ØÓ�Ed5¦
��%�e9¡��>/�k¤ØÓ, Ed5��,
�%eL¡�ö:y��²w, �=�eL¡��
>¡È��.

e9¡Ed5�ØÓ����%²L1��
]ø�¥yÑØÓ�6ÄA5. lã 5(a1), (a2)

¥�±wÑe9¡¥ÕY5 (θ = 110◦) �, �%
Ø¬E\1��]ø��ÏL. e9¡¥¥Y
5 (θ = 90◦) �, �%�c�Ü©��ÏL1��
]ø� (Xã 5(b2)), �%���Ü©¿ØU��Ï
L´E\]ø.Ü (Xã 5(b3)). ¥Y5�¹e
�NL¡��%�m�áNå'ÕY5��r, ¤
±�%E\]ø; �´3L¡Üå��^e, �X
�%�m$Ä, E\31��]ø¥��N¬�:
Ñ (Xã 5(b3)—(b5)), ���%3]øL¡/¤�
��/�UY�m6Ä (Xã 5(b5)—(b6)). e9¡
¥�Y5 (θ = 70◦) �, l�%�c�?\]ø«
�m©, �X�%�m£Ä, �%c�¬ÅìE\
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1��]ø (Xã 5(c1)—(c2)), Ï��Y5�¹e
�9L¡��%�m�áNåér, �%3lm1
��]ø�, L¡ÜåÃ{òE\]ø¥��N:
Ñ, �%Ñy
ä�, Ü©�%�331��]ø
¥ (Xã 5(c4)—(c6)), ���{��%3]øL¡
/¤½�/�UY�m6Ä (Xã 5(c6)).

?�Ú, ��[ÚO
ØÓe9¡Ed5�
¹e]ø�Ï�¥�%$Ä��Ý. ã 6 ¤«
� θ = 130◦, θ = 110◦, θ = 70◦, θ = 50◦ ©O
� θ = 90◦ ��%�$Ä�Ýé'ã. �±wÑ, �
e9¡�ÕY5 (θ = 130◦, 110◦) �, �%3]ø
L¡$Ä�Ý�ÅÄÌÝ�� (Xã 6(a),(b) ¤«),
�e9¡�¥Y5 (θ = 90◦) Ú�Y5 (θ = 70◦,
50◦) �, �%3]øL¡��Ý¬Ñy²w�5Æ
ÅÄ (Xã 6(c), (d) ¤«).

�%��N9¡�>�, Éü«�^åÓ��

^: �«´�NSÜ©f�Sàå, �«´�N©
fé�N©f3áNå. ��.¥, �%3]øL
¡$Ä�EX “�ü�à>�> — ���à>
�>” �Ì�$Ä. ��% “�ü�à>�>” �,
�%�eL¡��>¡È��, ¤É��9¡á
Nå��, {åÒ��, d��%~�; ��% “�
��à>�>” �, �%�eL¡��>¡È��,
¤É��9¡áNå��, {åÒ��, d��%
\�. �%3]øL¡$Ä�\��~���O
ÑyE¤
�%�Ý�5ÆÅÄ. XJe9¡�E
d5�f, �%âfÉ��]øà>�áNå�
A�f, ùé�%$Ä�Ý�K�Ò�f, �%�
�ÝÅÄÒ��. XJe9¡�Ed5�r, �
%âfÉ�� ]øà>�áNå�A�r, ù
é�%$Ä�Ý�K�Ò�r, �%��ÝÅÄÒ
��.

ã 6 ØÓe9¡Ed5e, �%6�é'ã (a) θ = 130◦ � θ = 90◦ �6�é'; (b) θ = 110◦ � θ = 90◦ �6�é'; (c)
θ = 70◦ � θ = 90◦ �6�é'; (d) θ = 50◦ � θ = 90◦ �6�é'

4.2 			|||åååééé���%%%$$$ÄÄÄAAA555���KKK���

� ! �[ ¥ � ± 1 4.1 ! 	 | å � Y ² ©
þ Ø C, ï Ä 	 | å ç � © þ � C z é � % $
Ä A 5 � K �. Ä k, · � � [ 
 9 ¡ ¥ ¥ Y
5 (θ = 90◦) �vk]ø�²�Ï�¥�%�$Ä
�¹. À��²�Ï��AÛº�� 120 × 10 × 16
(� × ° × p), TÏ�9ÙSÜ6N�d 35200
�âf| ¤, Ù¥|^n�·��âf| ¤9

¡, |¤Ï�9¡�âfoê� 14400 �, Ï�
S��Nd 20800 �âf|¤. �Ü©6Nâ
f�páÚ¿/¤�%, Ü©6Nâf3Ï�
S / ¤ í �. � kBT = 1.0, ò � Ï � 9 ¡ �
�%��>��� 90◦, = awf/af = 0.808. À
� αF = 45◦(= gx = 0.01, gz = −0.01) Ú αF = 0◦

(= gx = 0.01, gz = 0) ü«	|å. ã 7 �ü«	
|å�^e�%3² �Ï � ¥�6 Ä/ � ã. l
ã 7 �±wÑ, � αF = 45◦ ��%�e9¡��
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>¡È²w�u�þ9¡��>¡È;  αF = 0◦

�, �%�þe9¡��>¡ÈO�, ���%3
6ÄL§¥É��{åO�, ÑyC9¡6N�ö
:y�.

�e5·��[ØÓ	|å�^e�%3]
øÏ�S�$ÄL§. ·�æ^: 1) αF = 45◦ �
��e�	|å (= gx = 0.01, gz = −0.01); 2)
αF = 30◦ ���e�	|å (= gx = 0.01, gz =
−0.00577); 3) αF = 0◦ �Y²	|å (= gx = 0.01,
gz = 0). �!�[E� kBT = 1.0.

ã 8 �þe9¡¥¥Y5 (θ = 90◦) ��%3
n«ØÓ	|åe�$ÄG�ã. lã¥�±w
Ñ, �X αF �~�, �%��Ï�þL¡��>¡
ÈO�, �eL¡��>¡È~�. � αF = 45◦,
3ÏLÄ�]ø��%��ãE\]ø¥. �X
�%UY�c$Ä, E\]ø�6N�:Ñ, ��
���%3]øL¡/¤�����/��c$
Ä, Xã 8(a1)—(a5) ¤«. � αF = 30◦ Ú αF = 0◦,
duç��eå�~�, �%3ÏL1��]ø�
Ø¬E\]øS´��^|ÏL¿�c$Ä, X
ã 8(b1)—(b5), (c1)—(c5) ¤«. αF = 45◦ �E\Ä
�]ø��Né���%�c�$ÄE¤���
{N, ¤±� αF = 45◦ ��%3]ø�Ï�S�
²þ6�²w$u αF = 30◦ Ú αF = 0◦ ��%�
²þ6�.

�±�%�þ9¡�Ed¥¥Y5 (θ = 90◦),

�e9¡¥�Y5 (θ = 70◦) �, �%�e9¡�
áNåOr, �%ÅNe9¡�ª³O\. ¤±
3 αF = 45◦, αF = 30◦, αF = 0◦ n«ØÓ	|å
e, �%Ñ¬3�LÄ�]ø�E\]ø.Ü, X
ã 9 ¤«. � αF = 45◦ �, �%ÏLÄ�]ø�,
E\]øS�ùÜ©�NØ¬�:Ñ´�33
]øS, ��%ÌN©�, Xã 9 (a1)—(a5) ¤«.
� αF = 30◦ �, duç��e�å~�, �%3Ï
LÄ�]ø��Ü©E\]øS��N¬�:Ñ,
=3]øSí3�Ü©�N, Xã 9(b1)—(b5) ¤
«. � αF = 0◦ �, ç��e�å~�� 0, E\Ä
�]øS��NÄ���:Ñ. ù`²�e9¡¥
�Y5 (θ = 70◦) �, 	|å��^��¬é�%
ÏLÄ�]ø�$ÄG��)é� �K �. αF �

ã 7 e9¡¥¥Y5 (θ = 90◦) �, ü«	|åe�%
3²�Ï�¥�6Ä/�ã (a) t = 230, αF = 45◦; (b)
t = 230, αF = 0◦

(a1)

(a2)

(a3)

(a4)

(a5)

(b1)

(b2)

(b3)

(b4)

(b5)

(c1)

(c2)

(c3)

(c4)

(c5)

ã 8 e9¡¥¥Y5 (θ = 90◦) �, ØÓ�Ý	|åe�%�6Ä/�ã (a1) αF = 45◦, t = 100; (b1) αF = 30◦, t = 100;
(c1) αF = 0◦, t = 100; (a2) αF = 45◦, t = 300; (b2) αF = 30◦, t = 300; (c2) αF = 0◦, t = 300; (a3) αF = 45◦, t = 500;
(b3) αF = 30◦, t = 500; (c3) αF = 0◦, t = 500; (a4) αF = 45◦, t = 700; (b4) αF = 30◦, t = 700; (c4) αF = 0◦, t = 700;
(a5) αF = 45◦, t = 900; (b5) αF = 30◦, t = 900; (c5) αF = 0◦, t = 900
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�, �%�e9¡�m��>¡È��, E¤�
{åÒ��. lã 9(a5), (b5), (c5) �±wÑ, �

% 3 αF = 0◦ � 6 � � �, αF = 30◦ � g �,
αF = 45◦ �6���.

(a1)

(a2)

(a3)

(a4)

(a5)

(b1)

(b2)

(b3)

(b4)

(b5)

(c1)

(c2)

(c3)

(c4)

(c5)

 

 

 

 

 

ã 9 e9¡¥�Y5 (θ = 70◦) �, ØÓ�Ý	|åe�%�6Ä/�ã (a1) αF = 45◦, t = 100; (b1) αF = 30◦, t = 100;
(c1) αF = 0◦, t = 100; (a2) αF = 45◦, t = 350; (b2) αF = 30◦, t = 350; (c3) αF = 0◦, t = 350; (a3) αF = 45◦, t = 600;
(b3) αF = 30◦, t = 600; (c3) αF = 0◦, t = 600; (a4) αF = 45◦, t = 850; (b4) αF = 30◦, t = 850; (c4) αF = 0◦, t = 850;
(a5) αF = 45◦, t = 1100; (b5) αF = 30◦, t = 1100; (c5) αF = 0◦, t = 1100

ã 10 ØÓe9¡Ed5e, n«	|å�^e�%6�é'ã (a) θ = 110◦; (b) θ = 90◦; (c) θ = 70◦

��[�ÚO
ØÓe9¡Ed5e, n«
	|å�^e�%�6�. �Ï�e9¡¥ÕY
5 (θ = 110◦) �, �%âfÚe9¡âfm�á
Nå�f, �%3]øL¡$Ä��Ý�ÅÄÌ

Ý��, �%$Ä�Ý3ØÓ�Ý�	|åe�C
z�Ø²w, Xã 10(a) ¤«. �Ï�e9¡¥¥
Y5 (θ = 90◦) �, �%3]øL¡$Ä��ÝÑ
y²w�5ÆÅÄ, Xã 10(b) ¤«. � αF = 45◦

034701-9



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 3 (2012) 034701

�, du�%ØU��ÏLÄ�]øu)E\y
�, {N
�%�m$Ä, �lã 10(b) ¥�±wÑ,
� αF = 45◦ �, �%ÏL1��]ø��Ýeü,
Ñy��$�; �6�ÅìO\, m©5Æ5�
ÅÄ, ù��%�NÏL
Ä�]ø¿UY½/
�m$Ä. � αF = 30◦ Ú αF = 0◦ �, �%3ÏL
Ä�]ø�Ø2ÑyE\y�, ´^|LÞ�]
ø¡, � αF = 45◦ �J@Ñy�Ý�ÅÄy�. �
%3�Y5 (θ = 70◦) ]ø9¡6Ä�, �Ý�Å
ÄÌÝ�ÕY5 ( θ = 110◦)!¥Y5 (θ = 90◦) �
�, �3 3 «	|å�^eÑ¬ÑyÄ�]ø�
E\y�. 3ØÓ	|åe, αF = 45◦ �, �%�Ý

5ÆÅÄ�ÌÝ��, αF = 30◦ �g�, αF = 0◦

�ÅÄ�ÌÝ��, Xã 10(c) ¤«.
�½���ç��e�©å�±\r�%�

]øL¡��>Uå, ¦�%3 “�ü�à>�>”
�U�¿©/�]øS9�>, Or
]ø9¡é
�%�áNå, ù�ç��e�©åÒaqu�r
Ed5�9¡. �,, ç��e©åØ¨L�, X
J©åL��%�L¡ÜåÒÃ{�Ñ9¡�á
Nå, �¦Ü©�Ni\]øS¿��%ÌNu
)ä�. ¤±3�½��Sç��e�©å��,
�%3]øL¡$Ä�Ñy��ÝÅÄÌÝÒ
��.

(a5) (b5)(a1)

αF=45O αF=0O αF=45O αF=0O

(a2)

(a3)

(a4)

(b1)

(b2)

(b3)

(b4)

(a6)

(a7)

(a8)

(b6)

(b7)

(b8)

ã 11 e9¡¥�Y5 (θ = 70◦) �, ØÓ	|åe�%6LÄ�]ø�6Ä/�ã (a1) t = 200; (b1) t = 200; (a2)
t = 220; (b2) t = 220; (a3) t = 240; (b3) t = 240; (a4) t = 260; (b4) t = 260; (a5) t = 280; (b5) t = 280; (a6) t = 300; (b6)
t = 300; (a7) t = 320; (b7) t = 320; (a8) t = 340; (b8) t = 340

�
?�ÚïÄØÓ�Ý	|åé�%$
ÄG��K�, ·�X©Û�Ï�e9¡¥�
Y5 (θ = 70◦) �, αF = 45◦ Ú αF = 0◦ ü«
	|å�^e�%6LÄ�]ø��6Ä/�.
� αF = 45◦ �, ç��e�©åO\
�%�
eL¡�áNå, ¤±�%3$ÄL§¥, �e
L¡��>¡È��u�þL¡��>¡È, X
ã (11a1) ¤«;  αF = 0◦ �, �%3$ÄL§¥
�þeL¡��>¡ÈÄ���, Xã 11(b1) ¤«.
� αF = 45◦ �, duç��e©å��^, �%c
��LÄ�]ø�, Òm©Øä/E\]øS, Ù
E\L§Xã 11(a1)—(a4) ¤«; �%�ÌNU
Y�c$ÄÅì�LÄ�à>, Xã 11(a5)—(a8)

¤«. � αF = 0◦ 	|å=kY²©å�, �%c
�3ÏLÄ�]ø�Ø¬E\�]øS, ´c
�¥�^Øä.��l��c$Ä, Xã 11(b1)—
(b4) ¤«; �%UY�c$Ä, EØ¬E\Ä�]
ø, ���%�c��>�Ä�à>, Xã 11(b5)—
(b8) ¤«.

4.3 §§§ÝÝÝééé���%%%$$$ÄÄÄAAA555���KKK���

Xc¤ã, ®�Ñ� kBT = 1.0, af = 18.75
�, � > � � 130◦, 110◦, 90◦, 70◦, 50◦ ¤ é A
� awf/af ��; ?�Ú�â (17) ª�[Ü(J,
� kBT = 0.8, af = 18.75 �, �>�� 130◦, 110◦,
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90◦, 70◦, 50◦ ¤éA� awf/af ��©O� 0.410,
0.593, 0.795, 1.021, 1.285. �!¥·�Eòþ9¡
�½�¥Y5 (θ = 90◦), 	|å�� αF = 45◦

(gx = 0.01, gz = −0.01), ± é ' kBT = 0.8,
Ú kBT = 1.0, ü«�¹e�%3]ø�Ï�¥
�$Ä�¹.

t/  

t/  

t/  

t/

t/

kBT/.↪ θ/O kBT/.↪ θ/O

ã 12 e9¡¥¥Y5 (θ = 90◦) �, ØÓ§Ýe�%6LÄ�]ø�6Ä/�ã

ã 13 ØÓe9¡Ed5e, 3 kBT = 0.8 Ú kBT =

1.0 ��%6�é'ã (a) θ = 90◦; (b) θ = 70◦

ã 12 �e9¡¥¥Y5 (θ = 90◦) �, ü«§
Ýe�%�6Ä/�ã. �±wÑ kBT = 0.8 �6
Nâf��í'O�!ÅÝO�, �¦�%36Ä
¥{åO�, 6�~�.

ã 13 �e9¡¥¥Y5 (θ = 90◦) Ú�Y
5 (θ = 70◦) �, kBT = 0.8 Ú kBT = 1.0 ü«§Ý
e�%�6Ä�Ýã. kBT = 0.8 �, �%3�§�
6�¬ü$, �%Ñy�ÝÅÄ����²w¢�
u kBT = 1.0 ��6¹, �%3]øL¡�Ý�Å
ÄÌÝ�Ñ�u kBT = 1.0 ��6¹. §Ýü$�
�%�ÅÝO�, �¦�%36Ä¥{åO�, 6
�ü$. �%ÅÝO��¦�E\Ä�]ø¥��
N�6Ä5~f, �%ÏLÄ�]ø��m��A
C�.

5 ( Ø

� © $ ^ DPD � { ¿ æ ^ # C d Liu
� [10,11,18] JÑ��« “á§ü½!�§áÚ”
�U?³U¼ê�[¿ïÄ
�%��N9¡�
EdA5±9�%3�k]ø��Ï�¥�6Ä
1�. �©Äk�[
�%��N9¡�m�·
��>�, ¿^ 2 gõ�ª[Ü
·��>� θ

� awf/af �'X; ,��[¿©Û
ØÓ9¡Ed
5!ØÓ	|å±9ØÓ§Ýé�%3�k]ø
��Ï�¥$Ä1��K�. (ØXe:

1) 9¡Ed5Ú	|åç��e�©þ¬w
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Í/K��%3]ø�Ï�¥�$Ä/�¶§
Ý�UCØ¬é²w/K��%3]ø�Ï�¥
�$Ä/�;

2) 9¡Ed5é�%3]øL¡��ÝÅÄ
ké��K�, �k]ø9¡��%�m�áNå
���½rÝ�, �%3]ø9¡â¬Ñy²w�
�ÝÅÄ;

3) �½���ç��e�©å�±\r�%
�]ø9¡��>Uå, O�
]ø9¡é�%�

áNå, Ù�^�J��uOr
]ø9¡�Ed
5;

4) ��%§Ýü$�, �%��í�Ý'O
�!ÅÝO�, 6Ä{åO�, ù¦��%3�§
�$Ä�ÝÑk~�.

�©$^ DPD �{��[(J��
Æöæ
^ LBM �{ [15,16] �[�(JÎÜ. ¼��(J
éuL¡o÷�(�é�6N6ÄK��ïÄk
�½�ë�d�.
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Abstract

In this paper, an improved dissipative particle dynamics(DPD) method is used to simulate droplet motion in a grooved microchan-

nel. In the improved DPD method, a recently proposed combination of short-range repulsive and long-range attractive interaction is

adopted can simulate fluid flows with free surfaces, such as droplet motions. Firstly the static contact angle between the droplet and the

solid wall is simulated with a new potential function, and “static contact angle∼ awf/af” curve is obtained by the 2nd order polyno-

mial fit. Then the influences of wall wettability, flow field force, and droplet temperature on the flow pattern of droplet in the grooved

microchannel are investigated. The results show that wall wettability and flow field force have large affects on the flow pattern of the

droplet, while droplet temperature has little effects on it. The results in this paper are helpful for understanding the fluid flow behavior

with free surfaces on rough surface.
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