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éDÚ�1wâfÄåÆ�{?1
U?, U?�1wâfÄåÆ�{éDÚâf�{¥�ØCqªÚâf
Cqª?1
?�, æ^ Riemann �{¦)1wâfÄåÆ6N���§, V\
L¡Üå�O�§S, �Ä
L
¡Üåé�%íá�K�. A^U?�1wâfÄåÆ�{é�%·�G�eÀÂ�¡��íL§?1
ê��
[. O�(JL², U?�1wâfÄåÆ�{U
k�/£ã�%íá�¡�ÄåÆA5ÚgdL¡CzA�,

U
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1 Ú ó

�%íá�¡y�2�/�3ug,.Úó
�)�¥, �%íáy�´�«;.�Ø�Ø 
gdL¡6Ä¯K, é�%íá��\ïÄé�
¸ó§!�B�ó§±9��ó§kX�©�
����^. duÙ�3$Ä>.ÚE,�C/
¯K, gdL¡Ú$Ä.¡J±k�JlÚÓP©
dagdL¡6Ä¯K�ê��[��´O�6
NåÆ+����JK, ��I�éÙ?1AÏ�
?n. ;.�gdL¡Ú$Ä.¡Jl9ÓP�
{k: 1) Particle-in-Cell (PIC)[1] �{; 2) PIC �U?
�{ —–Marker-and-Cell (MAC)[2] �{; 3) Volume-

of-Fluid (VOF)[3] �{; 4) Level-Set (LS)[4] �{�.

PIC �{Ó^S���, ¿��U�ÑgdL¡
ü�, ØU(½°( �, 3?n�C/�Ø�
��; MAC �{�3O��dp[9\Èê�Ø
�¯K; VOF �{)û
¦^�þS��ÑIP
:�¯K, �du VOF ¼ê3gdL¡þ�7ë
Y,   I��Ep°Ý� �©�§lÑ�ª;

LS �{O�¥�þJ±Åð, ¦)L§éE,A

Û«�·A5��.

1wâfÄåÆ (smoothed particle hydrody-

namics, SPH)[5,6] ´�«g·A Lagrange .Ã��
âf�{. 1994 c, Monaghan[7] Äkò SPH �{
^u�[fØ�Ø gdL¡6Ä. du SPH �{
�g·A5, ¦� SPH {�úª�E¿ØÉâf
©Ù�?¿5¤K�, Ïd�±?n�
äk�C
/!$Ä�.¡!�C/>.!gdL¡�AÏ
5��¯K, ;�
 Lagrange �{¥����(Ú
Û±9��y©. Cc5, �X SPH �{O�
°ÝÚ½5�Øä�õÚU?, SPH �{�2�
/A^uó§Ú�Æ���+� [8−10].

I S	� N õ Æ ö æ ^ Ø Ó � � { é �
% í á¯K ? 1 L ï Ä, Harlow Ú Shannon[11]

æ^
 MAC �{�[
�%íá¯K©Oguz

Ú Prosperetti[12] æ^ BEM �{éåÚL¡Ü
å�^e�%ÀÂ�¡�.¡[£y��
ê�
ïÄ. é�% [13] æ^¢���{é�%íá�¡
¯K?1
ïÄ. )Å� [14] æ^���¦âfk
���{�[
��Y¾%áY¡¿�íÑm�
L§. M� [15] æ^��ÝK�{(ÜY²8�{,
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¦)�� Navier-Stokes �§, �[
Y%íáL§
Û�_� [16] |^>.��{é�%ÀÂÓ«�N
�Ã���¡�
ê��[ïÄ. Üu� [17] A^
�f Boltzmann �{, (ÜY²8.¡�Eâé
�%3�í¥gdeá!�%ÀÂ�¡��L§
?1
ê�O�. ~ï§� [18] A^ÑÑâfÄå
Æ�{ïÄ
�ºÝe�%�ÄåÆA5. æ^
1wâfÄåÆ�{é�%íá¯K?1ê��
[�ïÄ���.

�©æ^1wâfÄåÆ�{é�%íá¯
K?1
ê��[. �%ÀÂ�¡L§¥, �%Ú
�¡�>«�âf�á�5� (X�Ý!Ør!
�Ý�) FÝCzé�, ¬��ÛÜ��ëYÚm
ä, |^DÚ SPH �6N���§¬��O�(J
��ýÚO�¥�. L¡ÜåÚ¤�[¯K�ºÝ
9|±�Sâfê���'. XJºÝ'��, L
¡Üå�K����±�Ñ¶,	XJ,âf±
�|±�Sâfêv
õ, L¡Üå�K���7
wÍ©�%íáL§¥, �Ä��%�ºÝÚ|±
�Sâf��, Ïd, L¡Üå�^Ø��À. �©
3yk� SPH �{�nØÄ:þæ^ Riemann )
{é6N���§?1U?, 3Äþ�§¥V\

L¡Üå, �Ä
L¡Üåé�%íá�¡L§¥
�K�. �Ä�O�(J�½5Ú°Ý, �;�
Ñy>."�Ú?E�ëY«�Ø¼ê�ëY5,

éØCqªÚâfCqª?1
?�©A^U?
� SPH �{k�/�[
�%íá�¡¯K.

2 1wâfÄåÆ

31wâfÄåÆ�.¥, XÚ�G�^�X
�5��Ó�âfXÚ5£ã, ù
âf�¹X�
g�á�á5, X�Ý!Øå!�Ý�, �Uì
Åð���§�5Æ$Ä©Ïd, SPH �{´�«
X Lagrange /ª�Ã��âf�{©

2.1 111www¼¼¼êêê

3 SPH �{¥, ?�âf�÷*Cþ f(x) Ñ
�±L«�K��S�|ÃS:þ��L«¤È
©��O���:

〈(x)〉 =
∫
Ω

f(x′)W (x − x′, h)dx′, (1)

ª ¥ Ω �| ± �, h �1 w � Ý, W �1 w ¼
ê (smoothing function) ½Ø¼ê©

ò (1) ªlÑ�±��:

〈f(xj)〉 =
N∑

j=1

mj

ρj
f(xj)Wij , (2)

ª¥ N �âf i �|±�¥�âf�oê; ρj

Ú mj �âf j ��ÝÚ�þ; Wij �âf j éâ
f i �)K��1w¼ê. (2) ªL²âf i ?�?
�¼ê��ÏLA^1w¼êéÙ;|�S¤k
âf�éA�¼ê�?1\�²þ?1Cq.

éu�%ÀÂ¯K, DÚ� SPH �{duâf
Cq�ªéJ�y��$�"��ëY5, �%í
á�¡¬��âf�'5�X�Ý!�Ý!Ør
�FÝ�:ìCz, �Ä�O�(J�½5Ú°
Ý,�;�Ñy>."�Ú?E�ëY«�Ø¼ê
�ëY5, éØCqªÚâfCqª?1
?�.

éâf i þ�|¼ê?1 Taylor Ðm

f(x) = fi +(x−xi)fxi +
(x − xi)2

2
fxxi + · · · , (3)

^1w¼ê W é�§ü>�¦, ,�?1È©�:∫
Ω

f(x)Wi(x)dx = fi ·
∫
Ω

Wi(x)dx

+fxi

∫
Ω

(x − xi)Wi(x)dx

+
fxxi

2

∫
Ω

(x − xi)2Wi(x)dx

+ · · · . (4)

3�§¥

fi = f(xi), (5)

fxi = fx(xi) = (∂f/∂x)i, (6)

fxxi = fxx(xi) = (∂2f/∂x2)i, (7)

Wi(x) = W (x − xi, h). (8)

�Ñ�§¥�¹�ê��, Ò�±��3 xi

:þ�|¼ê f(x) �?�ØCqª:

fi =

∫
Ω

f(x)Wi(x)dx∫
Ω

Wi(x)dx
, (9)

3 xi :?�âfCqª�ª���:

fi =

N∑
j=1

(
mj

ρj

)
fjWij

N∑
j=1

(
mj

ρj

)
Wij

. (10)
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�©¤æ^�1w¼êÀ^ Quintic .Ø¼
ê [19], /ªXe:

W (r, h) = αD

(
1 − R

2

)4

(2R + 1),

0 6 R 6 2, (11)

ª¥ R =
|xij |

h
=

|x − x′|
h

©3ü��Ie,

αD = 7/4πh2.

XJ1w�Ý�X�mÚ�m�CzCz,

KI��±âfm�p�^�é¡5. �©ÏL
¦)�p�^âfé�1w�Ý��â²þ��
� [20], = hij =

hi + hj

2
.

2.2 LLL¡¡¡ÜÜÜååå

�%íá�¡�L§¥, L¡Üåéu�%

íá�U�)��6ì�$ÄåXwÍ��^.

3 SPH �{¥, éuL¡Üå�O�, ïÄöJÑ

õ«¦)��. [21−24]. �
�[L¡ÜåÚ6
�N�p�^�K�, L¡Üå����V\3Ä
þÅð�§¥.

dνi

dt
= −

N∑
j=1

mj

( pi

ρ2
i

+
pj

ρ2
j

+ Πij

)
∇iWij

+g +
1

mi
· fi, (12)

fi ´âfm�p�^�\3âf i þ��^å:

fi =
N∑

j=1

fij .

fij �L�ª�:

fij =


sij cos

(1.5π

3h
|xj − xi|

) xj − xi

|xj − xi|
, |xj − xi| 6 h

0, |xj − xi| > h

. (13)

�â�^å���^å�n, fij = −fji, duâfm�p�^�°(/ªØ´ê��[¤õ�'�, �
Ä�$��Ç, �âfmå�u 1/3h �, âfm�^åLy�ü½å, �âfmå�u 1/3h �u h �,

âfm�^åLy�áÚå, �âfmå�u h �, âfm�^å�".

2.3 ���ÄÄÄ Riemann )))��� SPH 666NNN���������§§§

|^ SPH �{�ØCqÚâfCq��Y, ���Xe SPH lÑ/ª� Navier-Stokes �§:

dρi

dt
=

N∑
j=1

mjνij∇iWij ,

dνi

dt
= −

N∑
j=1

mj

( pi

ρ2
i

+
pj

ρ2
j

+ Πij

)
∇iWij + g + fi,

dei

dt
= 1

2

N∑
j=1

mj

( pi

ρ2
i

+
pj

ρ2
j

+ Πij

)
νij∇iWij ,

dxi

dt
= νi − ε

N∑
j=1

mj

ρj
νijWij .

(14)

�%ÀÂ�¡L§¥, �%Ú�¡�>«�âf�á�5� (X�Ý!Ør!�Ý�) FÝCzé�,

¬��ÛÜ��ëYÚmä, |^DÚ SPH �6N���§�{¬��O�(J��ýÚO�¥�. Ä
u Riemann ){éu�ëY¯KÚmä¯K¦)�k�5, �©æ^ Riemann ){� SPH 6N���§�
±L«�: 

dρi

dt
= −

N∑
j=1

mj(ν∗
ij − νi)∇iWij ,

dνi

dt
= −

N∑
j=1

mj2p∗ij

( 1
ρ2

i

+
1
ρ2

j

+ Πij

)
∇iWij + g + fi,

dei

dt
= −1

2

N∑
j=1

mj2p∗ij

( 1
ρ2

i

+
1
ρ2

j

+ Πij

)
(ν∗

ij − νi)∇iWij ,

dxi

dt
= νi − ε

N∑
j=1

mj

ρj
(ν∗

ij − νi)Wij ,

(15)
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p∗ij , ν∗
ij � Riemann ){éA�ØrÚ�Ý), de

ª¦�:

ν∗
ij =

piρiν
R
j + ρjcjv

R
i + pi − pj

ρici + ρjcj
,

p∗ij =
piρici + pjρjcj − picipjcj(νR

j − νR
i )

ρici + ρjcj
, (16)

Ù¥: νR
j = ν · xij

|xij |
.

Πij �<óÅ5�

Πij =


−αcijµij

ρij
νijxij < 0

0 vijxij > 0
, (17)

µij =
hνijxij

x2
ij + η2

, (18)

xij = xi − xj , (19)

νij = νi − νj , (20)

cij =
ci + cj

2
, (21)

η2 = 0.01h2, c Ú ν ©OL«(�Úâf��
Ý¥þ.

3 �~9©Û

þ¡¤£ã� Riemann �{ÚL¡Üå�§
S, ±9éØCqªÚâfCqª?1�?�, ^
5é�%íá�¡¯K?1ê��[ïÄ.

3.1 ÐÐÐ©©©ëëëêêê999âââfff©©©ÙÙÙ

ã 1 �Ñ
�%íá�¡�Ð©�.AÛº
�. �.¥Nìº�° 2 m, p 2 m; NìS�N
�° 2 m, p 1 m; �%�Ð©¥%pÝ� 1.84 m;

�%�»� 0.16 m; Ð©âfmå 0.02 m; �O
âfoê 11119 �, Ù¥>.âf 603 �; �mÚ
� 0.001 s; 1w�Ý 2.6021529E-02 m; ���[L
§$1 3.5 s.

3.2 êêê������~~~999(((JJJ©©©ÛÛÛ

�©^U?� SPH �{�[
���%%á
�¡¿�íÑm��²·e5���L§. ã 2 �
Ñ
ØÓ���gd¡/G. 3Ð©��, �%3
å\�Ý��^em©eá; 3 t = 0.331507 s

�, �%eá��>�¡��. �, d�, �%d
uÉ�L¡Üå���, 3�%Ú�¡�>: 
�, �%.ÜÑy
C/, Xã 2(a) ¤«; ��, �

%EÂ�¡, Xã 2(b) ��, �%m©»�¿��
NKÜ, �NduÉrÀÂ�üým©�í, d�,

�%Ú�¡�>«�âf�á�5� (X�Ý!Ø
r!�Ý�) FÝCzé�, ±��NÅì�þÚ
�üý*Ñ; ã 2(c) ��, �N�üý�í; íå�
�%3��müý9¡ÀÂ�L§¥¬�9¡±
9eÜ��¡/¤��íN�n, Ó�, �¡du
ÀÂ/¤��]�, ]�üý�¡:ì,p, ]�
KÅìC�C�, Xã 2(d) ¤«; 3ã 2(e) ��, í
å��%EÂ�9¡, Úüý�¡KÜ, ��du
å��^m©�e$Ä, Ó�, ÀÂ/¤�íN
�nÅì��; ã 2(f) ��, du�%ÀÂ���
¡�Ä³U=�, �¡¬ì�ÅÄ, üý�¡��
NduåÚL¡Üå��^Åìeá, ¥m]�
��¡m©þ,; ã 2(g) ��, íå��%à Å
Ä��p:, /¤��Å¸; ��¥mÜ©��N
duå�^m©eá, üý��N�üý�9¡
ZÄ, Xã 2(h) ¤«; ã 2(i) ��, 6NduÅÄÀ
Âüý9¡, üý�¡:ì,p; üý�6N��

�p:�m©eá, ¿�)ZÄ, Xã 2(j) ¤«;

ã 2(k) ��, du¥Ü�N~��¯, ü>�N~
��ú, �¡/¤aqlf�/G; ��6N3Ð
�ÝÚå��^e, ²{Ag�¡���ÅÄ,

�XÅÄÌÝ�ÅÚ~�, �¡��ªu·�G�.

ã 1 �%íá�¡�Ð©�.ã

ã 3 �Ñ
�Ó��dU?� SPH �{�©
z [14] ���¦âfk���{���gd¡/
Gé'ã. �±wÑ, U?�1wâfÄåÆ�{
k�/�[
�%íá¯K, ��½Ú�p°Ý
�(J, �Ñ
�%ÀÂ�¡������gd¡
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/G, ��
�%»�!KÜ!±9�¡��í!
ÅÄ�Ôny�, °[/�x
$Ä.¡���[

£L§. ê��[(J�©z [14] ���(JÎÜ
��Ð, �Ôny���.

ã 2 �%íá�¡� SPH �[(J (a) t = 0.331507 s; (b) t = 0.374523 s; (c) t = 0.556238 s; (d) t = 0.687364 s;

(e) t = 0.796122 s; (f) t = 1.070378 s; (g) t = 1.228543 s; (h) t = 1.504268 s; (i) t = 1.964762 s; (j) t = 2.238543 s;

(k) t = 2.506924 s; (l) t = 3.309427 s
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ã 3 �Ó��U?� SPH �{� LSPFEM �{���(Jé'

054701-6



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 5 (2012) 054701

ã 4 t = 2.5 s ��âf©ÙÚ��/Gé'ã

ã 4 �Ñ
 t = 2.5 s ��âf©Ù���/
Gé'ã, ��/Gãd©z [14] �Ñ. é'�±
wÑ, æ^U?� SPH �{k�/é�%íá�¡
¯K?1
ê��[, ;�
æ^���{?n�

C/¯K�5���ÆCÚ»�, ±9>."��
���O�°ÝÚ½5��¯K.©z¥�,é
k���{?1
?�, ����/G�´Ñy

ÆC, w«
U?�1wâfÄåÆ�{3?ng
dL¡¯KÚ�C/¯Kþ�k�5.

4 ( Ø

�©3DÚ� SPH �{�nØÄ:þé SPH

�{¥�ØCqªÚâfCqª?1
?�, æ
^ Riemann �{¦)1wâfÄåÆ6N���
§, ;�
�%ÀÂ�¡L§¥, �%Ú�¡�>
«�âf�á�5� (X�Ý!Ør!�Ý�) F
ÝCzé�ÚåÛÜ��ëYÚmä��O
�(J��ýÚO�¥�. 3Äþ�§¥V\
L
¡Üå, �Ä
åÚL¡Üåé�%íá�¡�
K�. A^U?� SPH �{�[
�%íá�¡¯
K. ïÄL²: U?�1wâfÄåÆ�{k�/
�[
�%íá¯K, ��½Ú�p°Ý�(J,

�Ñ
�%ÀÂ�¡������gd¡/G. ê
��[(J�©z [14] ���¦âfk���{
���(JÎÜ��Ð, �Ôny���. ©z¥
�,ék���{?1
?�, ����/G�´
Ñy
ÆC, w«
U?�1wâfÄåÆ�{3
?ngdL¡¯KÚ�C/¯Kþ�k�5. �%
ÀÂ�¡L§¥, �¡duÀÂ¬/¤aq]��
�n, íå��¡duL¡ÜåÚå��^¬�
�9¡±9eÜ��¡/¤íN�n, ÚåY¡�
ÌÅÄ!�íY��.¡[£y�, ��
�%»
�!KÜ, ±9�¡��í!ÅÄ�Ôny�, °
[/�x
$Ä.¡���[£L§.
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Numerical simulation of droplet impact on liquid with
smoothed particle hydrodynamics method∗
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Abstract

In this paper, we present a modified smoothed particle hydrodynamics (SPH) method. The kernel approximation and the particle

approximation are corrected to ensure that polynomial functions are exactly interpolated up to a given degree. Riemann solver is adopted

to solve equations of fluid motion. A surface tension calculation program is used for considering the surface tension effects in droplets

splashing. The process of droplet impact on liquid surface is numerically simulated by the modified smoothed particle hydrodynamics

method. The numerical results clearly demonstrate that the modified SPH method can effectively describe the dynamics of droplet

splashing and the variation of the free surface, and that the accuracy of the results can be stable.
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