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�©ïá
����fÀ�[ù�{ - ��gÄÅ (lattice Boltzmann method-cellular automaton, LBM-CA) ÍÜ
�., év�L§¥{¬)�Úí�/¤?1�[ïÄ. ��.æ^ CA �{�[{¬�)�, �â.¡M�²ï{
O�{¬)��°Äå. æ^Äu Shan-Chen õ�6� LBM �[í�3��¥�)�Ú$Ä. 3 LBM-CA �ÍÜ
�.¥�¹
� - � - ín��m��p�^. A^ Laplace ½nÚ�[í - � - �n��m�d�y�é�.?1

�y. A^¤ïá� LBM-CA ÍÜ�.�[ïÄ
í - ��p�^Xêéüí�)��K�. uyüí��)�
�ÝÚ²ï�»�í - ��p�^Xê�O�
O�. ½�v�L§¥{¬Úí�)���[(J2y
{¬�J
`)�!í��`k/Ø �!í����!Ü¿!3{¬mÉ@C/±93��Ï�¥�$Ä�Ôny�, �
¢�(JÎÜûÐ. d	, Ð©íN¹þ�p, v�(å�í��NÈ©ê��é�p. ��.��[(J�±�«
3v�L§¥í�/Ø!)�Ú$Äüz±9�{¬)��p�^�ÔnÅn.
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*Ñ��í�)��.Úw�|�ÍÜí�)�
�.. íN*Ñ��í�)��.��âØÓÐ
©¹íþÚv��Ýéw�í��NÈ©ê?1
��ýÿ, �ØU£ãw�|�Úí�/m. w�
|�ÍÜí�)��.´ò0*ºÝ���gÄ
Å (cellular automaton, CA) Úk��©�{�ÍÜ,
�Äv�L§¥�í�2©�Ú*Ñ, �±�[¬
â|�ÍÜí�)��/m [3,4]. �duT�.v
k�ÄÜ7M�|3v�L§¥�Cz, �b½/
¤�í�´�½ØÄ�, Ï
ØU£ã{¬/m!
í��üz[£!±9üöm��p�^y�.

±�*©fÄåÆÚ0*ÄnØ�§�Ä
:��fÀ�[ù�{ (lattice Boltzmann method,
LBM) ´ 20 õc5uÐå5��«#�6Nê�
O�#�{ [5,6]. T�{l�*�Ýò6NÄ��
d�þJ[âf¤�¤�lÑXÚ, z�6Nâf
�Ã5K�9$Ä, ¿ÏL�p-E��ÄþÚU
þ, l
Ly�÷*�6N6Äy�. Ïd, LBM J
ø
éX6N6Ä�÷*y�Ú�*���xù.
duÙ�*âfA5±9�±?n?¿E,�>
.¯K, LBM �~·^u�[E,0�¥�ü�
½öõ�6N1� [7−10]. Cc5, 3w�|���
[+�, LBM ®�A^u�[é6�^e�{¬
)�5Æ [11−13], ±9 ¬Ü7¥�� - �©ly
� [14]. �ÿ���A^ LBM éí - � - �n��
�NX¥�{¬)�Úí�/¤?1�[ïÄ�
©z��.

CA �{Ué�«w�|�?1�[¿äk�
p�O��Ç, Ï
3|��[�¡��
�¯�
uÐ [15,16]. �©ò�[ü�6� LBM Ú�[{¬
)�� CA �{�ÍÜ, ïá����� LBM-CA

ÍÜ�., év�L§¥{¬)�Úí�ÛÑ!�
�Ú$Äüz�y�Ú5Æ?1�[ïÄ.

2 �.9�{

2.1 ííí - ���üüü���666 LBM ���...

Xc¤ã, LBM ò6NÄ��d�þJ[â
f¤|¤�8ÜN. ù
J[âfU�½��ª3
lÑ�fþ?1-EÚ[£üz
/¤
÷*�
6N6Äy�. 3 LBM ¥^©Ù¼ê5�L�*
J[âf. 3��÷v�½�é¡5^��5K�
�¥é Boltzmann �§?1lÑ¦)5£ãJ[
âf©Ù¼ê�üz5Æ, ¿�â©Ù¼êO�6
N��ÝÚ�Ý. Äu Shan-Chen ütµ���Ê
� (D2Q9) õ�6 LBM �. [17,18], 3�Ä�C�
�¹e, í�ü�6Ä��f Boltzmann üz�§
�L«� [14]

fσ
i (x + ei∆t, t + ∆t) − fσ

i (x, t)

= − 1
τσ

[fσ
i (x, t) − f

σ(eq)
i (x, t)] + ωi∆ρσ,

σ = 1, 2, i = 0, 1, · · · , 8, (1)

ª¥, σ = 1 � σ = 2 ©OL«ü�ØÓ�6N
�, 3�©¥ σ = 1 ����, σ = 2 ��í�;
fσ

i (x, t) Ú f
σ(eq)
i (x, t) ©O� σ �6N�âf©

Ù¼êÚ²ï©Ù¼ê; τσ ´Ãþj�ëê, L
« σ �6Nâf�©Ù¼ê��²ï��tµ�
m; ∆ρσ L«3���mÚ��Sd�CÚå� σ

�âf�Ý�Czþ; ωi ��­Xê, éu D2Q9
�., ω0 = 4/9, ω1−4 = 1/9, ω5−8 = 1/36; ei �â
f3 i ���$Ä�Ý, ½Â�

ei = c ·


(0, 0), i = 0,

(cos[π(i − 1)/2], sin[π(i − 1)/2]), i = 1, 2, 3, 4,

(cos[π(i − 5)/2 + π/4], sin[π(i − 5)/2 + π/4]), i = 5, 6, 7, 8,

(2)

ª ¥, c = ∆x/∆t, � � f � Ý, ∆x � � m
Ú �, ∆t � � m Ú �. (1) ª ¥ â f ² ï ©
Ù ¼ ê f

σ(eq)
i (x, t) d � � � � Ý ρσ(x, t) Ú �

Ý uσ(x, t) ¤(½,

f
σ(eq)
i (x, t) =ωiρ

σ(x, t)[1 + 3(ei · uσ(x, t))/c2

+ 4.5(ei · uσ(x, t))2/c4

− 1.5(uσ(x, t))2/c2]. (3)

��6N�¢S�Ý ρσ(x, t) Úü�6N�²þ�
Ý u(x, t) �dâf©Ù¼ê¦Ñ,

ρσ(x, t) =
8∑

i=0

fσ
i (x, t), (4)

ρ(x, t)u(x, t) =
2∑

σ=1

8∑
i=0

eif
σ
i (x, t), (5)
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Ù¥ ρ(x, t) L«ü�6N��N�Ý,

ρ(x, t) =
2∑

σ=1

8∑
i=0

fσ
i (x, t). (6)

� � ² ï © Ù ¼ ê ¥ � � Ý uσ(x, t) � d e
ªO�:

ρσ(x, t)uσ(x, t)

=ρσ(x, t)u(x, t) + τσF σ(x, t), (7)

Ù ¥ F σ(x, t) L « � ^ 3 í � ü 6 N � þ �
�^å.

3 Shan-Chen õ�6�.¥ [17,18], ü�6N
�m��^å^ F σ

c (x, t) L«, Ù½Â�

F σ
c (x, t) = − Gcψ

σ(x, t)
8∑

i=0

ωiψ
σ̄

× (x + ei∆t, t)ei, (8)

ª¥, ψσ(x, t) L«6N�k��Ý, §´6N�Ý
�¼ê, 3�©¥� ψσ(x, t) = ρσ(x, t). Ïf Gc

´í - ��p�^Xê, �.¡Üå�'. d	, 3
,���!,� �?6N¤É��Øå p(x, t)
�d6N��Ý ρ(x, t) ±9k��Ý¼ê ψσ(x, t)
?1O�, ÙL�ª�

p(x, t) =
ρ(x, t)

3
+

Gc

3
ψσ(x, t)ψσ̄(x, t). (9)

�Ä�� - í�=C�, í��O\¿�X���
~�, � (1) ª¥d�CÚå�í!��âf�Ý
Czþ�'X� ∆ρg = −∆ρl, �©¥ ∆ρg ^eª
O�:

∆ρg = −(ρg + ρl)∆φ, (10)

ª¥, ∆φ L«��=C�í��þ, ���=C�
���þ�': ∆φ = A∆fs, Ù¥ ∆fs L«��=
C����þ, A �Xê, �©� A = 10−6.

2.2 ���[[[{{{¬¬¬)))������ CA ���...

3 CA �.¥, æ^.¡ÛÜM�²ï{O�
{¬)��°Äå [19], ={¬)��Ý�'u� -
�.¡�²ï��¤©�¢S��¤©��. �â
.¡�M�²ï^�, 3���mÚ� ∆t ¥, � -
�.¡��¥���©êOþ ∆fs �deªO�:

∆fs = (Ceq
l − Cl)/[Ceq

l (1 − kp)], (11)

ª¥ Ceq
l �� - �.¡?���²ï¤©; Cl �

� - �.¡?���¢S¤©, kp ��ð½�M�

©�Xê. �â� - �.¡?9åÆ²ï� Gibbs-
Thomson 'X, (11) ª¥�� - �.¡?���²
ï¤© Ceq

l �deªO�:

Ceq
l = C0 + [(T ∗

l − T eq
l,0) + ΓK(tn)]/ml, (12)

ª¥ T ∗
l �.¡§Ý, T eq

l,0 � C0 Ð©¤©Ü7�
²ï���§Ý, ml �����Ç; Γ � Gibbs-
Thomson Xê, K(tn) ��� tn ��� - �.¡­
Ç, �â.¡���©êFÝO�

K(tn) =

[(
∂fs

∂x

)2

+
(

∂fs

∂y

)2
]−3/2

×

[
2
∂fs

∂x

∂fs

∂y

∂2fs

∂x∂y
−

(
∂fs

∂x

)2
∂2fs

∂y2

−
(

∂fs

∂y

)2
∂2fs

∂x2

]
. (13)

�
£ã{¬J`)����É5, 3�.
¥ � Ä . ¡ U � � � É 5. (12) ª ¥ � Gibbs-
Thomson Xê Γ d±eªfO�:

Γ = Γ̄{1 − δt cos[4(θ − θ0)]}, (14)

ª¥ Γ̄ Ú δt ©O�²þ Gibbs-Thomson XêÚ.
¡U���É5rÝ, θ0 �¬N�J`)���, θ

�� - �.¡�{����Y²���Y�, de
ªO�:

θ = arctan
(

∂fs/∂y

∂fs/∂x

)
. (15)

ÏL¦)«�S�ßÝ|5(½ (11) ª¥�
� - �.¡?���¢S¤© Cl. 3��.¥Ø�
Ä6|éßÝ|�K�. æ^k��©{O�«�
S�M�*Ñ, Ù���§�

∂C

∂t
= D · ∇2C + C(1 − kp)

∂fs

∂t
, (16)

ª¥ D �M�*ÑXê, 3��Ú��¥©O�
� Dl Ú Ds, 
3.¡þ^�­{?1(½. (16)
ª¥m>1���du��©ê�Cz3� - �.
¡M�2©��þ. æ^wªk��©{éM��
*Ñ?1ê�O�. æ^"*Ñ�>.^�?n 
uO�«�>.���.

2.3 ííí - ��� üüü ��� 666 LBM ��� ... ��� {{{ ¬¬¬ )))
��� CA ���...���ÍÍÍÜÜÜ

òþã¤£ã�í - �ü�6� LBM �.Ú
�[{¬)�� CA �.�ÍÜ. �^u6N� (�
)í�Ú��)σ þ�å�6 - 6�^åÚ6 - ��
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^å�Üå, = (7) ª¥�ØÓ��m��p�^
å F σ(x, t) �L«� [17]

F σ(x, t) = F σ
c (x, t) + F σ

ads(x, t), (17)

ª¥6 - 6�^å F σ
c d (8) ªO�; 6 - ��^

å F σ
ads deªO�:

F σ
ads(x, t) = − Gσ

adsρ
σ(x, t)

8∑
i=0

ωi

× s(x + ei∆t, t)ei, (18)

ª¥ s(x + ei∆t) �I«¼ê, ���Ú���©
O� 1 Ú 0. Gσ

ads �6 - ��m��p�^Xê.
�[m©�, 3O�«��.Ü��ê�{¬

Ø%. ^ CA �{�[{¬�)�, �{¬�)�,
��¥�¹íþØäO\
m©ÛÑí�. ^í -
�ü�6� LBM �.�[í��)�Ú$Ä. ò
{¬I«���, í!�6N�©Ù¼ê����
�u)��. �^36Nþ�å F σ(x, t) d (17) ª
?1O�, �âù��^åO�Ñ#�6Nüz©
Ù¼ê. 
�{¬��í��Ê�)�. dd¢y
{¬Úí�)�$Ä�p�^�ÍÜ.

3 (J9?Ø

3.1 ííí - ���üüü���666 LBM ���...��� Laplace ½½½
ÆÆÆ���yyy

Äk^ Laplace ½Æéí - �ü�6� LBM
�.?1�y. üí�� Laplace ½Æ�

∆p =
2γ

R
, (19)

ª¥, γ �.¡Üå, R �í��», ∆p �í�S
	Ør�. Xc¤ã, í - ��p�^Xê Gc �
.¡Üå γ ����'. UCí - ��p�^X
ê Gc �Ò�±¢yUC.¡Üå γ �. �½�[
«�� 200 × 200 lu2 (lu �Ãþj��º�ü ),
í�Ð©�»� 5 lu. O�«�o±æ^±Ï5>
.^� [6]. ü��tµ�m τσ Ñ� 1.0. ã 1 �
ØÓ�p�^Xê Gc ��, ∆p � 1/R �'X. l
ã 1 �±wÑ, �ØÓ Gc ��, ∆p � 1/R þ¤
�5'X. L²í - �ü�6 LBM �.��[(
JÎÜ Laplace ½Æ. �y
í - �ü�6 LBM �
.Ú§S�è��(5. d	, �X Gc ��O�,
∆p � 1/R �'��O�, `²í - ��p�^X

ê Gc �.¡Üå γ �m¤�''X.

ã 1 üí�S	Øå���»�'X

3.2 ííí - ��� - ���nnn������mmmddd���555������[[[

�
�y LBM-CA ÍÜ�., æ^¤ïá�
ÍÜ�.éí - � - �n��m�d�y�?1�
[. �â
¼�§, ã 2 ¥¤«�í - � - �n��
>��deªO�:

σgl × cos θ + σgs = σls, (20)

ª¥, θ �í - � - �n��>�; σgl, σgs Ú σls ©
O�í - �!í - �Ú� - ��.¡Üå, �í -
�!í - �Ú� - ��m��p�^Xê�'.� � � � �� � � � �� � �

ã 2 í - � - �n��>�«¿ã

Sukop �< [20] Ú Huang �< [17] ò
¼�§
¥6 - ���m�.¡Üå�õ�6 LBM �.¥
�6 - ���m��p�^XêÚ6N�Ý�'
é. ·��â Sukop Ú Huang �<�g�, 3í -
� - �n�NX¥, d��deª?1O�:

cos θ = (Gls − Ggs)
/(

Gc
|ρg − ρf |

2

)
, (21)

ª¥ Ggs Ú Gls ©O�í - �Ú� - ��p�^X
ê; ρg Ú ρf ©O�í�Ú���Ý.

A^í - � - �n� LBM �.�[
ØÓ6 -
��p�^Xê���>�. �[^��: O�«
�� 110 × 110 lu2, O��m� 80000 ts (ts �Ãþ
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j�mÚ�). O�«�o±æ^���ª�>.
^� [6]. �í - ��p�^Xê Gc = 1.0, í��
Ý ρg = 0.1, ���Ý ρf = 3.0, ü��tµ�m τσ

Ñ� 1.0, í - ��p�^Xê Ggs �� - ��p�
^Xê Gls �'X� Gls = −Ggs. �[(JXã 3
¤«. �±wÑ�X� - ��p�^Xê Gls �O

�, í - � - �n���>�Åì~�, =6N��
���m�d�5ÅìO\.

ÏLUCØÓ�� - ��p�^Xê Gls �[
����>��ÏL (21) ªO�����>��
(JXã 4 ¤«. lã 4 �êâ�±wÑ LBM �
[����> ��ÏL (21) ªO� �� > ���

ã 3 í - � - �n��>��� - ��p�^Xê Gls �Cz (a) Gls = −0.5; (b) Gls = −0.2; (c) Gls = 0.2; (d) Gls = 0.5

ã 4 �>��� - ��p�^Xê Gls �Cz

ÎÜûÐ. L²í - � - �n� LBM �.�±éd
�y�?1Ün��[ýÿ, l
�y
��.�
Ün5±9§S�è��(5. d	, ÏLT�[
@�
3í - � - �n����, ØÓ��m��
p�^Xêéd�5�K�5Æ, ��Y��[Ü
nÀ�ØÓ��m��p�^XêJø
ë�Ú
�â.

3.3 üüüííí���)))���

í - �.¡Üåéí��)�k­�K�. �

150501-5
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âã 1 ��[(J, í - �.¡Üå�í - ��p
�^Xê Gc �m�3�5�''X. Ïd, ÏL
�	 Gc �²ïí����m�'X=�
)í -
�.¡Üåéí�)��K�5Æ. �½�[«�
� 100 × 100 lu2, «�o±æ^���ª>.^�.
í!�ü��tµ�mþ�� 1.0. í�Ð©�»
� 5 lu, ã 5 ��ØÓ�í - ��p�^Xê Gc

�, í��»��m�Cz. lã 5 ¥�±wÑ, í
��»��mØä��, ²L�ã�m�, í��
»��²ï. Gc ��, í����Ý�¯, í��
²ï�»���. ù´Ï�í - ��p�^Xê Gc

��, í - �.¡Üå��, ü��´u©l, ©l
Ñ5�í�Oõ, ¦í�)��Ý\¯, ²ïí�
�»O�.

ã 5 ØÓí - ��p�^Xê Gc �í��»��m�
Cz

3.4 {{{¬¬¬ÚÚÚííí���)))���999ÙÙÙ���ppp���^̂̂

A^¤ïá� LBM-CA ÍÜ�., é{¬Ú
í�)��üzL§?1�[. �[{¬)�
�á�� Al-Cu XÜ7, Ô5ëê�: kp = 0.17,
ml = −2.6 K/(mass%), Γ̄ = 2.4 × 10−7 m·K, δt =
0.3, Dl = 3 × 10−9 m2/s, Ds = 3 × 10−13 m2/s. �
Ä�íN�7áLNm�d�5��, ØÓ��
m��p�^Xê©O� Gc = 2.0, Gls = −0.9,
Ggs = 0.9, ¦í - ��m��>��C 180◦. ò�
[«�y©� 250 × 800 �þ!����, �fº
�� 1 µm. ��.ÿØ�Ä{¬�/Ø. Ð©�
3«�.Ü�� 5 �ØÓJ`���¬Ø. ã 6 �
Ð©¤© C0 = 4 mass%Cu, Ð©íN¹þ� 4.8%,
Ð©LeÝ� 3.0 K, e%�Ç� 4.0 K/s, §ÝFÝ
� 20 K/mm ^�e�½�v��{¬Úí�)�
�/müz. dã 6 ��, Ð©�, {¬¿�)�, 3

�¬N���§ÝFÝ��Ä����{¬�L

Ù¦{¬
��
`k)�, ¿Åì)�Ñ�g
{¬:. duí�3��¥��MÝ�$u3��
¥��MÝ, �X{¬�)�, ��¥�í¹þØ
äO\, ���©ê fs ��� 6%�, L�Ú�í�
m©l��¥ÛÑ
/¤í�. �õêí�k3{
¬�Ü½�g{¬:�m/¤ (ã 6(a)), ù´Ï�
3{¬�ÜÚ�g{¬:�md{¬)�
º�
Ñ�í��fØ´*ÑÑ�
¦�ù
 ��í
��fßÝ��L8. ��, ÛÑ�í�ØäáÂ
��¥�L�ÚíN
��. Øä)��í�É�
dÄ�g{¬:�@Ø
¦í��­Ç�»~�.
�â (19) ª, ­Ç�»��, í��S	Ø���.
°¦�g{¬:�m�í�ØäºÑ[£��m
���ü�{¬m���Ï�. Xã 6(a) ¥�Þ¤
��í��l�g{¬:�mm©ºÑ. 3.¡Ü
å��^e, il3��¥�í�±�/��. k
��C�í�¬u)Ü¿, Xã 6(b) ¥�Þ¤��
ü�í�Ü¿¤ã 6(c) ¥�Þ¤��í�. �k�
���5¿�y�´3{¬mkí��3�NC
Ø´/¤#�í�Ø%, �Y�#í���3{¬
kàc÷�� - �.¡ÛÑ. ù´Ï�{¬m��
¥�L�Úí��f�®�3�í�¤áÂ, 
{
¬kà�� - �.¡c÷®�3�í�é�, ��
©êõ, �Jø�õ�L�Úí��f, k|u/
¤#�í�Ø%. �Xv��?1, {¬m���
©ê~�, Øä���í�É�±�{¬�@Ø

C/, ¦­Ç�»~�, í�SØåO�, í�Øä
áÂ��¥�L�ÚíN�fq¦í�S�Øå
?�ÚO�. �í�Øåv
��, É@ØC/Ó
�q3���í�â»±�{¬�{å, ÷XE,
�{¬m���Ï�����m�����iÄ
Úa�, Xã 6 (c) ¥Ü¿��í�l�5� �£
Äa��ã 6(d) ¥� �, ¿É@C/. 
k
í
��$Ä�{¬:¤{	
Ê33�?. ,��¡,
í���3�{N
�C{¬�UY)�. þãù

{¬)�Úí��/¤9$Ä�m��p�^
�ª/¤
3{¬mØ5K/GÚ©Ù�w�í
�/m, Xã 6(e) ¤«.

ã 7 �ß²á��C�½�v��{¬Úí
�)���müz�¢�(J. ¢�^��: §
ÝFÝ� 5 K/mm, Ä.�Ý� 30 µm/s. lã 7
¥�±wÑ, 3Ð©�v��ã�üX�{¬)
� (ã 7(a)). �Xv��?1, ��¥�íNßÝO
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�, ���¥�ßÝL8��½§Ý�, í�m©
/ØÛÑ. Ïí�/Ø�Ý�~¯, éJÓPí�
/Ø�]m, ���*	�í���3{¬�Ü±
Cq�/ÛÑ, Xã 7(b) ¥#/¤�í� I. �X{
¬Úí��Ó�)�, �/�í�)��mÉ��
�, í�÷X{¬m)�, $Ä, C/. �C�í�
�¬àÚ3�å, Xã 7(c) ¥í� II ´dê�í
�Ü¿
¤. ���v�L§¥¬k�õ�í�Û
Ñ!)�±9Ü¿, /¤÷X{¬mØ5K©Ù�
í�/m. òã 6 ��[(J�ã 7 �¢�(J�
'��±wÑ, ��.��[(J�±�«í�3

{¬)�L§¥/¤!)��$Äüz±9�{
¬�p�^�Ån.

�
©ÛÐ©¹íþéí�/¤±9)��
K�, ·��	
ØÓÐ©íN¹þ�/¤�í�
NÈ©ê��m�Cz, (JXã 8 ¤«. lã 8
¥�±wÑ, í��Ñyk��)�Ï. ��í�
m©/Ø, í��NÈ©ê��m
O�, 3v�
�Ïí��NÈ©êÅÚªu­½. íN�Ð©¹
þ�p, )�Ï�é�á, í��)��Ý�¯, �
A�í�NÈ©ê�O��Ý��¯, v�(å�
�í�NÈ©ê��é�p.

ã 6 �[�½�v��{¬Úí�)�/müz ��©ê� (a) 23%; (b) 30%; (c) 33%; (d) 55%; (e) 66%

ã 7 �C�½�v��{¬Úí�)�/m��müz�¢�(J (a) 16 s; (b) 21 s; (c) 25 s; (d) 27 s
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ã 8 ØÓÐ©íN¹þ�í��NÈ©ê��m�Cz

4 ( Ø

�©òõ�6� LBM Ú CA �{�ÍÜ, ï
á
�[{¬Úí�)�� LBM-CA ÍÜ�..
ÏL�[ïÄ��Xe(Ø:

1. �[�í�S	Ør� ∆p Úí��»�
�ê 1/R ¤�5�''X, � Laplace ½Æ�Î
Ü. d	, �Xí - ��p�^Xê Gc �O�, ∆p

� 1/R �'��O�, L² Gc �.¡Üå γ �m
¤�''X.

2. �[
6 - ��p�^Xêé�>��K

�5Æ. uy�� - ��p�^Xê Gls O�, í�
6N3��L¡��>�Åì~�, =6N���
��m�d�5ÅìO\. �[(J�Äu
¼�
§¤JÑ��²�úª�O�(JÎÜûÐ.

3. �[©Û
í - ��p�^Xê Gc éüí
�)��K�, uy Gc ��, í��)��Ý�
¯, í���ª²ï�»���.

4. �[
½�v���{¬Úí�)�. (J
L², �{¬)���½���©ê�, í�m©
l��¥ÛÑ¿��. il3��¥�í�±�/
��, �C�í�¬u)Ü¿. Øä���í�É
�±�{¬�@Ø
C/, ¦í�S�ØåO�.
°¦í�÷XE,�{¬m���Ï�����
m������[. ù
y��nÜ(J/¤
í
�3{¬mØ5K�©ÙÚ/m. �[(JÚ¢�
(JÎÜûÐ.

5. Ð©¹íþ�p, í�m©ÛÑ�)�Ï�
á, í�NÈ©ê�O��Ý�¯, v�(å�í
��NÈ©ê��é�p.

�öa��I Max-Planck-Institut fuer Eisenforschung

� Dierk Raabe �Ç�·�Jø
O�ü�6� LBM Ä:

�èÚ{I Purdue �Æ� Qingyou Han �Ç�kÃ?Ø.

�©�ß²á�½�v�¢�ó�3Ü�ó��Æv�E
âI[­:¢�¿?1.
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Modeling of dendritic growth and bubble formation∗
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Abstract

A two-dimensional (2D) lattice Boltzmann method (LBM)-cellular automaton (CA) coupled model is developed for the simulation

of dendritic growth and bubble formation during solidification. In the model, the dendritic growth is simulated by a CA approach. The

driving force of dendritic growth is determined by a local solute equilibrium approach. The LBM based on the Shan-Chen multiphase

flow scheme is adopted to simulate the growth and the motion of bubbles in liquid. The interaction mechanism between dendrites

and bubbles is embedded in the model. Model validation is carried out by comparing the simulations with the Laplace law, and by

simulating the wettability of a bubble on a smooth solid surface. The proposed model is used to study the effect of gas-liquid interaction

coefficient on single bubble growth. It is found that the growth velocity and the equilibrium radius of bubble increase with the gas-

liquid interaction coefficient. The simulations of the dendritic growth and bubble formation during directional solidification reproduce

the physical phenomena, including dendritic competitive growth, the preferential nucleation locations of bubbles, and bubble growth,

coalescence, deformation due to the squeeze of neighboring dendrites, as well as bubble motion in the liquid channels. The simulation

results are compared reasonably well with the experimental results. In addition, gas pore volume fraction increases with the initial gas

content. The simulations of the present LBM-CA model provide an insight into the physical mechanism of bubble nucleation, growth,

and motion, as well as the interaction between the dendritic growth and bubble formation during solidification.

Keywords: lattice Boltzmann method, celullar automaton, dendrite, bubble
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