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�{ [15] ÓPLNc÷.¡. level set9Ù­#Ð©

z�§Xe:

∂ϕ

∂t
+ u · ∇ϕ = 0, (1)

∂ϕ

∂tr
+ sign(ϕ0)(|∇ϕ| − 1) =ωδε (ϕ) |∇ϕ| ,

ϕ(x, y, 0) =ϕ0(x, y), (2)

Ù¥ ϕ ´.¡, u = (u, v) ´�Ý¥þ, t ´�m,

ω��Xê, tr ´­#Ð©z�<ó�m, sign (ϕ0)

´ ϕ �ÎÒ¼ê, ½Â�

sign(ϕ0) =
ϕ0

√

ϕ2
0 + [min(∆x,∆y)]2

, (3)

Ù¥,∆x � ∆y ©O´÷ x � y �����°

Ý, [min(∆x,∆y)]2 ^±;�©1�"Ø. δε (ϕ)

´ Dirac¼ê, ½Â�

δε (ϕ) =







1

2ε
(1 + cos (πϕ/ε)) , |ϕ| < ε,

0 Ù¦,
(4)

Ù¥ ε ´����ê, ������°Ý.

2.2 nnn���ÄÄÄåååÆÆÆ

n��$Ä�)²Ä���, ÏLLN�\3

n�þ�Üå±9Úî1�$Ä½ÆNy.

ui֒j⇁ 

↼xi֒ yj⇁↽ ↼xi⇁֒ yj⇁↽

ui⇁֒j⇁ 

 bi⇁֒j bi֒j 

ui⇁֒j ui֒j 

↼xi⇁֒ yj↽↼xi֒ yj↽

bi⇁֒j⇁ bi֒j⇁ 

Dx

Dydx (xi⇁dx֒yj⇁dy↽ 

ã 1 V�5��«¿ã

2.2.1 ² Ä

n� i �²Ä�§dÚî1�$Ä½Æ£

ã, =

Fi = mi
dui

dt
, (5)

Ù¥, Fi =
(

(Fx)i , (Fy)i
)

´�\3n� i þ�Ü

å, mi ´n� i ��þ, ui = (ui, vi) ´n� i ��

Ý. e Fi ®�, K3�� n+1 ��Ý u
n+1
i �dX

e�©Cq��:

u
n+1
i = u

n
i +

Fi∆t

mi
, (6)

Ù¥ uni ´n� i 3�� n ��Ý,∆t ´�mÚ�.

�\3n�þ�åkõ�, �©�Äü�Ì�

�^å, =�å�ØåFÝå.

�å�L�ª� [16]

(Fd)i = (Cd)i (Ap)i ρl |ul − ui| (ul − ui) /2, (7)

Ù¥ (Cd)i ´n� i ��åXê, (Ap)i ´n� i 3

R�u$Ä��þ�ÝK¡È, ul ´àÜÔLN�

�Ý. �åXê Cd �ÀJéuO��å�~­�,

�©æ^ Tran-Cong�< [16] �Ñ�úªO��å

Xê, =

Cd =
24

Ref

dA

dn

(

1 +
0.15√
c

(

dA

dn
Ref

)0.687
)

+

0.42

(

dA

dn

)2

√
c

(

1 + 4.25 × 104

(

dA

dn
Ref

)

−1.16
) ,

(8)

Ù ¥, dA =
√

4Ap/π ´ n�� L ¡ � � � »,

dn = 3

√

6Vf/π ´n��NÈ���»½¡�ú¡

�», Vf ´n�NÈ, c´n�¥/Ý. n�¥/Ý c

Ún��»' rc �'X� c = 2.62r
2/3
c /(1 + 2rc).

n� i � Reynoldsê (Ref)i

(Ref)i =
ρl |uvir − ui| (dn)i

ηl
, (9)

Ù¥, dn ´n� i ��», ηl ´6NÅÝ, uvir ´

n� i �%?�J[�Ý.©z [17] ¥æ^ã 1 ¤

«�V�5��O�6|¥?� ��6�, =

ÏL®���!:?�6��¦���¥?¿ 

�¤äk�6�. � (xi, yj), (xi+1, yj), (xi, yj+1)

� (xi+1, yj+1) © O�� � � � N È � o � �

:, 6|3Ùþ��Ý©O� ui,j, ui+1,j, ui,j+1

9 ui+1,j+1. �n� i ��% u (xi+δx, yj+δy),

KT:?�J[6��

uvir =(bi,jui,j + bi+1,jui+1,j + bi,j+1ui,j+1

+ bi+1,j+1ui+1,j+1)/(∆x∆y), (10)

Ù¥

bi,j = (∆x− δx) (∆y − δy) , (11)

bi+1,j = δx (∆y − δy) , (12)
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bi,j+1 = (∆x− δx) δy, (13)

bi+1,j+1 = δxδy. (14)

ØåFÝå�O�úª� (Vf)i∇pi. ��\3

n� i þ�Üå Fi �L�ª�

Fi = (Fd)i + (Vf)i∇pi. (15)

O�Ñn�¤ÉÜå, K�d (6) ªO� u
n+1
i , ?


deªO�n� i 3 n+ 1 ��� �:

W
n+1
i = W

n
i + u

n+1
i ∆t, (16)

Ù¥ Wi = (Wx,Wy) ´n� i � �¥þ.

2.2.2 � �

n�3 Decartes�IX¥����dã 2 £

ã. ã¥ R ´÷n�Ì¶�ü ¥þ, φ ´n�

3 xy ²¡ÝK� x ¶Y�, θ ´n�� z ¶Y�.

b�n�Ø�.�, �d φ � θ �(½Ù��, =

R =















sin θ cosφ

sin θ sinφ

cos θ















.

Jefferyuy, ?3{ü}�6|¥��ÎG�

â¬É�6N��^å
=Ä, Ù=Ä��Ý�d

Xe� Jeffery�§£ã [18]:

Ṙ = ω · R + λf (ε · R − ε : RRR) , (17)

Ù ¥ ω = (∇u
T −∇u)/2 ´ 6 NµÝ Ü þ,

ε = (∇u
T + ∇u)/2 ´ 6 N A C Ç Ü þ, λf =

(r2c − 1)/(r2c + 1), rc ´n���»'. JefferyÏ

L¦)�§ (17), �Ñ
n�3{ü}�6|¥

�=Ä�¹. Zhou Ú Lin[19] �Ñ
n�3��

��6|¥�n���. ��B, P ∂u/∂y = γ̇,

∂v/∂x = kγ̇, ∂u/∂x = jγ̇ 9 ∂v/∂y = −jγ̇, K φ

� θ �CzÇ�dXe�§£ã [19].

φ̇ =
1

2

[

λf(k + 1) cos(2φ) + k − 1 − 2λ

+ sin(2φ)
]

γ̇, (18)

θ̇ =
1

4
λf sin (2θ) [2j cos (2φ)

+ (k + 1) sin(2φ)]γ̇. (19)

2.2.3 n�éLN��^

n�éLN��^Ny36|Äþ�§¥Ä

þ��
� Sp = ((Sp)x, (Sp)y)
T þ. �Än��

^�6|���§�ëY�§

∂ρ

∂t
+
∂u

∂x
+
∂v

∂y
= 0. (20)

u Äþ�§

∂ (ρu)

∂t
+
∂ (ρuu)

∂x
+
∂ (ρvu)

∂y

− 1

Re

(

∂2 (µu)

∂x2
+
∂2 (µu)

∂y2

)

= − ∂p

∂x
Hε (ϕ) +

(β − 1)

Re

(

∂2 (µu)

∂x2

+
∂2 (µu)

∂y2

)

Hε (ϕ) +
1

Re

∂τxx
∂x

Hε (ϕ)

+
1

Re

∂τxy
∂y

Hε (ϕ) − (Sp)xHε (ϕ) . (21)

v Äþ�§

∂ (ρv)

∂t
+
∂ (ρuv)

∂x
+
∂ (ρvv)

∂y

− 1

Re

(

∂2 (µv)

∂x2
+
∂2 (µv)

∂y2

)

= − ∂p

∂y
Hε (ϕ) +

(β − 1)

Re

(

∂2 (µv)

∂x2

+
∂2 (µv)

∂y2

)

Hε (ϕ) +
1

Re

∂τyx
∂x

Hε (ϕ)

+
1

Re

∂τyy
∂y

Hε (ϕ) − (Sp)yHε (ϕ) . (22)

Ù ¥ Reynoldsê Re = ρlLU/µl, ρ (ϕ) = ξ +

(1 − ξ)Hε (ϕ), µ (ϕ) = η + (1 − η)Hε (ϕ), ξ =

ρg/ρl, η = µg/µl, β �ÚîÅ5�oÅ5�',

eI l � g ©OL«���í�, L � U ��ÝÚ

�Ý�Ãþjzëê.

���§

̟
∂ψ

∂t
+ ∇ · (̟uψ) −∇ · (Λ∇ψ) = Sψ. (23)

�©À�äk XPP(eXtended Pom-Pom)��'X

����§, �§¥�ëê�½ÂdL 1[20] �Ñ,

Ù¥ Weissenbergê½Â�We = λ0bU/L, λ0b L

«àÜÔ©fó���tµ�m.

R

x

y

z

φ

θ

ã 2 Decartes�IXe�n���¥þ
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L 1 ���§¥�ëê [20]

�§ m ψ Λ Sψ

�Aå τxx We τxx 0

2 (1 − β)
∂u

∂x
+ 2Weτxx

∂u

∂x
+ 2Weτxy

∂u

∂y
− f(λ, τ )τxx

−[f(λ, τ ) − 1]
1 − β

We
− α

We

1 − β

(

τ2
xx + τ2

xy

)

}Aå τxy We τxy 0

(1 − β)
( ∂v

∂x
+
∂u

∂y

)

+Weτxx
∂v

∂x
+Weτyy

∂u

∂y

−f(λ, τ )τxy − α
We

1 − β
τxy(τxx + τyy)

�Aå τyy We τyy 0

2 (1 − β)
∂v

∂y
+ 2Weτyy

∂v

∂y
+ 2Weτxy

∂v

∂x
− f(λ, τ )τyy

−[f(λ,τ ) − 1]
1 − β

We
− α

We

1 − β
(τ2
yy + τ2

xy)

Aå τzz We τzz 0 −f(λ, τ )τzz − [f(λ, τ ) − 1]
1 − β

We
− α

We

1 − β
τ2
zz

����NÈ (�Ú°©O´ ∆x Ú ∆y) ¥Ä

þ��
� Sp �O�úª�

Sp =
1

Vcell

N∗

∑

i=1

Fi, (24)

Ù¥,N∗ ´T��NÈ¥�n�êþ, Fi ´��N

È¥1 i �n�É��Üå, Vcell = ∆x∆y ´��

NÈ�¡È.

�§| (1),(2),(20)—(23)�Ó�¤
n�Or

EÜá�¿��[�êÆ�..

3 ê��{

3.1 nnn���)))¤¤¤���{{{

�©UìXeÚ½)¤n�, ¿¢yn���

Àz.

11Ú Äk)¤�Ý� lf �n�. äN�{

�: �Å)¤n�Ð©�Ý θ Ú φ, ^ bs + 1 �

: (�©� bs = 30) 5£ã��n�, n���%

�1 bs/2 �: (bs + 1 �:�IÒ� 0, · · · , bs). K

Tn�3�mUìã 2 ©O^= θ Ú φ �Ý�

1i�:3xy²¡þÝK��I (xi, yi)�

xi =
i

bs
lf sin θ cosϕ,

yi =
i

bs
lf sin θ sinϕ, (i = 0, · · · , bs).

12Ú �Å)¤n��% (x′bs/2, y′bs/2), òn

�²£�T�%, �:�I�O�úª�

x′i = xi + (x′bs/2 − xbs/2),

y′i = yi + (y′bs/2 − ybs/2), (i = 0, · · · , bs).

3.2 666|||¦¦¦)))êêê������{{{

Äþ�§9���§dÓ ��k�NÈ{

¦), Øå - �Ý�Aå - �Ý�Í¯K$^��

�{ [13] �±)û. Level Set9Ù­#Ð©z�

§æ^p©EÇ�ª¦), Ù¥�mlÑæ^Ê

� WENO(Weighted Essentially Non-Oscillatory)�

ª, �mlÑæ^n� TVD-Runge-Kutta�ª.

3.3 ¿¿¿������[[[OOO���LLL§§§

11Ú �½Ð©LN«�9>.^�, 3LN

«�S)¤Ð©n�;

12Ú ^Ó ��k�NÈ{¦)6|��

�§, ���Ý!Aå9Øå�Ônþ©Ù;

o
x

y
z o

4.5

11.6

1.
5

1.
5

6.0

ã 3 E,.n«¿ã

13Ú �â (7)—(15) ªO�z�n�É�

�Üå Fi, �â (6),(16)ª©OO�Ñn���Ý

Ú �;

14Ú �â (24) ªO�ÑNyn�é6|�

^�Äþ��
� Sp;
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ã 4 ØÓ��LNc÷.¡ �

15Ú ¦) Level Set9ÙÐ©z�§, ��

.¡ �;

16Ú �ä.n´Ä¿÷, X´KÊ�, ÄK

=1 2 Ú.

���[dg? Fortran§S¢y.

4 �[(J

�ÄXã 3 ¤«�E,.n�¿�L§. .

ndnÜ©|¤, 1�Ü©´÷ y ���Ý/n,

1�!nÜ©´÷ x ���Ý/n. .no�
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Ý 11.6,o°Ý 6.0, 5��¥% �� (0,5.8),ã

¥ÒKÜ©�.nY²¥¡, =O�«�. 5��

Ý u = 10.0.

ã 4 �Ñ
ØÓ��LNc÷.¡� �. �

±wÑ, LNÄk÷y��6Ä, 
�÷x��6Ä,

�ª¿÷��.n.

ã 5 ©O�Ñ
.n¿÷���Øå!Aå

��Ý¥þ. �±wÑ, \�?Øå��, 
�÷

.n�ÝÅì~�. .nü$�?k²w�Aå

8¥y�.

ã 5 .n¿÷���Ônþ©Ù

ã 6 �Ñ
ØÓ��n�3.n¥�$ÄÚ

��. �±wÑ, 3\�NC«� (y ∈ [4.8, 6.8]), d

u�Ý¥þ¥Ë�G©Ù, Ïdn��75��©

Ù. �n�lm\�«�÷ y ��$Ä�ÿ��

�.n$�Ü© (y ∈ [1.5, 4.8] ∪ [6.8, 10.1]) �, d

uY²�Ý u A��", �n���� x ¶²1.

�n�$Ä�.n$�«��, R��Ý v m©

~�, Y²�Ý u m©O�, LNm©=�, d?

n�����$�º:. �n���?\Y²«

� (x ∈ [1.5, 6]), du v �Ýé�, �n���� y

¶²1. o�, n�3.n¥���G��±©�

oÜ©, ã 7 �Ñ
.n¿÷��n����o«

�¹, l
L²n�÷.nY²¥¡����.n

/Gk'.

044701-6



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 4 (2012) 044701

ã 6 ØÓ��n�3.n¥�$ÄÚ��

044701-7



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 4 (2012) 044701

(a) 

(b) (c) 

(d) (e) 

part  

part  

part  part 

6.5

6

5.5

5

4

3

2

1.5

1

0.5

0

1.5

1

0.5

0
0    0.5    1    1.5   2 2     3     4     5     6

y
y y

y

       ⊲                ⊲        
x x

x x

ã 7 .n¿÷��n����o«�¹ (a) n����oÜ©«�y©; (b) part1��ã; (c) part2��ã; (d) part3��ã;

(e) part4��ã

-4.8

-5

-5.2

-5.4

-5.6

-5.8
0.8 1.2 1.6 2 2.4 2.8 3.2 3.6

t

v

ã 8 .në�: (0.45, 3.88) ?R��Ý v 3\\n���

\\n�ü«�¹e��m�Cz�¹

ã 8 �Ñ
.në�: (0.45, 3.88) ?R��

Ý v 3\\n���\\n�ü«�¹e��m

�Cz�¹. �±w�, n�é6|k²w�6Ä

�^. dun��\\3�½§Ýþ{N
LN�

6Ä, Ïd\\n����Ýýé�Ñ�u�\\

n����Ýýé�.

5 ( Ø

Äu£ãán�OrEÜá�¿�L§�í -

� - �n��.9Ó ��k�NÈ{, ¢y
n

�OrEÜá�÷E,.nY²¥¡¿�L§�

Ä��[. Ø=��
.¡ �!�Ônþ�&E,


���
n�3.n¥�$Ä�¹ (�)n��

²ÄÚ��). (JL², �©¥�í - � - �n�

�.Ø=�±�[÷.nþÝ���¿�L§¿

(½n���, 
�éE,.nY²¥¡�¿�L

§±9n����U¤õ�[. n�÷þÝ���

���.nY²¥¡S�n���ØÓ, Y²¥¡

Sn����.n/Gk'.
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Dynamic simulation of fiber orientation in mold filling
process in a complex cavity∗
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Abstract

A dynamic simulation of fiber reinforced composite mold filling process in a complex cavity is presented based on the gas-

solid-liquid three-phase model for mold filling and the finite volume method on non-staggered grids. The interface evolution and the

information about physical quantities, such as velocity, stresses, pressure, etc, are given. The motions of fibers, including transformation

and orientation, are obtained as well. Numerical results show that fiber orientation in the horizontal mid-plane is related to the shape of

the cavity, which is quite different from the case of the skin-core-skin structure orientation along cavity thickness.In the inlet region,

fibers encircle the cavity inlet, and fiber orientation is vertical to the incoming flow direction along the horizontal andthe vertical

regions of the cavity, while around the corners of the cavity, fibers point to the corners of the cavity.
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