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ABSTRACT 

  In recent years, how to form smaller and higher-aspect-ratio of micro 

structures has been the focus of plastic-forming. It is hard to directly observe the 

flow condition and measure the internal state of molten plastic in the process of 

micro-injection molding, because of high temperature and high pressure. The 

purpose of this study is to obtain the information which can not be directly 

obtained in the process of micro- injection molding by numerical simulation 

analysis.  

  The information of molten plastic in the process of micro-injection molding 

can be obtained in numerical simulation result. The simulation results show that 

it, consist of the surface layer, the middle layer, and the core layer formed from 

the lateral surface to the interior, can be found in the base-plate of the injection 

molded. In the microstructure with 10 µm thickness, the flow condition of 

molten plastic is fountain flow. The pressure distributions in thickness direction 

in a micro-cavity are not symmetrical to the center line of the thickness. The 

temperature of molten plastic decreases fast, and becomes lower than melting 

temperature or Tg in a short time after the melt filling into the micro-cavity. 

Although the filling speed of the molten plastic in the micro-cavity is low to be 
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about 1% of that in the major cavity, the maximum shear rate of the melt in the 

micro-cavity is high to be four times of that in the major cavity. 
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­® � [ � + 1 *+ , -? �_ ½ uj k*] ; î 8 ¿ ½ � w � �, � «

¬ ] ; 2 &» &_ & *E 4 � 3 / � u � Y *� 0 + , -�6 ò ² *] ;

3 � Q � « � E F 1G �� 4 s ¼ Ä �6! : : 5 ¢ £ Vw � ? Ù }D

}&8 9 ¿ q Ù ¹ +  !<� � �Ì 0 }&8 ¿ g j 6 }&] ; . � �ú

7 Q ¶ R  � � V i ? Ù }Dß ] ©* ¹ q % ä � � q K 0 ] ©�� | 8

Ù 0  ! µ e / *� * [1][2]VJ. Dininger ó è8 9  !*] � < s %1

G H ¿ %G ; uv �� ; q t Ò â Ð [ ¹ + 8 9  !, � *ð ñ�Í ? }

D ¿ Ä 1G H ¿ �� uÆ ² 1G _ & t q �<� » � � + , -[3]VE. Ruiz

t _ � � ? Y ZH � 9 õ * : # [ (Capillary number)� ; < Î = *8 9 ¿

À[4]V 

    E F 1G 7$ » + 1 ­® *+ , -? H I l�H � * t q � > DH Ê

­® *ð ñ�g � « ­® * æ $ 6ö ¿ �Í 0 �0 ­® ° $ �1G ; q Æ

² i ° Ä �Â i 1G � � * è é Ð ê �6< � Q y z � 0 + , -V7Wen-Bin 

Young*� � ? �] ; %� G � r î ] � ¶ q 0 ð ñ� � è é *� * �7]

; ² » 1G Û Ü Ô Ý ; q *J f Ç �] ; ° &1G � � * è é Ù ° � �ø

Ø ¹ » + , -' ( ) *ó è� ' ß }&] ; î Â Z ò ² * s õ � [ � G Q

¶ ö ¿  !' ( ) Ø �Ù }Dß + , -*­® Ù ð ñß � � � ' ( ) V­

® ° �*+ , - Q ¶ Ñ D*' ( ) Ù ° ��6+ , -­® î ' ( ) *� �

d ? ¬ R ¼ � � � � @ + , -­® ° �l Q ¶ Ñ D*' ( ) ò ¼ � � � �

*�[5]VGuojun Xu, M.E.uw � e] ^ *a b ½ � � � � @ Â Z*� G s

õ � [ ò &l��� 1G × A * s 4 « i ò Ä �Â i E F 1G ; q "Ä Æ

� E 4 B � �
 C : Ä ¢ £ �1G *� � è é Ù � � � Ç Æ �Ù }9 ß @

+ , -* � 8 é D ´ ° � �Í � � * ì � ° � [6]VS.C. Chen t _ 7� � ?
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}9 �1G 7H 
 + H Ê *l E �H � * t q � � ) 7. F : # � H Ð G

² × K V6H � 7H : : # � î a ! H ¦ � *+ H Ê l�×M L D* t q

\ * @ *A � �a ! H ¦ � + H Ê ×L M D* t q I ò : # � ² . 4 �È

2%-6%[7]VB. Xu t _ }DH � 7+ H Ê � H I l�J < K � *H � 7­®

� � + 1 l�H � * t q � L Ð �g h H � � � *l E �Ù Q ¶ « ¬ ø�

r�Ì 0 @ H � � R K � l�g y z « ¬ . � *¬ � « � [8]V 

    67Î � � � 	 9 �g R }&] ; Å Q � úQ ¶ i D 0 ý * ! � �

7þ � ú *� � ? 	 9 �PMMA�7] ; &» 155�*J f Ç � « � + , -

N O uv m � O _ <í î * ü M � N � , -*O _ � ü ¨ � O � � �  +

, -� ¶ P O * Q ��g h ° &; ø + J f ° ì 3 VÍ 0 �0 1G ½ ³ +

, -] � l� > D R S *¥ ¦ � Z« s �Ì �� ] ; ¼ &6y z T ¿ Û  

!� G * s � 9 �
 C  !� G > ; q · &: &6O _ � £ ��� lú <

Â i � U � � > D< æ g h í î 7 ! � ? V i ? Ù }Dß 8 9 < s î É

8 9 < s ¹  ! � *ð ñ�õ V 0 , ã , ¤ ¼ *   � �¾ V *8 ¿ ò W X �

É 8 9 < s ¼ �K 0 8 ¿ ¼ Ä � �  ê 8 O � 0 
 C Y G *P f �ì 3 *

Z � 
 C ] 
 K ] © � [ �Â Í \ ] Æ ² [9]V 

    7&_ & � G *8 9  ![ \] ^ ? �Î 3 @*Å 0 t q ] d*Â Z�

6] dN � � � [ * | n "0 ð ñß [ \] ^ * û w q � � U � [ * � i

¸ @� w � [ ^ � È i �X õ Z� L M t q *H Ð G × Q ¶ M i t q *;

q _ ` ) 8 9  !w x * a � ; q / &9 × K V< � � Y Zß / A 78 9

 !� ô� b ß G ! ½ � w x L M [10][11]VY ZI Q L M *a b î

Cox-Merz rule Ù Q ¶ ¹ ² ; &_ & t q ½ � , M [12]VJohanna Aho t _ Y

Zß Carreau-Yasuda t q ] dî WLF equation � ¡� R , c d&_ & * t

q e; q � � �Ù Q ¤ l *¡� y z L M � ; q e¥ Ï Ð * t q \[13]V 

    ¹ » + 8 9  !*[ \] ^ �H Ð a � b % !� [ % � � \e � �

� � î } � \* | n t ( n ß [ \] ^ * 	 � q �67 � Í ? } � \* |

n 0 Î � 3 @*�67&_ & * } � \? �H Ð � r ¹ » ] ^ + 8 9  !

< Î �*ð ñ[14][15]VP.F. Bariani t _ Y Zß k c *L M a z ¹ &_ & *
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t q ½ � L M � ñ d Q ¶ " 	 � * ; 9 &_ & *H Ð � � �½ 6 � [ \]

^ * ¹ 	 q Q " ¿ } · [16]V 

    &_ & E 2 » � ô� ¥ Ï s e : f . â g � \l� « � h I *¬ � �

Í 0 �� Q � _ & i » A j ] � l   � � k � Z[17][18][19]VYu L. t _ 7

� � ? 	 9 E 2 7H I *: � ? �   � t � s VRamamurthy A. V.*� � ?

	 9 E 2 7H Ê ? * t � � 0 j � l m *[20]Vn % o 7� � ? 	 9 � h I

+ ð ñE 2 t q Ç Æ Î 3 @*� * V h I ¬ � ò # « � » + H Ê @ ? �k

l h I ¿ q * ¹ » % � ¿ q � Ë _ ) � + H Ê ­® p $ 6ö ¿ VE 2 ; q

° &� q � h I ì � ° � � [21]V�

 

1.3 � � 
 � � ��� � 
 � � ��� � 
 � � ��� � 
 � � ��  

    u&_ & � � G *+  !   � 7Ï Zô ° � ° K Ä £ � r : � * s �

� S %� � t �D� º � G %Ø w Ä �% w &   � t / Q ¶ ; i D&_ &

� G Ï Z* u ð �×u�� Â   � Q Ñ D"& ¹ q %÷ � v %g h Q ¶ <

ì Ï Z7� S ô*� � Å Ã < ý w V7¬ <*¹ +  !*� � ? ��O _

/ 0 « 3 7] 
 ¬ � ¦ ­ K 0 +  !   � *Ï Za � �÷ < 0 x ¹ � G 7

 !: � ? *H Ð � � ½ � B C V 

    8 9  !: � ? �� < s �%; q &*� � �@/ A L M DÍ N O �

� [ Ð £ R S T U V7� õ * i ù ? �� K / 0 7] ©ô b ô s â M ! %

< s â M ! K 0 Y Z y Ø ¼ *a b � ½ � L M [23][24]�Ì � U a b / z Q

L M D1G *¡� ; q e< s �6¹ 1G N ; q e< s *_ ¸ y z i { V

ø Ø 0 / Q ¶  µ � � + , - | ( n ß + 8 9  ! µ e / ��ø� u "

� [ \] ^ *a b ß � 7� � : � ? H � * � � �g i D+ , - B � *¥

Ï s %; q %< s *Ð £ � ] 
 � � � l é ó è7+ 8 9  !? �&_ &

×� Q   � *Ð £ � " øß � + 8 9  !: � ? �&_ & *H I J f V 

    [ \] ^ 7� S ô ° � ° > D3 m �� u " � ] ^ *, � ¹ » ] ©|
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÷%� [ | n î � G } � t ½ � Î = £ * | ÷�6 Ô ~ * � Z z � ¹ » [

\] ^ * ¹ � q Ù 0 ° � ° ½ ¯ � z @ Q ¶ Û } � \% � � � �% � � �

�u � ¤ w x J f *[ ^ � ³ �Å � u R £ * , M  !: � ? *H I J f V

�øW � � � � Q ¶ Â Z � S z � FLOW-3D � ½ � &_ & H � 7+ 8 9

 !: � l�7] � ? H I *J f V 
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1.4 � � � �� � � �� � � �� � � �  

    W � � Â Z � S z � FLOW-3D ½ � + 8 9  !: � *] ^ V� » ø z

� N � � G { G � g y 12 � ø ù ô � � � � G � [ ½ � ] ^ V6< � �

G *� [ | n �O _ � � 1G ¬ � � ×}~ [ ^ ���) 3 % s Q � � [

î s õ � [ t �Í = [ ^ ��� t q � � �Û u % � H Ð G % : # � H Ð

G M L t q e¥ Ï Ð *� � � i D ø @*[ ^ e � ¼ � " ø È i z � N ×

¸ @*� � < � t q *� [ V� » ) s % Û Ü Ô Ý ; q î E 4 t � 3 Û Y

Z s ö � � s � ÷ DSC(Differential Scanning Calorimeter) ½ � L M V67 

!� [ | n a � ���] ; %8 ¿ î < s t �Û � � X õ � S ôÂ Z*�

[ \ _ ` �g h � Æ ²  W î  !Î = £ *X � ½ � � � ���u" ² *

] ; ½ � ] ^ V] d � � *a z � � X õ w � 3 ×½ � ? *w � � ¿ u �

-�7+ , -*­® ô � � Q ¶ DÑ + 1 t � V] ^ ¹ � *� G � � S ô%

� º � � t S Z*R , c � * � � m � � � � � (Polymethylmethacylate, 

PMMA)�e, c � * � � � PP(polypropylene�����½�]^V ñ � Q "�w

� i D 	 � * } � \ �g Ï Z z � N × � - *� � ]d �i D 1 G 7 !

: � ?� � *���u v  ! 1 G N O *; q %< s e Ï s _ ¸ V
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���������������� � � � 	 
� � � 	 
� � � 	 
� � � 	 
  

2.1 ���������������������������� 

    & _ & � G � � 0 p » ¢ � îH� m �H� * � � ! Ð 0 Ð » HI �

6 ¢ � * � � ! P L Ð 0 Ð » Ð ! �6 & _ & � � p » Í?m �º � � t

� � �g h u HÐ � � � ø + � G � � V t � � H� < × K � � *���

� � ì Ï (Rod Climbing)%]´ Q � (Swell)% t � � H� � Ç HI l� 2 �

� ® �ô � � < j � *��îy � � � t � � ��d 2.1V 

 

������ ���������������������������� �
    & _ & o _ �© q � � � � (Elastomer)% s ¢ � (Thermoset)î s 1 �

(Thermoplastics)�¾ æ � � º 1 2 V� 2 0 � d * � � � �_ & � � P , - �

Í� r© < & q *�   ¡ � (Recoverability)Vs ¢ � 1 2 
 : ¿ ; ¿ < Â Í

¢ £ (Curing)�¢ £ ¾ Ú Â ]¿ ; ¿ < | y z ] Â � G z £ K E F Vs 1 �

1 2 � � « ; q · & 6 E £ �g � ; q Æ ² 6 ¢ ¢ �� "�; q *Ð £ �

L Ð ! Q �6 � + q d I _ �æ + �jn ! � (Amorphous) e � , c �

(Semi-Crystalline)�¹ jn ! & _ & 6 £ � � 7. â Û Ü Ô¤ ; q Tg(Glass 

Transition Temperature)�@ ² » ø ; q lÍ� � � Ð » q ¥ Û Ü F * ¦ § 6

¨�& » ø ; q ljn ! & _ & � E £ V6 , c ! & _ & Ù < Tg* � 7�

Ì 0 * @*j� � ���, c � *� � �
 C ÍHI � K ö �, c � & _

& � 7E F ; q Tm(Melting Temperature)�7& » ø ; q © � E F �6 � «

, c � *ö ¿ � ( q � ô · g h ª � q � � � Æ ² � « , c � *& _ & �

K / Ð » j ª � *(Opaque)V 
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������ ���� � � ����� � � ����� � � ����� � � � �
    & _ & H� Ð » R ¬ ­ H� (Non-Newtonian Fluids)���Í t q Ã � ×

u 71 2 ¿ � l Ð » ¤ HV t q ¹ » H� HI   � ® ¯ �¹ » ¬ ­ H� �

° 0. â S [�6 ¹ » & _ & E F � 6 £ �t q � � « ¥ Ï Ð À(Shear rate)

ö ¿ 6 p ÷ � « Í t q *n w � 

t q � ¥ Ï s �P a�/ ¥ Ï Ð À�1/s�            (2-1) 

    & _ & E F � 7¥ Ï Ð À K ² *J f Ç t q �. â S [�Ì � « ¥ Ï

Ð Àö � �Å � « � ¥ ± N � � (Shear Thinning)V¥ ± N � � *« � �Í 0

�î& _ & , - < � �& _ & 0�y [_ & u � i ²  �7 ² ¥ Ï Ð Àl�

_ & � � * ³ ´ 7. µ � � « ¥ Ï Ð ÀÐ � l� ³ ´ * � _ & i � � � k

? ¬ / ¼ * � ¶ � t q �ø Æ ² V¬ 7Î o � h Ù Ú Z �ß � & _ & t q /

¥ Ï Ð À� � *a z �	 [À]b (Power Law) µ � mγ
 ���                            (2-2) 

Í? m�. C � [(Consistency Coefficient)� t q ° � �m \ ° � V� \ Z
u � � & _ & H� R ¬ ­ H*� q �@� � 1 l�H� � ¬ ­ H� �@� � 1
l�H� © 
 ¥ ± N � � V6 & _ & * t q /¥ Ï Ð À � ¼ Ù î; q < � �

@ ; q ° & l�_ & î_ & m * · I ¿ Àö ¿ �Â ¹ H Í s p ÷ � t q �

Ç Æ �7	 [À]b ?�Arrhenius } 9 ß � � *]b  m � m�e��������                      (2-3) 

ÍT��� � ; q �m��T�l*. C � [�b�w � 6 i D *S [V 

�d 2.2V 

    Z u � � & _ & � � ��* � � � [ G � � « ; q *Ð £ 6 L Ð ��

ø & _ & * t � � _ �Ò â O _ � Û Ü P Q o (Glass zone)% Û Ü Ô¤ o

(Glass transition zone)% � 2 Q & 0 o (Rubbery plateau)(� , c & _ & )K E

F o (Melting zone)(jn ! & _ & )%E á o (Liquid melt)��d 2.3(a)V' ß

î; q < � �� � � [Ù � � « > Ï s lm Ð £ _ �Ò o �� � o (Elastic)%

t � � o (Viscoelastic)%� 2 Q o (Rubbery)%t � Ho (Viscous flow)��d
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2.3(b) 

    t � � H� � ��� u Y Z � ¸ î Í ¹ !º » îg » � � � ¼ � t �

� H� ¼ > ¥ Ï s ½îÐ ! L ¾*� � ��d 2-4�� ¸ î Í ¹ *¥ Ï s (τ)-

Ï Ð (γ)d � u ¡ �    

τSp r i n g � GγSp r i n g                      (2-4) 

τ d a m p i n g � µγ
                         (2-5) 

6 ø ]d Ç t � � H� *Ï s -Ï Ð � u Ç b ¡ �  

γ � τ
G0

� τ
G1

�1 � e x p �� G1
µ1
t�� � τ

µ0
t              (2-6) 

@lm t Ã $ �t � � H� > D ¥ Ï Ð s τ*Ð ! L É @ � � � Ä � G�¿À �

« ø l0 q ¥ � � ¢ � *���g h 7Ï s Á � *l E � j ¡ 0 W *P Q V

@lm Â Ã ö ¿ � t � � Ä * ì Ï � Â Ã ö ¿ �H� _ & m * Ä , Â Ã *

® � �@lm Ã � ¾ �É @ *Ð ! ��0� t � � Ä × ¿À �g h ��_

& m Ä , > s : � ® � *ð ñ �6 ? ¬ q ¥ ¬ ­ H� *��� t q Ã Å �

. S [[27]V 

    . F � ¤ } 7]� ?HI l�Î S Æ *HI ��± ²H(fountain flow)�

@N H Ç ¶ q p ÷ � � ¤ } E F á � *HI Å " ¿ T U �× ¸ @ Z � È É

¥ ¦ HI × ¸ @ *8 9 < s Å @ ö ¿ ��� 8 9 *¿ q jÐ � Ê Ë � 
 C

� ¤ } 7]� ô�   � h I (slip)*¬ � 6 !  � v ��d 2.5V 
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����� � ������ �  � ������� �  � ������� �  � ������� �  � � �
    1 2 * s � � r � Ì < Ç ¶ � + � . ó � r% s � � r%Ô¤ ; q V 

1. . ó � rZ Í ß ) . %ä q %PVT t � � V) . Î ä q  Ï [�� � «

; q %< s î * *P Q 6 jk�@ ² ; l_ & i m � ¶ ) ò Ð ä �ô �

� ó ò $ �) . ò $ �& ; l�} ~ ß _ & i ! I �) . ò � V¹ » ,

c � *1 G � ° �² ; l_ & i Ñ z � ]% Ò � 8 $ _ ` * Ó I �z <

} & ; q © Q ¶ } ~ Ã ¶ * Q L Ô ) , c � ¶ �© Q < ¤ I %ÔI î h

I t *��« � �7 Û Ü Ô¤ ; q l�� u r PVT d?�¢ n < s \ �

B C 9 < � � *Ô Õ 4 ��d 2.6�6 R , c 1 G Å j� 9 ¬ � � *Ô

Õ 4 ��d 2.7VPVT � � d| � u } ~  ! l*� ó Q � Àu v  !

¾ � � å æ À*� � V 

2. s � � r a � Z A ß ) s %s õ 
 � [%E £ s t �) s Ö ¡ ß � G ×

� s L * Q s �Ù ¡ � � � r L *� G } & � � ; q × ¸ @ * Q L �SI

* � � � J/(kgØK)V) s ° � �� G ; q ° j . # L Ð V s õ 
 � [0

� G s õ 
 * Q s �Í[\ ° & �s õ ì � ° = �¿ � : � ?� Â ; q

� Ù _ ¸ �) ò j� < s L P O Ú ó 6 < s 4   � V 

3. Ô¤ ; q Z Í ß Û Ü Ô¤ ; q %E 4 �@ 1 G ; q ² » Û Ü Ô Ý ; q l�

jé 0 � , c & _ & K 0R , c & _ & �& _ & � G *� r Å �k Û Ü

F ? ¬ 9 § 6 # ¨*� r�@ ; q & » Û Ü Ô Ý ; q l�Í! Q ? ¬ �

2 Q �z 6 # Ð ! V� , c *& _ & � G 7; q & » Û Ü Ô Ý ; q l�

R , c o p � 1 � HI �p ÷ & _ & *� � �; q 7 Û Ü Ô Ý ; q e E

4 � m �0� § / *, c o p _ 4 7 z *R , c o p ?VR , c � *�

G g y � � *E 4 �@ ; q e : Û Ü Ô Ý ; q ¾ �Å Û � ß Í� � �

rV 
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2.2 ! " # $ % � 
 �& � ' ( ) *! " # $ % � 
 �& � ' ( ) *! " # $ % � 
 �& � ' ( ) *! " # $ % � 
 �& � ' ( ) *  

������ + , - .+ , - .+ , - .+ , - . � � � � 	 � 
 �� � 
 	 � �
    t q µî¥ Ï Ð Àγ
* � ¼ d7� S � G Ï Z ô < Ã � * � � �R ¬ ­

H� t q /¥ Ï Ð À*� � � ¼ ' ß 7 2.1.2 } D *	 [À]b (Power Law)

Ø�Carreau model0. â K � [*H� ]d V7W � � ?× Â Z * Carreau 

model�� µ � µ	 � µ����µ�
��
���
��������������

��	
�

               (2-7) 

Í? 

e � � � �
� ����

��� � ���
����                          (2-8) 

E� � exp �a � �

��� � c!"                      (2-9) 

Í?µ�0 t ¥ ¦ Àl* t q �µ	0¥ ¦ À�y Ü � l* t q �λ�îλ��l
m S [��0	 [À]b *	 [�a,b,c, T�0S [�T0H� ; q V 

    Carreau7 1968 � × « ¡ * Ý J é i } D * 0 � ]d �� 

µ � � � � $%1 � �λγ
 ��&	��
�                    (2-10) 

@ ¥ Ï Ð ÀÃ � l�? Í Þ N * 1 � u l ß �3 ø ]d Å Î 	 [À]b *

k�@ ¥ Ï Ð ÀÃ $ l�3µ � � � � i D �. â S [$��ø Carreau model

� � ß 	 [À]b 7 ² ¥ ¦ Ï Ð Àl�t q � Å � » y Ü � *j ¤ l ¬ � �

@ ¥ Ï Ð ÀÃ ² l�& _ & t q � �. â S [V6 ø ]d ?*� \ î	 [À
]b * k�@� � 1l�× ¡ � 9 t q � î ¬ ­ H� . � �. â S [�� � 1
l�× ¡ � 9 * t q � 9 ¬ ¥ ± N (shear thinning)*¬ � �Ù Å 0^1 H

(pseudoplastic)�� ' 1l�ÍH� ¡ ¬ * t q � � 0¥ ¦ ¶ (shear thickening)%

Q � (dilatant)V�ø Carreau model � u Z �¡ � ¬ ­ H� e R ¬ ­ H� *

t q /¥ Ï Ð À � ¼ V 
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������ / 0 � 1 2/ 0 � 1 2/ 0 � 1 2/ 0 � 1 2 �

2.2.2.1 3 4 � 1 23 4 � 1 23 4 � 1 23 4 � 1 2  

    5 à a � b 0 r Q L á â 6 ��r L á â a � b � u ¡ � �� 
�� � � �
�� � 0                       (2-11) 

M � �� 0� u *r L �6 I � u ¡ 0�� 

M � �� � * ρ d-� ��                     (2-12) 

Û(2-12)b Ö ³ (2-11)?�� i � 

�
��* ρ d� �� -� �

��* ρd- ! � * dV / n1 dA �          (2-13) 

Í?t ã � b e . � �¿À � ó (Control Volume)*r L lÐ À�t ã � b

e k � 0r L H9 Àîr L H³ À* ö \ V7. â ¢ n g h ! P ¢ n *¿

À � ó ?��(2-11)%(2-12)%(2-13)b i D 5 à a � b �� 
�
��* ρ d� �� - � * dV / n1 dA � � 0             (2-14) 

7W w � ?× Z D *+ _ 5 à a � b �Ç b � V" �#
�$ � �

�� �ρ3A�� � R �
�% 5ρ6A%7 � �

�& �ρ8A&� � ξ #�'

� � 0  (2-15) 

Í?V"�� HI *� ó _ À�A�%A%%A&� x%y%z a · � HI *� ó _

À�3%6%8� x%y%z a · *¿ q _ À�R%ξ� ä � Ô Ý S [���Cartesian 

coordinate?�R=1%ξ � 0V 

 

2.2.2.2 
 5 � 1 2
 5 � 1 2
 5 � 1 2
 5 � 1 2  

    Ç ¶ * · I a � b � Navier-Stokes a � b ¿ ôß � â å ¿ � �(u, v, w)

�© c ôH� ¿ q *_ L � 
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∂u∂t � 1V" =uA(
∂u∂x � vA�

∂u∂y � wA)
∂u∂zB � ξ A�v�xV" � �1ρ ∂p∂x � G( � f( 

∂v∂t � 1V" =uA(
∂v∂x � vA�

∂v∂y � wA)
∂v∂zB � ξ A�uvxV" � �1ρ �R ∂p∂y� � G� � f� ∂w∂t � 1V" =uA(

∂w∂x � vA�
∂w∂y � wA)

∂w∂z B � � 1ρ ∂p∂z � G) � f) 

(2-16) 

Í?(G(, G�,   G))0 } � 7(x, y, z)¿ ¿ q �(f(, f�,   f))0(x, y, z)t � � ¿ ¿ q �

I � u Z Ç b ¡ � � 

ρV�f� � w s x � 	 ∂∂x �A�τ��� � R ∂∂y �A�τ��� � ∂∂z �A�τ��� � ξx �A�τ�� � A�τ���� 
ρV�f� � w s y � 	 ∂∂x �A�τ��� � R ∂∂y �A�τ��� � ∂∂z �A�τ��� � ξx �A� � A�τ���� 
ρV�f� � w s z � 	 ∂∂x �A�τ��� � R ∂∂y �A�τ��� � ∂∂z �A�τ��� � ξx �A�τ���� 

(2-17) 

Í? 

 τ(( � �2µ F�,∂x � �
- �∂u∂x � R ∂v

∂y � ∂w
∂z � ξu

(!G                  

 τ�� � �2µ FR �!
∂y � ξ ,( � �

- �∂u∂x � R ∂v
∂y � ∂w

∂z � ξu
(!G            

τ)) � �2µ F�.∂z � �
- �∂u

∂x � R ∂v
∂y � ∂w

∂z � ξu
(!G                  

τ�� � �µF∂v∂x � R ∂u
∂y � ξx

(G                               

τ() � �µ F∂u∂x � ∂w
∂xG                                   

τ�) � �µ F∂v∂z � R ∂w
∂yG                                 

(2-18)  

6 Í? µ� Carreau model(2-7)b ?* t q  
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(a)� � ì Ï  

 

 

 

 

 

 

 

(b)]´ Q �  

 

 

 

 

 

 

 

 

(c)� ® j �  

d 2.1(a)(b)(c) t � � H� ��[25]V 
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d 2.2 ¥ ¦ t q ¹ ¥ ¦ Àd ! [25]V 

 

 

 

 

 

 

 

 

 

d 2.3(a)� � � [ G � ; q Ð £ *� � [25]V 

 

 

 

 

 

 

 

 

d 2.3(b)& _ & Ï s � � É @ � ¼ [25]V 
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d 2.4 t � � � s � ]d [27]V 

 

 

 

 

 

 

 

 

 

 

 

d 2.5 8 9  ! � � : � ?± � H¬ � [26]V 
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d 2.6  , c � *1 G PVT dV 

 

d 2.7  R , c *1 G PVT dV 
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�� ��� ��� ��� ����� � 
 � � � � � � � � �� 
 � � � � � � � � �� 
 � � � � � � � � �� 
 � � � � � � � � �  

    � « w x ¥ ¦ * æ ç è ½�Û w x u v w x z � Ï Z »   � * k « %

| ÷ %_ ` e ¬ � � é 
  �� Ö � S } · ³ ´ s *É @ a z V� N Î 5

ê ½* w x y � z � 0 CAD�5 ¾ 0 CAM�Î ë *30 CAEV w x y �

| ÷ (Computer-aided Design, CAD) Ú Â Z w x z � / A r ì » d ! * í ¬

e , - � * | ÷ V w x y � ¬ � (Computer-aided Manufacturing, CAM)30

/ A Z w x y � a î � + ¹ ä � © � ! u ¬ � jk* t ² � V w x y � _

` z � (Computer-aided Engineering, CAE)7� � ô*Ï Z é 
 � _ Ù v �j

± Q ¶ } ~ | ÷ V * @ K *{ | % Ñ ï * @ K *lm î W �Ù Q Ñ D 	

� *_ ` î , M V � « w x · ð *¿ q j ® *} · �[\ _ ` Ù � Ï Z �

÷ ð H� s � (Computational Fluid Dynamics, CFD)ô�Ù r . Ç * ÷ ð ÔÐ

� k Ç î© Ç V 

3.1 6 7 8 9 : 1 ; <6 7 8 9 : 1 ; <6 7 8 9 : 1 ; <6 7 8 9 : 1 ; <  

� ���� � < 
 = �& ; <� < 
 = �& ; <� < 
 = �& ; <� < 
 = �& ; < � � � � � �� � �
    FLOW-3D0� ñ � * Flow Science Inc. × k « �� u ]^ á � î � �

*I Q ���0 ò ó Z � ÷ ð H� s � * z � �Ù ��Í¹ » H� HI ë

ô *]^ Q s ��ø É Ê *Ï Z 7� + H� _ ` *� � �õ ��� Y � � %

Â � %± ö ÷ � � % ø ù | ÷ � O � 7+ � w ú p *H� _ ` VFLOW-3D

* l é m n 0 û ^ H� s � * 5 à a � b %I L a � b t ��ø � u Ï Z

7� + H� *HI V7 ÷ ð H� * ô �¡ � l ü Z Volume Of Fluid 

Method(VOF)�Q ¶ � L * Ñ ï ý þ � *Â Z g h æ ê ÷ ð *lm �[\ a

z � < Ü ö _ z (Finite Difference Method, FDM)Vø z � é 
 < | 8 õ µ l

!�� u � � o � * � � d ! �gh�<����*µQV��*¦ � z

0 � !���gh � 
ò Y ÷ ð a b -FAVOR(O _ � ó /� ó )��u Z � !

*�� � � � � � *]d �Â_ ` j � � û �* ò» õ u * FDM ¦ ­ ��
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u Z ò ÷ *�� Ñ D . � *@ È V 

    FLOW-3D0 ü Z � !�� î < Ü ö _ z ��ø � 7. U ë � 4 � 

ë 4 � 

� � !���� o � V 

� o � *�� ÷ ð ò. # V 

� 4 � 

� < Ü ö _ z 7 Å Æ * � � d!* � � � � µ l ô y z <ì � ¥ V 

� µ l � � � � *U qò&V 

� � � �* � !¦ � @ � L Â � ( &t � q�/ 3 È i *,� � <* @ �

* � öV 

 

3.2 >?-@�1>?-@�1>?-@�1>?-@�1 

    á Y Z CAD z ���]� ]d �ghÛ d! � 9  FLOW-3D�u Â

Z * STLd 	 � b V7 FLOW-3D N ��]^ × ÂZ *� G�gh � ³×

¸ @ *� [ V t qO _ � % � HÐ G î : # � HÐ G × M i *[ ^ � 
 :

÷ ð ¾ i D z �N � � < � t q*� [ V] Û � ¤ w x w � a � *� [ Ö

³¾ � R  +89  !� � : � *]^ V]^ _ ` H� �d 3.1V 

 

����� ) A B C) A B C) A B C) A B C �
1. ¤H� 

    
 � [ (Reynolds number)� m � � � s î t � s � )V
 � [ ò $ l�

t � s ¹ Hr*ð ñ� » � � s �Hr?H¿* 
 I � � t � s 6 � p �

H�HI � n �� ¤Hª � � � 2 
 � [ ò � l� � � s ¹ Hr*ð ñ�

» t � s �H�HI ò j � n �H¿*+$ Ð £ . # « � %ö ( �! �

�%j � 3 * � HHrV 
 � [ �u Ç b ¡� ��

R� � #/ 0
µ                           (3-1) 
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Í ?ρ � H� ä q%V � H�H¿%d � � � %µ � H� t q��� &_ & t
qÃ &��ø 
 � [ Ã $ � Ð »¤HV 

 

2. t � � �� 

    &_ & Ð !� �� ;qÐ £ K 0 � « > D ¥Ï s *lm ö ¿ �× � ¬

9 *� � �Q � � � �K 0 > t q � � ¿ À ��ø | EF &_ & � t � �

�V 

 

3. ]� N � û ü � 

    +89  !?�]� ? ø ù @ ú , û ü u � � í î * ü � �  +,-

� � j R þ �O �0�   � � v V¬ 7� S ô S ÂZ � û ü � �  ! ¬ � �

�ø { | ]� N � û ü P Q 0Ã � ¤ w x *J f V 

 

4. { | ] © � � � � s *J f �| Ú j � > D 3 ;*ð ñ�7]^ lÙ j

� ø K | n � � � ? � s * | n V 

 

5. { | 7] © %¿ s � %¾ ]
 %� Ç % ! � - ø m 0 � ¤ A j ��ø

� l ß � � s Í ¯ *ð ñV 

 

6. s � 8 ø ù 07 } � © < Ã &*;q © � <)ò � �*ð ñ��ø { |

7] © ;q 110� v Í u Ç * s � 8 ì Ï gj � ��× u l ß j ÷ V 

 

7. j �< æ H� 

    H� f + � qô 6 £ / 0�< æ *� Ý £ � �<s K ;q* L Ð � �

 H� ä q* L Ð V5 6� × K J f Ç �EF &_ & *<s K ;q L Ð ×

�  * ä q L Ð * @+$ �0�u � l ß *V 
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����� -. D E F-. D E F-. D E F-. D E F �
    d 3.2%d 3.3 � ]^ l× Z *]d d�7+,- O _ �+HÊ ( q�

10µm�' ( )� 5) 1V]� � G� NAK80 Í � G } � \ ¡�¡ 3.1 × � V

]
 O _ × ÂZ *� G� Si�Í � G } � \ �¡ 3.2 × � �Û � U } � \ Ö

³ FLOW-3D?��� µ � G*{ | �u ~ ]^ · Z V 

 

����� -@-@-@-@����� � �� � �� � �� � �GGGGH � �H � �H � �H � � �

3.2.3.1 PP 

    � � � (polypropyleneªPP����� Í £ � ,- b �d 3.4� � ¤ � Që � �

gh�u Y Z 89  !% s <% � 9 % � 1 %¤<%? ü  !% D ·  !

t � " ¿ �  !V�    W ò² ��ø Z # É Ê ��u Z » ¬ � . ! %N

Ì% Z b $ t �g� L Z »� % % & ' %£ � % º ( % � ) Z � t VÙ �

�  * � � ���u 
 � EF + , ¬  * Ç K 0j - . �Í ( qe ¹ / *

0��u Z � ¬ � 1 2 % 3 4 % 5 Gt V� ½ 0 � ) � 6 �< 7 s �j �

8�  Z » ¬ � � ô Z � �� 9 : % ; � t VÍ � G } � r ¡�¡ 3.3V 

 

3.2.3.2 PMMA 

    � � m � � � � < (PolymethylmethacrylateªPMMA)�0= º *< È s

� G�Í £ � ,- b �d 3.5V� � m � � � � < MMA � ¤ 6 ¬ i * s 1

� 1 2 � 
 S Z � @ � Û Ü * > Ö � �Ì 7 } l K 0£ � � r ô � / <)

Û Ü " = *� � VPMMA* ä qÈ� 1150-1190kg/m3� * k � $ *� G�

3 L z <Û Ü *. � ª̄  ! î ¯ ? @ * ( qÈ) Ù � Û Ü & 7~18ÓªE

4 È� 240-250��) Û Ü 1000�*&; ² Ã K ªÍ ª Ø � 0&_ & � G?

Î ë � *� ª Ø À Ñ 92%� | ) Ù � Û Ü * ª Ø q&V # » ¿ � ��Y Z
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' A ¦ B � C A C D �Ù �Y Z � 1 %89  !% s <t 1 G !*a z

¿ � � D ç � * ä E F �Ù �u ¬ � { G % G H t $ d   � VÍ � G } �

r ¡�¡ 3.4V 

 

�����  >?-@I J>?-@I J>?-@I J>?-@I J �
    z �]^ , à ¾ *[ ^ { G�u } � ¸ @ *lm 4 ��u i D 	 n �

8 *¿qr%<s r%;qt �gh7+,- O � ï ¦ � K 0 ª � qj k

*¦ � B C VÎ ¾ ] � u ô *[ \ _ ` ,� �� . ¯ ó è &_ & +89  

!*� � : � V 
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¡ 3.1  NAK80 � r  

ä q IJK�Lg/cm3 7.8 

s Q � �[ IJK�L�MK
��

N�� 11.3 

s Q � �[ IJKK�L�MK
��

N� 12.5 

s õ 
 �[  IJK�LW/m� 26.1 

) s  IJK�LJ/g� 0.46 

 

¡ 3.2  Si � r  

ä q IJK�Lg/cm3 2.329 

s Q � �[ IJK�L�MK
��

N� 2.49 

s Q � �[ IJOK�L�MK
��

N� 3.61 

s õ 
 �[ IJK�LW/m-K 11.3 

) s IJK�LJ/g� 0.702 

 

¡ 3.3  PP � r  

ä q IJK�Lg/cm3 0.903 

s Q � �[ IJK�L�MK
��

N�� 3.1 

s õ 
 �[  IJK�LW/m� 0.21 

) s  IJK�LJ/g� 3.140 
 

¡ 3.4  PMMA � r  

ä q IJK�Lg/cm3 1.039 

s Q � �[ �IJK�LMK
��

N�� 0.6 

s õ 
 �[  IJK�L106W/m� 0.12 

) s  IJK�L107J/g� 1.707 
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d 3.1]^ _ ` H� V 
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d 3.2]^ ]d d( � � �mm)V 
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d 3.3]
 e � . +,- d(� � �mm)V 
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d 3.4PP � � _ & ,- V 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

d 3.5PMMA � � _ & ,- V 
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���������������� � � � � � 
 � � �� � � � � 
 � � �� � � � � 
 � � �� � � � � 
 � � �  

4.1 K L M N �O P M N C QK L M N �O P M N C QK L M N �O P M N C QK L M N �O P M N C Q  

� ���� K L M NK L M NK L M NK L M N �
    89  !*� [ �PP*G;� 270�%89 ¿q OKP P NQ %89 <s �

RKS T U %MRKS T U ª T S S V *G;� JWK�%89 ¿q� OKP P NQ %89 <s �

MWKS T U �/ D ]� � � R X V 

 

� ���� O P M NO P M NO P M NO P M N �
    _ ½ u ] © ;q 50�%Y K�%MMK� ½ � ]^ V] © � � � � s *J f �

| Ú j � > D 3 ;*ð ñV 
 

4.2 PP ! R F " # S T �! R F " # S T �! R F " # S T �! R F " # S T �>?-@R U>?-@R U>?-@R U>?-@R U ����V (V (V (V (  

� ���� -W S T -@-W S T -@-W S T -@-W S T -@�
    d 4.10] © ;q� 50�l�� � : � ?7A � ]
 Z | µ *]� ¶

qa · ô *E2 ;q_ ¸ v Í lm Ð £ �� d�i { A � ]� � � *æ �

E2 *;q7� � : � ?� [ ¿*Ç Æ ��  t q R ö 6Âi HI � Ð ö�

! ¡� ¢ £ ¤Vd 4.2%d 4.30eô d k � 8 µ *E2 ¿q_ ¸ v ¥Ï

Ð À _ ¸ Ð £ J !�� d�i { H¿ R ö *o p > D Ã � *¥¦ s � Z �

ø o p Ï 0E2 7]� ¶ q?¨ O ! ¤H*O _ e¡� ¢ £ ¤ * \ A *

o p �= º ¥¦ ¤V6]� ?� *O _ �E2 ;qÎ &�gh > ¥¦ s �

Z � � p ² �º � § ¨ ¤*O _ Vd 4.40� k � ] " # *w � ?7 * k *

� [ Ç × B M D * � Ø �+ ^ � � �� d�i ¡� ¢ £ ¤%¥¦ ¤î § ¨

¤× _ *) õ È� 2:3:5�7¡� ¢ £ ¤*O _ z <7 ` � ]� *O _ < U
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+� �*,c �7 \ � ¥¦ ¤*O _ �,c *� q� �* p ² V¹ � d 4.3

�« ¬ ¥¦ ¤9 ¬ 7E2 Ñ � n HI lÍ ¥¦ ¿À ÈÑ 600s-1 u ô *O _ �

Í ¥¦ Ï Ð À Î � \ *O _ È7¥¦ ¤*?� O _ Vd 4.5 � 7j k ] © ;

qÇ ]� � � l*;q_ ¸ d�� d� { ];� 50�l� ° A � ]� *E

2 ;qÇ Æ *¿À )];� 110�lÄ Ã K V¹ � d 4.6 � � � a 9 ]; 110

� Ù < ¢ £ ¤%¥¦ ¤î § ¨ ¤*- � �Ì �� ];ò&�] © ¹ E2 *

� � � Z p b �¡ c ¤� �*Ð N�h� ¤*,c P f Ù / )];� 50�

l� �« Ñ V 
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� ������ � ! R F S T -@! R F S T -@! R F S T -@! R F S T -@�

I. X Q " Y ZX Q " Y ZX Q " Y ZX Q " Y Z [[[[\ ] -^ M N _ �R U\ ] -^ M N _ �R U\ ] -^ M N _ �R U\ ] -^ M N _ �R U  

a). -^--̂^-^ 50`̀̀̀aaaa" Y" Y" Y" Y 400bar 

    � d 4.70+,- N eO _ m � ]� (� / m � ]� a · )*;q_ ¸ d�

�u B C D E2 7� ³+,- *: � ?�;q� [ ¿*Ç Æ �Ù Q r d?

« ¬ 789 *� � d � y z Û +,- ]� � 0 Vd 4.80+,- ]� ³´ µ

¶ qa · *;q_ ¸ d�d?" �u - . B C D E2 ½ ³+,- ¾ È 0.09

e *lm E2 *;qÅ Æ �E4 u Ç �h7¶ qa · *;q_ ¸ �]� �

� *� ��?� È) ` � æ � ]� µ &È 5� 10�Vd 4.90+,- ]�

³´ µ ¶ qa · *<s _ ¸ d��� 9 <s gj ¹ º »+,- ]� ¶ q*

?m ¼ �7E2 � � � ³+,- ]� l� ` É H Ç I m � ]� L Ç f * � �

Í <s ò É H Ç ô f µ &�67HI Å » � n *P f Ç � ` É H Ç ô f *

� � Í <s � 6ò É H Ç Ç f * � � <s &� g M Ï h 0 > D É H Ç N *

E2 HI ð ñ× CVd Ri MK0+,- ]� ¶ qa · *¿q_ ¸ d�r d?

�« ¬ E2 0u ±²Ha b 7� � +,- �gh7� � *: � ?� � « ;

qÄ ¿Ç Æ �< U + å æ *¬ � « � I¿q� j \ LVd Ri MM0+,- ]�

¶ qa · *¥Ï Ð À _ ¸ d� � 5 E2 7+]� N *� � ¿qÃ $ È ± v

7É H Ç N *Ë _ � . �Ì Í Î � ¥Ï Ð À � &Ñ É H Ç N V *Ò ÓV,

� 7 � +]� N *E2 7� � *l E ¼ > ß * @ � *Ð !� Z V 

 

b). -^--̂^-^ 80`̀̀̀aaaa" Y" Y" Y" Y 400bar 

    d 4.120+,- N eO _ m � ]� (� / m � ]� a · )*<s _ ¸ d�

� d�u « ¬ @+,- � 0 *P Q Ç � ' ß ³´ µ <s � � > D É HÊ N

E2 HI ð ñ�+,- N ? � e � � *<s � * t *[ \ �Í 0 �0] ©

¹ E2 × �  *<s Vd 4.130+,- ]� ³´ µ ¶ qa · <s _ ¸ d�

7HI Å » � n *P f Ç �+,- æ � ]� *<s � �ò+,- ?� µ &�
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