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1.����

 

������ �� �� �� ��� �� ��� ��� ��� 

��� ��� ��� � ��� ��� �� ��� � ��� �

�� ���� �� ����� �� ��� ��� ��� � �

��� ��, ��, ��� �� ���� ���� ���� �� 

��� ����� �����, ���, ���� �����. ���

�� ������ �� ����� ���	 ��� Darnell� Mol

�1 ��� �
 �����. ��� ����� ��� ���(Solids 

bed)� �� ��� ��� � �� ���� ���� ���� �

����, �� Tadmor	 Klein�2 ��� � ��� �� �
, ��

���. Tadmor	 Broyer�3,4 ������ �� �� ���	 �

�� ��� ���	 ����� ����� �� ����� ��

� ��� ��� ���� ���� ���� ��� ����	 

�� �����. ��� Darnell� Mol�1 ��� ��� ��� 

���� �� ����� ���� ����� �� ��� ��

��� �� � 
� ��� ��� ��
 ��� ����� �

��. Tadmor	 Kacir�5 �� ��� �� ����� ���� �

� ����� � ���� �� ��(delay zone)� ����� �

����. Lovegrove	 Williams�6 ������� �� ��� ��

� � �� ����� ����� ���� ���� �� ��� 

�� ��� �
���. Zhu	 Chen�7 �	� �� ��� �� 

���� ���� �� ����� ��� ��� �� ���	 �

�� ���. Campbell� Dontula�8 ���� ���� ��� �� 

���� �� ��� ����� ���� ��� ���� ��� 

��� �����. ��� ��� ���� ���� Ahn� Kim

�
9,10 ������� ���	 ��� ���� ��� ��� �

� ������� �� ��� ��� ��� �� ��� ��� 
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��� ������ ������ ������ ��� ��� ��� ����� ��� �� ���	 �	�� 

�����. ���� ���� �� � ��� �� ��� ���� �� �� ��� �� ��� ���� ��

���� ��� � �� ���� ��� �������. �� ����	� 
(�) 	� ��� ���� ��� 

���� ��� �
 �� ��	� ��	�� �� ����. ������ ��� ��� ���� ����	 

Biot �	 Peclet �� �� ���� 
�	 ������ ��� ��� 
	� �	���. Biot �� ���� �

�� �� � 
�� ���� ��� 
�� ��� ����� ���� 
�	 ������ ��� ��� 
	

� ���, Peclet �� ���� �� 
� ���� ���� 
�� ���� ������ ��� ����. 

 

Abstract:�Effects of the dimensionless variables on the heat transport phenomena in the extrusion process of a single 
screw extruder have been studied numerically. Based on the understanding of the solids conveying related to the 
geometrical structure and characteristics of the screw, the heat balance equation for the solids conveying zone was 
established and normalized. The finite volume method and power-law scheme were applied to derive a discretized equation 
and the equation was solved using the alternating direction iterative method with relaxation. Effects of the dimensionless 
parameters, Biot and Peclet numbers, that define the heat transfer characteristics of the solids conveying zone have been 
investigated with respect to the temperature of the feeding zone and the length of the solids conveying zone. As the Biot 
number is increased, the heat loss by cooling dominates to decrease the temperature of the barrel but it has little effects on 
the temperature of the solids bed and the length of the solids conveying zone. On the other hand, if the Peclet number is 
increased, the convection term dominates to decrease the temperature of the solids bed and it results in an increase in the 
length of the solids conveying zone. 
 

Keywords: extruder, solids conveying zone, heat transfer, numerical analysis, dimensionless numbers. 
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���, �29� �6�, 2005� �

���� ��� ���� �� ��� ����, ��� ��	 �

� �� ��� ���� �	������ ���� ��� ���

��.  

��� ��� ��� �� ��	 ��, ��� ��� ��, �

	� ���	 ��� �� �� ��� ���� ���� ���

�	 ��� ���� ��� ��� 
	� ��� ����. ��

���� �������� ��� ��� ��� ��� �� ��

��� ���
� ������ ��� ��� ��� �� �� �

�� 	��� ��� 	���. ������ ��� ���� �

�� ����� 
�� �	� ���� ���� 	��
� � 

��� ���� �� ���	 ������ �� ��
 �� �

��� �� ��� ��� �	� ��� �� ��� 
� ��� 

���� � ��� ���	 � � ��. � ����� ����

�� �� � �� ���� ��� �� �	� ��� �� �� 

�� ����� ��� ��� ���� ����� ������

�� ��� �� � 
� ��, �	� �� �� �� ��� 


	� ��� �	���� ���� ��� ����	 ��� ��

� �	��� ���. 
 

2. �� 
 
2.1 �� ���  

�� ���� ��� �� ��� ��� ��� �� ��� �

��	 �� 	�� ���� ��� ��� �� �
�� ���� 

���� ��� ��� �� ��� ����, �� ���� ��

� ��� ������ ��� �� ���� �� 	�� ��� 

�� �� �� ����. ���, ��� ��� ���� ��� �

�� � ���� � �� 
�� �
�� ��� ��� ��� � 

��. ��� ���	 �� ��� �
� �� ��� �����. 

�, ��� �� ��� �����, ���� ��� ������ �

��� ��� �� ���� �� ���� �����, ��� �

� ���� ���� ���� � ��� ���. ���, �� ��

��� �� �	��� 
� ��� ���
� �
��� ���

� ���� � �	 �� ���� 
� ��� ���	 ��. ��

� ��� ��� ��� ��� �� 
�� �� ��� ���

� ��� �� ����� ��� � �� ������ ���

��. �� 
���� �� ���� ��� ��� �� �� ��

� ���� �� �	� �� 
� ��� �	�� �
� ��.  
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���� ]/[ pCk ρα = � � �� ����, ��� �� � �� 


� � �� ��� ��� �����. �, �� � ��� 
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�� ��� ��
� � �� ���� �� 
� �� ���� 

���� ��. �� 
�� �� �� �
� �
� ��.  

 

(�� �
)  

C:0,0 TTRrzAt =≤≤=                             (2)  

0:0, =
∂
∂<≤=

z

T
RrZzAt                            (3)  

0:0,0 =
∂
∂<<=

r

T
ZzrAt                            (4)  

sbs
1 :0,

r

T
k

r

T
kZzrrAt

∂
∂−=

∂
∂−<<=                  (5)  

bsb
2 :0,

r

T
k

r

T
kZzrrAt

∂
∂−=

∂
∂−<<=                 (6)  

)(:0,
b

1 ∞−=
∂
∂−<<= TTh

r

T
kzzRrAt                 (7)  
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���, R� ���� ���� �� �� ����� �	, Z

� �� 
�� �� � �� �� �	, TC� ��� 
�, TH� 

���� 
�, T∞� ��� 
�, k� ����, h� ��� ��

��. ��� �� � �� �� �� ���� 
�� ��� 


�� �����, �� 
�� �� � �� ���� �� �

	� ���� ���� ��� � �	� ���� �����

�, ��� ������ � �� �
� �����. ���� �

�� 	�� �� �(r�r1)� ��� ��� 	�� �� �(r�r2)�

�� ��� ��� ���, ��� �� ��� ��	 

� �

���� ��� ��� ��	 ��� ��� ��� �� ��� 

����, ��� ���� ��� ����� ���� 
�� �

����. 

� ������ �� �
� �� ���� ��� ���� 


	� ���� ������ �� ��� �� ��� �� 

��� ��� ���� 
	� ��	 �
� �� ��� �

�� �� ���� ���� � ����� ��� ��� �

� �	 �� � ��. ��� �� ��� 
	� ��� �	

�� ��� � �� ��� ���� 
	� �	�� ��� 

���	 �
� �� �����. � �� ���� ���� 

�
� �� ��� ���� ���� ������.  
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��� V� ���� � �	 ����. � ��� ���� 	�
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���� Pe� VR/α� ���� Peclet ��� ��� �� �

��� ���� �� ���� �� ���. Bi� hR/kb� ��

�� Biot ��� �� ����� ��� 
�� ���� ���. 

β	 ε� �� ���� ���, ��� ���� ����� �� 

����. �, ��� ��� �	 �� ��� ��� 
���� 

��� ��
� � �� ���� ���� ���� ��. �	 �

� ����� ��	 �� �
� ���� �� 
�	 ����

�� Figure 1� �����. ���� ���� ��� ��� �

�� �	�� R� 0.058 m(R*
�1)�� ��� r2� 0.025 m( *

2r �

0.431), ��� �� �� r1� 0.0175 m( *
1r �0.302)��. 

2.2 ��� ���  

����	(finite volume method�FVM)� ��� � �� �� 

�� �� ���� �� �� ��	� ����. � �	�� �

����� ��� �� ��� ���� ��� �	� ���

� �� �� 
��� 
	� �� ���� ������ ���

�. �� 
���� �� ��� �	� Figure 2� �����. 

� ����� �� 
�� ��� �� �	�� ��� Patankar

�
11,12 ��� ����	� 
(�) 	�(power-law) ��� ���� 

��� ���� �����. �� �� �� �� ��� ��� 

��� ��� � �� *
� �
�� �	�� �� �	�� �� 

���	 ��� ���� �
� �� ��.  
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Figure 1. Schematic diagram of the computational domain with boundary conditions shown for the solids conveying zone. 

 

Figure 2. Meshes and nodes of the finite volume method. 
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��. �� ���� ��� Fe�Fw�Fn�Fs 
� 0� ��. ��

BA, � A	 B ��� � �� 
��� ����. ��� ���

��� ��� ��
� �� F� 0� ��. �	 �� ��� ��

�� � �	� �� �	� �	�� ��� �� ���� ��

� 
�� �� 
�� ���� �� ���� ���� �� 

Thomas ��	��� �� �� ����.13  

2.3 ��� ��  

�� ��� � ��� ���	 ���� ��� ��� ��� 


��� ��� 39�9, 79�16, 117�27, 316�64, 474�96, 632�128, 711

�144� ��� ��� 79�16 ��� �� ��� ���� ��

�� ��� ���� ��� �
���. �� ��� �� � 79

�16� ��� ��� ���� ��� Figure 3� �����. �

�� �� ��� ��� ��� 
�(TN,1)	 ���	 ��� 

��� 
�(TN,K), ���� �� ��� 
�(TN,L)� �����. 

Figures 4�6� � �	� 
�� ��� ���� ���� U� 

��� ��� ���� N1� N2� �� Figure 3� (b)	 (c)� 

��� ���� ��� ����. ���� � � ��� ��� 

�� �� ��� ���� ���� ��� ��� �� 632�128 

��� ���� ���	 � �� ���� ��� �� 76�16

� ��� ���� �� �� ��� ���� 	�� ���


� ��� ���� 76�16� � �� ���� ��� 
��

��.  

 

3. �� � �� 
 
���� ��� �� �� ������� �� ��� �� 

�� ��� ��� ���� �� ��� ������ ��� 

��� �� ����� ���� ��� ����.10 ���, �

�� ���� ���� ��� ��� ��� ���� ���

 

(a) 79�16(Uniform)  

 

(b) 79�16(Non-Uniform 1)  

 

(c) 79�16(Non-Uniform 2)  

Figure 3. 79�16 meshes selected for testing computational efficiency. 

Figure 4. Convergence of the temperature at the center of the screw on the 
downstream boundary shown as the meshes are refined in the compu-
tational domain. 
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Figure 5. Convergence of the interfacial temperature between the screw 
and the solids bed on the downstream boundary shown as the meshes are 
refined in the computational domain. 
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Figure 6. Convergence of the interfacial temperature between the solids 
bed and the barrel on the downstream boundary shown as the meshes are 
refined in the computational domain. 
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� ������ ��� ���	 ��� ��. ������ �

�� �� �	 ������ ���� ��� ���� �
�

� ��� ���� ����� �	� ��� � ��	 � �

� ��� ���� �� ��� 
� ����� ����. � 

����� ��� �� � �� ���� ��� Ahn� Kim�
9,10 

�	������ �� ��� 	�� �� �
� ���� �� 

�	�� �� 
� ��� ����. ���� 
�(TH)� 290 �
*

H(T �1)�� ��� ��� ���� ��� ��� 
�(TC)� 80 �

( =*
CT 0.2075)�� ��� 
�(T∞)� 25 � *( ∞T �0)��. ��� ��

�, ���� ����, ��, �� �� ��� 	�� �� Table 1� 

�	���. ���� ��� ���� ���� ���� 	��

�, ���� ���� �	������ 	��� 	����. Biot 

�� ���� ���� kb�50.21 W/m��, ��� �	�� R�

0.058 m, ��� ��� �
���� ����� h�6.97 W/m2
��

� ���� 0.008� ��	 ��� ������ �� �� �

�� �� ��� � �
� ���� Bi�0.01, 0.1, 1� ����

�. Peclet �� ���� �
 ��	 ��� ��, ��� �	�

��� 	���	, Table 1� �� �	������ ��� �� 

α�1.351�10-7 m2/sec, ��� �	�� R�0.058 m, ���� �� 

��(10�25 rpm)� �� ���� �
 �� V�0.002�0.006 m/sec

� ���� Pe�1000�2500� �� �����. �	�����
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Figure 7. Temperature distribution in the solids conveying zone when Bi�0.01, Pe=1000.�
*
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Figure 8. Temperature distribution in the solids conveying zone when Bi�0.01, Pe�2500. 

Table 1. Physical Properties Used for the Barrel, Screw and the Solids Bed  

 
k 

[W/m��] 
ρ 

[kg/m3] 
Cp 

[J/kg��] 

Barrel & Screw 50.21 7830 816 
Solids bed 0.19 1200 1172 
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Figure 9. Temperature distribution in the solids conveying zone when Bi�1, Pe�1000. 
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Figure 10. Temperature distribution in the solids conveying zone when Bi�1, Pe�2500. 
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Figure 11. Temperature distribution in the solids conveying zone when Bi�0.1, Pe�1500. 
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Figure 12. Temperature profiles drawn as functions of radial distance in 
cross-sections at typical axial positions for the case of Bi�0.1 and Pe�
1500. 
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Figure 13. Temperature distributions on the interface between the solids 
bed and the barrel when Bi�0.1, showing the effects of Peclet number on 
the length of the solids conveying zone. 

Table 2. Effects of the Dimensionless Numbers on the Length of the 
Solids Conveying Zone  

         Pe 
Bi 1000 1500 2000 2500 

0.01 0.283 0.341 0.382 0.409 
0.1 0.284 0.342 0.388 0.412 

1 0.286 0.352 0.406 0.444 
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�� ��  
a�coefficients of the discretized equation  

Bi�Biot number, hR/kb 

Cp�Specific heat, [J/kg��] 

D�diffusion conductance  

F�strength of the convection or flow  

h�heat transfer coefficient between the barrel and the surroundings, 

[W/m2
��]  

k�thermal conductivity, [W/m��]  

Pe�Peclet number, VR/α 

r�radial coordinate, [m]  

R�outside radius of the barrel, [m]  

T�temperature, [�]  

TC�temperature at the upstream boundary, [�]  

Tg�glass transition temperature, [�]  

TH�temperature of the heating band, [�]  

T∞�temperature of the surroundings, [�]  

TL�interfacial temperature between the solids bed and the barrel, [�]  

TN,1�temperature of the center of the screw on the downstream boun-

dary, [�] 

TN,K�interfacial temperature between the screw and the solids bed on 

the downstream boundary, [�]  

TN,L�interfacial temperature between the solids bed and the barrel on 

the downstream boundary, [�]  

v�velocity, [m/s]  

V�axial velocity of the solids bed, [m/s]  

z�axial coordinate, [m]  

z1�axial coordinate of the heating band, [m]  

Z�axial coordinate of the downstream boundary, [m]  

� ��  

*�dimensionless variable  

�� ��  

b� barrel  

e, E�east face or node of the mesh  

n, N�north face or node of the mesh  

P�center node of the mesh  

s, S�south face or node of the mesh, screw  

w, W�west face or node of the mesh  

r�radial direction  

sb�solids bed  

z�axial direction  

���� ��  

α�thermal diffusivity, [m2/s]  

β�ratio of the thermal conductivities of the screw and the solids bed  

ε�ratio of the thermal conductivities of the solids bed and the barrel 

δ�difference between nodes of the mesh  

∆�difference between faces of the mesh 

ρ�density, [kg/m3] 

 

��� ��� 	�� 2001
� ����� �������� 

��� ��� ������ �� �		���. 
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