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"@A: �5 ��7 5 .@: �BCB� ���6��" �+����  .DEF "C�G � H��I�5 "5 �@�� 4�  6 ���0�� �5 ��,5 <!:

*�� J!(���� �!7  ��� ��: �6����	:�.6"95  ��5 K�!���"!A: �6�� *	L � 	M( 6 � ��,5 N�@9F

*�� ��5 OE�P �6��Q� ���0�� 2LE( �	: ../�0( 4�   �J� �	�# ���1� �5 ���� �� J� 	+

�� *��� �	,�!G ��	�R� HG'# 2�& 	�# 	:�.��5 4�  �� �7 6 6 "+ �5 	� )	� "8#�9� � 	P�5

 �5 ���15 S	� ��&�G�� �!#	( *���+  � �/�� >��� ���	:H� ��: ���0�� .� ���� T&��� ",&�$�

�6�� ��!� �� ���� �7���&��6U ��7 + �7�5 *�� �� �7 ""�5	P�&��	("!A: ��,& )	� '!( "A# �6��  

�� ��� 4�  �� V�� � ����!5 � ��6�� �7���&��6U T&��� �5 �!# .

�$%�&�'()� :.3 �W�� 2� ���5U XI��8� ����� 4�  �%�&  ��7����!# )	� �J� 	+ J� 4�  �'!(��,&.

)(�� �� 
'!( )	�Y*����  � �7�X�RZ[�� ���Z���� �Z!!\( 6 �6�5 

5 ��&�G"�� �	G� �&U .'Z!( )	Z� "�Z�� �� "Z5 '!( )	�

 2!,$( ��,& '!( )	� � �&	= ]��5 �Z� ��	Z:.� HZ!8^	�

X�R[�� �Z&	= 'Z!( )	� �Z� �Z!!\( ��Z�6 �Z5 �Z�+��Z� 

1. Shock Wave 

 X�R[�� � H!8^	� ��,& '!( )	� ��Z: ��_� 6 `=

 �� �^�5 �!!\( ���5 ��&�G ����.� ��!#� �!7 4�= )	�

'!( .&�A(  � ��: �!#	( - 	� 5 �7"�	�� '!( )	� ��,Z& 

"$AL �� ���5 ��	: .�Z��15 S	Z� ��Z&�G "+ �����7  � 

6�5 *���� �5 �/�� >��� a& �� � 	P�5 ��+�-U 6�Z(  �

H�= >��� �� I�5 �&U. �%!&�= H�����&�G �� �7  �	Z:
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��b0#cH�G � H��� <ZG	� *�Z��+  	Z1� �Z5 �	�� 

 	&� "5 ��&�G � 	P�5 �7�!B@( � �!#	( "
!��  � �)	�

'!( - 	��� ��,& 	:�.

 �!,5�*�Z� 6 �Z7�@!���&�� �Z!7 ��Z5 �"!AZ: 6�Z��

"��P��   � ��&�G �7,�Z� �6�[� � �7�& � �Z7 d�Z� �Z5 

HZ� ��: "�:	� ���1� ./�0( 4�  DHI, 1998).(  �

f&�F .3 *�� ��7 ]��� g�� "A(���.1�  � "Z+ �&�Z7

HZZ� ��ZZ&6 �ZZ7�!\�� ��ZZ&������ZZ�	� �&����ZZ
& -h�ZZ+ 

�� �	: .���	� %& ij3 ��5����6 �	( HZG'# g	�0�

��	�R�Y���0�� ��: DEF XI��8� ����.4�  %& 

5 W�� 2� ���5U XI��8� .3  �"���Z5  �Z� �Z: HZ� ��

(Rahman and Chaudhry, 1997) . 6 %ZZ& �ZZ5 ��EZZ�

:� ����!!\( k7�� X.Z� l��Z�	� ijZ3 ��Z5 'Z!� ��

���0����:�	.(Wang et al., 2000) 

��ZZ:�   ��.@ZZ: 6 ���0�ZZ� HZZC� "ZZ5 ���ZZ1� 2ZZ
3 

#������ �XI��8� �(�AZ��1� "@A: 6 �	(��'ZG �Z5 

��+ ���0�� '!� 2m���� .4�  %&  � k[5 ��7�CF � �Z+ 

!8( �	��  �: %!� 	A� �n'ZG "ZG� �Z7 6 �(�AZ��1�

H� .��Z0�� ���Z�	!=�� "Z+ �����7�6 "Z9$� JZ&  � 

��ZZ�C^�,ZZ� �U "ZZ5 � � �	ZZG� -	ZZG o"ZZ�0� %ZZ�&  "#

�� �	: ..3����� � 	ZM( 6 %�,ZG �	Z� �Z5 %Z�&  ��7

 �5	ZZC9� .�ZZ: "ZZ5 �X�RZZ[���&�ZZ�	("!AZZ: �6�ZZ�

���ZZ�	!=�� �ZZ7�&�ZZ���� p�ZZ: )	ZZ� �ZZ� �   .�qZZ85 6 

��ZZZ:�  .ZZZ3 ]�ZZZA&�$( %ZZZ�&  "CM,ZZZ�6 �ZZZ�( �A�:

��ZZ:� � �ZZ:  ��ZZ5 "ZZ&'
( stZZ�	( "ZZ+ Steger and 

Warning (1981)�Yang and Hsu (1993)�Zhao et al., 

(1996) ��ZZ: ��� "8ZZ�	( ��ZZ�&� ����ZZ:�  �"ZZ&'
( 

 �: iE�PutZ�	( "Z+ Roe et al. (1981) ��� "8Z�	( 

1. Artificial Viscosity 
2. Total Variation Diminishing, TVD 
3. Flux Vector Splitting Methods 
4. Flux Difference Splitting Methods 

��:H� . �4�  �7�"����Z!= 2Z
3 ���Z1� 6 v	Z�

��5 i	���	� H�� %���& "5 H^� "A(�� %!�  � � �(I�5

���	� ij3 *�3������Z�	!=�� .Z1�  � -h�Z+ �Z76

��������1� �7� �: �& <!: �Z� ���0�Z� �	Z: .%Z& "Z5 

4�  �7����:�  �7�+�v	�
�X�!!\( "�0� �Z� 	Z:�

(Leveque, 2004).

W!$1( %&  � ��Z�C�� ���Z1� 2Z
3 4� ����Z!# �

J� 	+ J� ���1� ./�0( 4�  �"!AZ: �6�Z� )	Z�

'!( - 	���,&� � �Z/�� >��� �	G� 6 �:�� ��Z&�G

 ���15 S	�*���� 6�5 ��7 �� �5���	: .��Z5 �Z���  �

 "Z5 X��EL �5 ���� T&��� � �+ H1F 6 ���!�L HZ��

 ",&�$� �7���&��6U g	C� J& 6 ���U��	:�.

*(+,��-����.�/01 !2 
 ��Z� >Z&6	( "Z!#� w�Z� �Z5 �WZ�� 2Z� ���5U XI��8�

 6 �2��ZZ( .ZZ5�^ �ZZ!x *�!ZZ� %!ZZ�y�7 � ��!(��ZZ�� �!7

t�	�� �&��� ��85 "� XI��8� ��!��W��  � `�	�� 

�� .F�3 �	: .6 � �!,Z5 "Z8#�9� ��Z5 �XI��Z8� %Z&

��&�= �7��&'!� ������ ��� H,�: �G*���� � ��& ��Z7

 �6�5	�5E!� )��6�Z� �Z5 ��Z��� .Z�� ��Z7��!� ��Z7 �

�C3�� �5 ���	#U *�$�� " �������  .� ��Z85 �� .�:

5�&�$ �&6 X 	F "5 XI��8� %& H� (Cea, 2005):
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"+�U  �xU�yU"5 <Z!(�( HZ�G  � ��Z&�G H��Z�

 	1���7x�y�υ"5��� HG'# ��bτ � �:�5 k�(

��,5�bZ*	C� '+��  � *���+ ��,5 6�( H�.

3(�� 41 $# +,��4-� !4"# 5�� �4�
�� �� 

*�ZZ��� �ZZ5 �ZZ!��XI��ZZ8� 2�,ZZ!� 6 )�(� ��ZZ�6  �

���� �6�� t5�  ��8� 5 �&6 XI�"�� H�� �&U .6 ���0��

 ���6  � g�� "A(�� H^� XI��8� %&  5"�Z� H�� �Z7� 

:(Cea, 2005) 
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 � "Z95  %Z&t∆���ZZ�6 g�Z� HZ� .�Z5��ZG �6�ZZ�

 HZ��I�5 "Z5 �Z@�� *�� 6 ��@�  � XI��8�Y����Z!# 

���0����:	�.(Cea, 2005) "ZA(�� H^� "5 ��!�  ��5

�� 4�   � g���6�ZZ�  � �ZZ$5 ��ZZ7�!\�� �&��ZZ$� �ZZ!# 

1. Upwind Scheme 

*	C� 4�  6 ���0�Z� �Z5 �ZBCB� ��7MUSCL �6�Z�6�5

�� �	: ).�Z:�(.���Z1� 6  �Z� %Z&  � <!Z: ��Z���

��{ ���0�� ��85���	: .(Yoon and Kang, 2004) 

6(07' �809 :��� ;�&<=� � >�
 �
"Z5 �Z@�� "Z95  6 ��,5 <!: "��{ "C�G "A��1� ��5

 �Z� ���0�Z� H��I�5 �	Z: .4�  �Z����  �Z+ %Z& ��Z5

 �� 4�   � *	C� �	G� 6 �����  	A�  �: "A��1���!# 

�� .�� �	: .J!(��Z�� �!7 >Z&6	( O�Z: *�Z�� ��5

 ��� ,"AZ��1� ��Z5 � DEZF ��,Z5 <!: "��{ "C�G

 ���0�Z� KZ�!��� "Z95  6 ��,Z5 N�@9ZF "��Z{ "C�G

�� �	:(Cea et al., 2007).

?(�0@A� ��B:C� �07' �809 
*���� �5 2�Z��� "#��8�  � ��LE( ��7�| "C�G 6 ��!�

���ZZ�   �x) ��ZZ5 g�� "ZZC�G3G"ZZ95   � )�((�ZZ5

� *	C� f9� 2& � d	� "!q^ *��� (Jia, 1999):
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OE�P *	L *�� 6 W!$1( %&  �YHZG'# "A��1� ��5 

"5��� �� ���0�� � �	:(Cea et al., 2007) . "Z5 X 	ZF

  � �ZZ�LE( ��ZZ7�| "ZZC�G "5��ZZ�  � 2�ZZ��� "ZZ#��8�

���� y�� "A��1� �	:.

D(�� 1 $# +,��4-� $4%��� 5�� �4�
�� �� 

WZZ�� 2ZZ� ��ZZ�5U .!,ZZ��0&� XI��ZZ8� .ZZ3 ��ZZ5 4�  "ZZ5

���ZZ1� .ZZ/�0( 6 �	ZZ�#aZZ� aZZ� 	� ���ZZ� �� ���0�ZZ�

�� �	: (Anderson et al., 1984).%& 	Z�# .��Z�� aZ& 6

 3�� �� �!
�6"Ck!Z= � ��Z��� �Z�!5�f!1RZ( ��Z��� HZ� .

�&6 X 	R5 ���1� ./�0( ��: �6���G XI��8�H�:

k!= ����� ��!5:

n
ji

n
yy

n
xx

n
jiji GtF

y
tF

x
tWW

jiji ,,
*
, ,,

∆−∇
∆
∆

−∇
∆
∆

−= )�(

f!1R( �����:

*
,

**
,

**
, ,, jiyyxx

n
jiji GtF

y
tF

x
tWW

jiji
∆−∆

∆
∆

−∆
∆
∆

−= )�(

 %&  � "��t5*
, jiW�**

, jiW!\�� ���!� �&��$��W � 

"9$�)ji,(�x∆)y∆( 	1� H�G  � ����� g�� 

x)y(�x∆�x∇)y∆�y∇("5��7��C�� <!(�(

 ��,= � ���!=  	1� H�G  �x)y(H� . �$�

�!\��W � g�����6�1+n5 �&6 "95  6 "H�����&U:

1. Mixing Length 

)�()( **
,,, 5.1
ji

n
ji

n
ji WWW +=+

4�  ���6 � ����  � g�� "A(�� H^� � � S	� ��	Z5 �

�� .3 ��q�  � "��� � 6�� ��7�9P k[= ���5 	Z:�.

.1�  � 6�� ��9P >&6	( �7��Z&6 �Z7�!\�� ��Z&��� "� �&

���	� H��&�� 5   "�	ZG� �Z� � �U.�Z5 WZ!$1( %Z&  � 

4�  6 ���0�� g�Z� �7  � "�,5� �!\�� �&��$� �	,�!G

 ����6  � �7 ��Z� DEZF �Z: HZ� �.(Rahman, and 

Chaudhry, 1997) 

E(�B�F7���. G � 
��5 �/�3 W!$1(  ���� � �U ��� g	ZC� 6 �5�
( ��7

 �Z����� ������ ������ ������ a!#� �!7 ����&��6U

 �: ���0�� ���� ).�:�.(*	L g	ZC�mL 8=�w�Z� 

�U mB 4.0=��ZZ5�5 *�ZZ���  	ZZ&� v�ZZ0(  mH 5.0=

HZZ�.*�ZZ��+ �#	ZZL <!ZZ: 00624.0=S�U ��ZZ56 �

0104.=n�6�� �!���:.

H(�� 1 ���
�� �:���2 
"5 :�  �5�&6   	m�� �������  	�j� ��&�G �*�Z��+  �

 ��/�� >��� �	G� �5 .�: W5�9� }"!A: �6�Z� �Z:. �

�#	L >L�$� H!8^	� .@: %&)A-A(,)B�B(�)C�C(

"5 "+ � <!(�("CF��1.0�2.0�3.0��� *�Z��+ � 	Z&� 6

H� ��: ��� ���� �� �  �^.

BC��*	C� 6�� ��   � X��EL ]6��6�5 �7
)���()�(

m=2

m=1

m=3
jIW JiW

ij
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*	L �5�5 ���� *��  � *���+ 4.0m �	5 w�� �5 >��� �

0.16m "CZZF��  � 1.0m  �ZZ^ *�ZZ��+ ��ZZ�5 6 HZZ:�.

.3 ��q� ���1� 2
3 4�   � ���#!�"5����*	C�

 �5 �BCB� 4�   � � ���6�� ���1� ./�0( JZ� 	+ J�

 "5���� ��� 2!,$(:�.��� �  � ��Z&�G �6�� t&�:

HZZ5�| �ZZ5� s
m

xQ
30372.0=�0=yQ�	ZZ5 .t&�ZZ:

  � �6��%!&�= H�� Z5 ""C!Z�� �5�Z!�� � "�,Z5� �&��Z$� 

),,( hQQ yx�: �[�� .�6�� t&�: �Z��G ��Z76�� 

�� 4�   ���!# 6 ���0�� �5X�R[�� � 	M( (Yoon 

and Kang, 2004) 4�  �ZZ5 JZZ� 	+ JZZ� 4�   � �

���@8� %!!8(�:.(Bhallamudi and Chaudhry,1992) 

��ZZ� �� �ZZ&�= %!�qZZ( ��ZZ5 ���ZZ� 4�  �� �ZZ7  �

H� 	� 7.0=rC�: "���� �m�  � .*���� W�� ��Z&�G

  �*���� �5�5��/���� H� .5"WZ�� �>��Z� �	ZG� .!#�

 �� k&'� H��I�5  � -U%!&�=  � � �5�& �Z| �Z5 HZ��

  	Z&� "5 -U HG � 	P�5 � ��&�G ��: �7  �Z7 )	Z� �

5 � �5�/"�	G� ���Z&U..@Z:  � ~6�Z( 2Z7 O	Z9P 

 ��ZZ: ��� ���ZZ� *�ZZ��+  � WZZ��HZZ� .6�ZZ� iE�ZZP

:	p6 .F�3 ��7 .@Z:  � ��&�@& �5 ���� 4�  �� 

�[��H� .5"��E�  �%!&�= HZ�� 4�  �>��Z� JZ�

 5 "�,�	�� J� 	+""5��� ��&�G �5	P "!AZ:   � �6�Z�

��+ . �C@:������ � -U f9� .!���= >L�Z$�)A�

A(�)C�C((��!H� ��: 2.���7 "�  	L Z5"X 	ZF

 ��7��� �0!����	:�*�Z� ���0�Z� � 	Z� ���Z� ��Z7

 �5	ZZ[5�&�ZZ�	( �6�ZZ� "!AZZ: ��ZZ&�G"�ZZ:�   �T&�ZZ�� 

�5 �A���� ��	[�7��� �7��7���&��6U �� � .�7 �	��

 �� ���� "Z+ ��7� 4�  ����Z!# A,Z� 4�  "Z5 HJZ�

J� 	+ H^� ����!5 � �V�y�7!%)	Z� �#	L .!���=

  �&%4� 6�� 27�5!������� �Z5 �Z7 �7���Z&��6U �

��  .

WZZ!^� �ZZ� �5 6 ���0�ZZ� �ZZ5 T&�ZZ�� �ZZ��� �5�ZZ&6  � �ZZ(
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