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Determination of Gas Leakage Rate from Damaged Pipeline Considering AGA 
Equation of State 
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Abstract  

This paper presents simulation results of gas leakage from damaged gas pipeline in steady-state, one dimensional and adiabatic 
flow with considering AGA equation of state. Damaged pipeline are considered as either complete failure or hole in the pipeline 
wall. Aim is to get the leaked gas flow rate from the damaged area with real gas properties and compare it with prefect gas. For this 
purpose, integral and differential methods for solving the governing equations with considering real gas properties were investigated 
and the result show that for considering variable compressibility factor along the pipeline, equations should be solved by the 
differential method. Damaged pipeline is considered in transmission line, Supply and distribution network. The results show that in 
the transmission line the predicted leaked gas mass flow rate using the perfect gas deviates from the real gas by -%9.26 and then real 
gas properties should be used in simulations. But in supply and distribution networks the deviations are respectively -%1.67 and -
%0.41 and then perfect gas properties can be used in simulations. 
Keywords: Gas leakage, Gas pipeline failure, Real gas, AGA equation of state. 
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�� ) �T0�� c!�� �� �;�010�no$� "� � ��; j�	-� ( �0 S�0	� %�@

�� }�iA� ����E�; ��
3�!.�;�0  

)9(  ρ' = K/ρ& 
K: = >( x?K?: 	⁄@

?., A	 + 
2 ( ( x?xB0K?B: − 16@

B.?C, 0K?KB6: 	⁄@D,
?.,     )10( 

�T0�� *�� �� K  	
������"���� �Ki � K j �0 �0 S�0	� %�@	
�����  ��	�

�"���� }�iA� i  � m�j m�� K ij  	
������"���� G@	0%�iA� g�� i � j � xi  �

xj �0 %�iA� ���� 	��  ��	�i  �j �� "�# S�Io�.��;�0  

 m��  �	LD��	��� "� �) �T0�110 (��� 
!� *�� �� �� ����T0�� 

N �� "�# S�Io� �� ��A�� %�iA� ���-�.�;�0  

)11(  B = ( a*TDF5,-
*., ( ( x?xBB*?B∗ E?BF50K?KB6/ 	⁄@

B.,
@

?.,  

 �T0�� *�� ��	
����� B*
nij �T0�� "� )120 (��� 
!��8� �� �� ��� 

an,un,gn,qn,fn,sn,sn,wn �� 
0�b %�@	
�����.��;�0  

  

)12(  
B*?B∗ = 0G?B + 1 − g*6I5 × 0Q?QB + 1 − q*6M5  × 0F?, 	⁄ FB, 	⁄ + 1 − f*6O5 × 0S?SB + 1 − s*6R5 × 0W?WB + 1 − w*6�5 

�T0�� *�� �� Qi  �Qj  ���T1 ��Qa %�@	
�����Fi � Fj  ��� %�@	
�����

�H�0 Si  � Sj��T1 �� %�@	
������ Wi  � Wj �
�0�� %�@	
����� "�!

%�iA� %�	0 i � m� j 
��, �� �� ����� m�� m�G@	0 jI
o� %�@ g��

 �"�# S�Io� �� 	K���� �0 
��� >��~ ����J
� 
0�b ���F� �Q�� 	���(�

��.��;�0  

) c0��� ��11) � (12 ������ %�@	
����� �(Eij  � Gij��  

�0  �	L %�	0 %x	�� ������ 	
����� � 
�-1�� ������ 	
�����  ��	�

 m��D��	�� ����� m�� �0 ��	� ) c0��� "�13) � (140 (��� 
!�.����  

)13(  G?B = G?B∗ 0G? + GB6 2⁄  
E?B = E?B∗ 0E?EB6, 	⁄  )14( 

c0��� *�� ��� Ei  �Ej %x	�� �no$� %�@	
����� �Gi  �Gj  %�@	
�����

 %�iA� %�	0 
�-1��i  � m�j %�@	
����� *��`E@ .����� m�� m� G*
ij  �

E*
ij �0  ��	�G@	0 ������ 	
�����
QA %�	0 g�� 	
����� � %	�#

G@	0 ������ m��  �	L %�	0 %x	�� g��D��	�� .����� m��  

  �	LCn
* ) �T0�� c!��150 (��� 
!�.��� 
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)15(  C*∗ = a*�G + 1 − g*�I5 × �Q	 + 1 − q*�M5 × �F + 1 − f*�O5UF5TDF5 
�T0�� *�� �� U �S�Io� %x	�� 	
����� G �S�Io� 
�-1�� 	
����� Q 

� S�Io� ��T1 ��Qa 	
����� F �� S�Io� %H�0 ��� 	
�����;�0 �� �

�0) c0��� "�  ��	�16) �(17 �()18) � (190 (��� 
!�.����  

)16(  
U: = >( x?E?: 	⁄@

?., A	 + 
( ( x?xB0U?B: − 16@

B.?C, 0E?EB6: 	⁄@D,
?.,  

G = ( x?G?
@

?., + 
( ( x?xB0G?B∗ − 16@

B.?C, 0G? + GB6@D,
?.,  )17( 

Q = ( x?Q?
@

?.,  )18( 

F = ( x?	F?
@

?.,  )19( 

Uij ) �T0�� ��16G@	0 ������ 	
����� ( S�Io� %x	�� %�	0 g��

�� .�;�0  

) c0��� '�O7) � (8(�  %�iA� "� +� 	@ ���� �?�� 8��0 m�I-� �0

�T0�� >H�QN� �"�# 'IT� ��$. � ��� �"�#�   �	L � �H�� ���Ka

G��	�P��� %	�G��	�  �	L %��PK��A �0 .��;�0) �T0�� "� %	�P�8 �� (

) �T0��7 %�	0 ����-� +� �() �T0�� '�O ��$.200 (��� 
!� �� .���

�0 %�H�� ���Ka �T0�� *��0 ��$. �� ��; ���� ��� �T0�� "� ���� 
!�

)20(  "� 	
�a�� �.:
3� �It�� %���� 'IT� ��$. �06-10  �
;��

.�;�0  

 

)20(  

P = ρ&R�T V1 + Bρ& − ρ' ( C*∗
,-

*.,/ + 
( C*∗ 0b* − c*k*ρ'456ρ'75exp0−c*ρ'456:-

*.,/ W 
0 "� f��) �T0�� "� �H�� ���Ka 8��� 
!�20 "� ���J
!� �0 (

G��	�  �	L �%��	�� 7, B�� %��� �'IT� ��$. %��PK��A �0 %	�P�

) �T0�� �� �@"�# ���EF 
0�b � �H�� ���Ka �'IT�210 (� 
!�

�� .���  

)21(  Z = P �ρ&R�T�⁄  

  

2 -1-1-2- �U�; �V&�+�%  


��, �� �q�� �C��
�� �0 �I�) �T0�� >��?22j�	-� (  

����;]8.[  

)22( dh = cXdT − R�T	M�P Y∂Z∂T[\ dP 

  �	Lcp �T0�� *�� �� �0 �) �T0�� %��PK��A22 %�	0 f��# ����-� � (

�I3�� %x	��  �T0�� �� ��; �<���)23�T0�� �� �( 

dh=due+Pdv+vdP  "� ���J
!� �0 ��T0�� cp/ cv=γ  ����-� �

 �
��,'�O ) �T0��240 (��� 
!�.���  

)23(  du = c]dT − PTZ Y∂Z∂T[^ dv 

cXdT = γR�M��γ − 1� abZ + T Y∂Z∂T[^c dT + T	P bY∂Z∂T[\ − Y∂Z∂T[^c dP + bT + T	Z Y∂Z∂T[^c dZd    )24( 

) �T0�� �� y�. c0��� %��PK��A �0 �N�
� ��22 "�# %�	0 �q�� �C��
�� �(

 �0 �-1��) �T0��25�� 7���� (��;.  

)25(  
dh = γR�M��γ − 1� abZ + T Y∂Z∂T[^c dT + T	P b1γ Y∂Z∂T[\ − Y∂Z∂T[^c dP + bT + T	Z Y∂Z∂T[^c dZd 

c0��� *�� ��� cp �
0�b ��$. �� �q�� %��	# cv  GN, �� �q�� %��	#

�
0�b γ ��q�� %��	# 
��� v ��q�� GN, s  � �q�� ���	
��ue  %x	��

�� �q�� �I3��;�0.�  

�0  �%	�P� G��	�  �	L 8�	� 6	. 
0�b�C��
��  %��	# 
��� �


0�b ��$. �� �q�� 7��� "�# 
��, %�	0 0��� 
!�����.  

  

2 -2- -��&)5?+�) N;� �- �&'& @;�. S>�3 JR.�0� @.�;% 2�.  

 %�(0 ����-� "� %	�# D�	K
�� �0 RO�(� *�0 m	A1  �2 ����-� *�� �

) �T0�� �026�� 7���� (.��;  

M,P,e 1Z,T, = M	P	e 1Z	T	 )26(    
  

�PK��A �0 m�
���� � %x	�� %�(0 ����-�) �T0�� "� �C��
�� %�25 �(

�0�0  ��	�) c0��� >��?27) � (28�0 (�� 
!� .����   
)27(  

dT = − fgC�hij�k glkC mkkhnopnpmqrCmkknopnpmqst
fuC�hij�k ulkC mkhopnpmqrCmkopnpmqst dZ −  

f�vD,�uglDmkhwopnpmqrCmkw opnpmqst
fuC�hij�k ulkC mkhopnpmqrCmkopnpmqst dM  

)28(  xOyz{ = |0,Cvlk6f�vD,�ulD mhwopnpmqrCmwopnpmqst
vlkfuC�hij�k ulkC mkhopnpmqrCmkopnpmqst + 	0,Dvlk6vl} ~ dM  

D�	K
�� %�	0>H��-� *�� "� %	�# *�0 (�� RO1  �2  �� 
!� m"H

 %�@	
�����o∂Z

∂T
q

P
�o∂Z

∂T
q

ρ
  �dZ  c0��� ����;�0 	J? 	0�	0 y�. . S	;

8��0 ��	1	0 S	; �! 	@ 8�	� 6	. 
0�b �y�.  �	L G��	� %	�P�

*�0 (�� RO1  �2 ��.�;�0 "�# %�	0  +� 	0�	0 
0�b ���(� *�� 7���

)Z=1G��	�  �	L 	0�	0 ���(� *�� �-1�� "�# %�	0 � ( �0 	���
� %	�P�
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(� *�0 %��� � ��$. *�K�����RO 1  �2 
!� ��; �
.	# 	/� ��  

)Z= Zav.(  

D�	K
�� �0"� %	�# c0��� *��  RO�(� *�01  �2>H��-� �  %�(0

 � %x	�� ���� �� G��, m�
����0�  ��	��0>��? ) c0���29) � (30 (

0��� 
!�.����  

T	T, = 1 + γ − 12 M,	1 + γ − 12 M		 )29(    
4fLD = 1γ � 1M,	 − 1M		� + 
γ + 12γ × ln �M,	M		 ∙ 1 + γ − 12 M		1 + γ − 12 M,	� )30( 

 �y�. c0��� ��L  �%���� RT(� � 
$� 7)� *�0 �I?�.M  =��

 f���� � 8��	A1  �2 �0 RO�(� �0 S�0	�  ��	�1  �2   

��.��;�0  

}�(0 >H��-� '�O y�.G��	�  �	L �� ����" �� D�O �� %	�P

 6	. 
0�b ��������;� ��G�(
�� 	�b ����� >H��-� ��.   �	L *��

c(. �0 >��?G�(
��	�� m�
���� ����-� d��T?�  �	L �� 	b�  

��.���P# �0 	�b�� *�� �����0  ��	�G��	�  �	L 	�b�� >��? �� %	�P�

) �T0�� '�O ���Ka4) �T0�� '�O "������ ��F 	0 ���Ka 	�b�� �(6 � (

) �T0�� '�O d��T?�  �	L 	0 "������ ��F 	�b�� 
��Q���5�� (.�;�0  

  

 2 -3 - -� 2�. N;� �- �&'& @;�. S>�3 JR.�0� @.�;%

��
<�)5!�.  

 %�	0 "� �?:3
����)�B�� %�@  7,���	K
��  D�EF� �

 >�	��M� �	L G��	�%	�P� �O �� DG��, >H��-� �� ���� *�� �

�0 ���0 >H��-� .���	# 7, �I����	J�� >��?�T0��� ��/�� *��0 

 >�	��M� %�	0Z  >�	��M� � ���� D�O ��Z �� ���  �,	0  
��, ��


0�b ��$. � 
0�b ���Ka� '
$� �0����-� "� %	�# G��	�  �	L%	�P� 

) �T0�� �� ��; j�	-�7 �(0��0  ��	�>��? ) c0���31) �(32) � (33( 

0� 
!���; ��������.  

  

)31(  

dZdx = AZZ	R�T + PA dPdx − ZZ	R�T + PA bPAT − ZR�T Y∂Z∂T[^c dTdx 

Y∂Z∂T[^ = PZR�T VBB − K/ ( CC*∗
,-

*.,/ + 
( CC*∗
:-

*.,/ >b* − c*k* �K/PZR�T�45A Y PZR�T[75D, × 
K/75 exp >−c* �K/PZR�T�45AW 

)32(  

Y∂Z∂T[\ = PZZ	R�T + PA VBB − AT − K/ ( CC*∗
,-

*.,/ + 
( CC*∗
:-

*.,/ >b* − c*k* �K/PZR�T�45A Y PZR�T[75D, × 
K/75 exp >−c* �K/PZR�T�45AW    

)33(  

 c0��� *�� ��A� CC*
n � BB �0) c0��� "�  ��	�34) �(35) � (36 (

0��� 
!�.����  

  

)34(  

A = B − K/ ( C*∗
,-

*.,/ + 
( |VC*∗ >b* − c*k* �K/PZR�T�45A �K/PZR�T�75 ×:-

*.,:  
exp >−c* �K/PZR�T�45AW �− c*k*	K/45 o PZR�Tq45D,

b* − c*k*K/45 o PZR�Tq45 + 
b*ZR�TP − c*k*K/45 Y PZR�T[45D,cd 
CC*∗ = −a*u*�G + 1 − g*�I5 × �Q	 + 1 − q*�M5 × �F + 1 − f*�O5UF5T�DF5D,� )35(  

BB = ( −a*u*T�DF5D,�,-
*., ( ( x?xBB*?B∗ E?BF50K?KB6/ 	⁄@

B.,
@

?.,  )36(  

"�# 2��3 *
.	# 	/� �� �0 G��, }�(0 >H��-�  7���� 70�1 �-1��

) c0��� �037) �(38) � (39�� (c0��� *�� .��;�0  >�	��M� ���� ��

G��	�  �	L0 ���� D�O �� %	�P��) �T0�� "� ���� 
!�31 ( >H��-�

�� 7��$� �� ���� �� G��,��@�.  

)37(  P dMdx + M dPdx − 12 MPT dTdx − 12 MPZ dZdx = 0 dMdx + M2T dTdx + M2Z dZdx + 1γPM dPdx + 2MfD = 0 )38( 

bZ + T Y∂Z∂T[^ + �γ − 1�2 ZM	c dTdx + T	P b1γ Y∂Z∂T[\ − Y∂Z∂T[^c dPdx + 
bT + T	Z Y∂Z∂T[^ + �γ − 1�2 TM	c dZdx + 
�γ − 1�ZTM dMdx = 0    

)39(  

 %�@	
����� 8��� ��	1 	J? �0o∂Z

∂T
q

ρ
�o∂Z

∂T
q

P
   � dZ

dx
 *
.	# 	/� �� � 

Z=1  >H��-� �y�. c0��� ��7��� "�# 
��, %�	0 ���� �� G��,  

0��� 
!�.����  

  

2 -4 -  9(5� W�)5�  

 ���� �� ����" �!� ��a���; �#��� 7)� "� ���� 73�� "�# �

 �!��� 
$� 8�	�0 �0 ���� ��)� �0 �
�0 ���� "� "�# 
$� .���

 �!��� ��#����0 �����  �� �� � ���� 7��� 
��; 	b� �� 
$� >��?
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���; >��J� ��
.��0 y�J�� ���� 8�; =���! 	b� �� *�� �� 8��	A %"�!

�
��,  c��	;�A�	3 ��,�� %"	� �� .�;�0  

w	O�����0 ���� �� ��; ��N�� =���! � ���� 7��� 
��; %�@ 

�0  ��	�
E�1 >��? 7�; 4 � j�� %�@2 ��; �<������.  

 ��a� ���� 73�� 8��	A �� ����? �� ����� 7��� 
��; 
��, ��

 ���; �KJ3 %"	� c��	; �A�	3 =�� � %���� %��� �%���� ��$.

 %"	� c��	; �A�	3 ��$. � �A�	3 %��� �%���� =�� � ��A��

 D�QN�����;�0 *�� 	�� �� � � %���� %��� �%���� ��$. >��?

 =�� � �A�	3 %��� �%���� =�� � ��A�� %"	� c��	; �A�	3 ��$.

3D�QN� %"	� c��	; �A�	 ����;�0.  �� ��� ����� �� =���! 
��,

 � m�I-� %"	� c��	; %���� %��� � %���� ��$. �
��, �� 	@ ��

 RT(� �� ��$.2 RT(� �� ��� �2 RT(� �� 
F	! �2  �%���� 
F	! �

�� D�QN� %"	� c��	;�;�0�.  6	. ���� �� =���! 
��, �� ��;


!� (� *�0� RO2  �3  S	;+���	
�i�� �� ��	1	0 *��`E@ � �;�0

7� �� e��3 =���! "� ���� "� %���F "�#��;.  ���	K
�� 
��, ��  
QA

 RO�(� *�0 %"	� c��	; S�����2  �3�O	; >H��-� �  
��, �� %�	0

�0 >�? 8���� � ���?�0  ��	�) c0��� >��?40) � (41 (0� 
!�

�������.  ��I����	J�� 
��, %�	0 *��`E@ ����? 
��, %�	0 S	;

 �� 
F	! %"	� RT(�2 	0�0 �=�� ��F  �,) �T0�� >��?42 � (

 RT(� �� ��$. %"	� S	; �>�? 8���� 
��, %�	02 �0 �T0�� >��?

)43�0 ( 
!�
!� ����.  

  

)40(  A�'A� P	 e γM�Z/R�T	  Y 2γ + 1[vC,vD, = M,P,e γM�Z�]R�T, 

A�'A� P	 � 2M�Z/R�T	
γγ − 1 �YP�P	[	v − YP�P	[vC,v � = 

M,P,e γM�Z�]R�T, )41(    
 

)42(  M	 = YdD[	 eZ	Z/ Y 2γ + 1[�vC,��vD,�
 

P	 = P� Y1 + γ − 12 M/	[ v�vD,� )43( 

 c0��� *�� ��Aor  �=���! 
,���Ac  ����� RT(� sT! 
,���

 f����3  RT(� �0 S�0	�3  f���� �a  f���� � 	J�E�� �0 S�0	�av 

 RO�(� *�0 *�K���� 
��, �0 S�0	�1  �2 ��.�;�0  

 %�@	
����� j�	-� �0β  �CPR �0�0  ��	�) c0��� >��?44 � (

)45�� �(8��	A 8��0 >�? 8���� �� ���? 8��� �0 *��-� 	�" >��?

����;]5.[  

|β ≤ CPR →   ���?        β > ��� →  >�? 8����
 

 
 
)44(  β = P�P	� 

CPR = β�'?� = P�P	����� = Y 2γ + 1[ vvD, )45( 

  
w	O (j������ 7��� 
��; ����  

  

  
w	O (4���� �� =���! ����  

O�� 2- X5P$
�% �&'& ��);����.  

�&'& �. Y)�'� ([ ��&'& O��> 2<�� (\&)  

  

�� ���? 
��,���Ka � ��� ���$. �  RT(�3 �0 ��	� "�  c0���

)46) �(47) � (48� (  ���Ka � ��� �
F	! �>�? 8���� 
��, �� *��

RT(� �0  ��	� "�) c0���49) �(50) � (510 (� 
!�������.  

  

)46(  P/ = Y 2γ + 1[v �vD,�⁄ P	 
T/ = Y 2γ + 1[ T	 )47(  

ρ/ = Y 2γ + 1[, �vD,�⁄ ρ	 )48(  

M/ = A�A�' × M	 × YP	P�[ × eZ/T/Z	T	 )49(  

T/ = YP�P	[�vD,� v⁄ T	 )50(  

ρ/ = YP�P	[, v⁄ ρ	 )51(  

 �A�	3 ��	A �0� *��`E@� �!� 7)� " 
��; 
��, �� ����

) �T0�� "� �-1�� "�# 2��3 D�EF� �0 7���52 %�	0 =���! 
��, �� � (


��, 8���� � ���? %�@�0 >�?) c0��� "�  ��	�53) � (540 (� 
!�

�����.� �� +� 	0�	0 �0	N� ��Io�  �	L ��A�	3 �0� *��-� %�	0 

.
!� ��; �
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)52(  
m� = ρ,u,A� = ρ	u	A� = 
M,P,A�e γM�R�Z,T, = M	P	A�e γM�R�Z	T	 
m� = ρ/u/A�' = A�'P	 e γM�Z/R�T	  Y 2γ + 1[vC,vD, )53( 

m� = ρ/u/A�' = 
A�'P	 � 2M�Z/R�T	

γγ − 1 �YP�P	[	v − YP�P	[vC,v �    )54( 

 �0 	/� ��  *
.	#Z=1  �A�	3 �0� �y�. c0��� ��  


��,0 7��� "�# 
��, %�	0 jI
o� %�@��� 
!�.���   

  

2 -6 - 9.�8 O3 

 ����� ����	0 8�0" �0 %��Matlab  %�	0���; 73�� 8��	A %"�!

 ����
��, %�	0# � �-1�� "�# %�@ �� *�� �� .
!� ��; �
;�� 7��� "�

0 %�	0� ��
!� %��	�� B�� "� ���	K
�� B�� �� >H�QN� 8���� 
!�Fsolve Matlab %�	0 � ��; ���J
!� 0� �� >H�QN� 8���� 
!�

 �I����	J�� B����K
!� +� �� G��, >H��-� ��
0� �0 >��?

 �, 	0 	
����� +� '
$� c(. ����-� 	@ �� �� ��; 7, %	
����� x 

�;�0 ��A�� � ��K
!� 7, %�	0 fC! B�� c!�� 7����	J�� >H��-�

u�������-41  ��
!� "�  �Ode45 Matlab .
!� ��; ���J
!�  

  

3 - ]��+� 

�� �N�!���
F� 
QA  �0 >H��-� 7, %�	0 ��; �
;�� %��F

B�� ���	K
�� 7��� "�# 
��, ��  �� 7�;3 �0� ����(� �0 �EN, 

0 �A�	3� "� ���� 
!� B�� *�� 7�
�� �N�
� �0]2[  D�EF� �0

�� %"	� c��	; � >��L	.  �
3��	� 8�$�� c!�� ��; �
.	# 	/� ��;


!�.  7�;3 8�$� ���	K
�� B�� %�	0 %��F �� 
)? ���@�

�� .�;�0  

D�� ����(� � &��
� 8��� 8�$� %�	0 ����� �� �<��� jI
o� %�@

 �� ��;'�()� f�A �0 "�# ���� +� 
!� ��; 6	. �  

�I�	0�	0 ���� %	0") *I���524/1  �I3�� 	T1 �0 � (	
��	���508/0  	
�

)20  �I?�. �� (����1000  %	
����� %���� RT(� "�  �!����� 

 	0�	0 ���� %���� �� ��� .
!�288  "�# �q�� %��	# 
��� �*��I�

 	0�	0 �-��O28/1 	0�	0 "�# ������� 
Ai� � 5-10×01/1  

D��!��-  �� ����b��; �
.	# 	/� 
!�.  *��`E@ %�iA� ���� 	��

7��$� �0 �-��O "�# ���@� D��A >��?1 .
!� ��; 6	.  

 *�� ��'�()� D�(
�� S�T3 �jI
o� �(T�� �! �� "�# ���� c3 �

%	Q; *�0 "�#2 "�# ��PM� ���; S�T3 �(H�0 ��$.)3  � (c!�
� ��$.)

	Q; 73�� �� "�# R�"�� ���; S�T34 �0 (*���� ��$.) ��$. �0  ��	�

 %����41/0 )60 �(17/0 )250 � (31/9 )1350 	0 ����) D��!���K� (

R0	� ����5�� ( ��; �
.	# 	/� 
!�.  

                                                      
1
 Runge Kutta-4 

2
 Gas Transmission Pipelines 

3
 Gas Supply Network 

4
 Gas Distribution Network 

5 Pound Per Square Inch (psi) 

�0 &��
� ����(� %�	0 �� �I����	J�� � ���	K
�� B�� "� ���� 
!�

 7�; '0�T� �7��� "�# 
��,4  �A�	3 ��	A �0� >�	��M� �!�	0 �0

 7)� "� �!� �� 	@ %�	0 H�0 ��$. sT! �� =���! 	T1 �0 
��� ����

 %	U���, 9:
3� .
!� ��; �
3��	� B��002/0 "� ���, �Q�� *�0 %

&��
� '0�T� �0 %��F �� 
)? �N�
� �� � B�� �� 	@ "� ���� 
!�

�� �I����	J�� B�� %�	0 ��; �
;��.�;�0  


��, �A�	3 ��	A �0� 9:
3� �?�� "�# %�@ "�# � 7���

G��	�  �	L 8���� 
0�b 6	. �0 �-1�� �0 
��� ���� D�O �� %	�P�

T! �! �� jI
o� 	T1 �! %�	0 �-1�� "�# D��A �� ��$. s2  �<���

 .
!� ��;�07��� �?�� ���" 9:
3� 
��, ��$. sT! �� y�. %�@

 �!� RT(� "� �A�	3 ��	A �0� >�	��M� �H�0 	T1 �0 
��� ����

� =���! 7�; �� H�0 ��$. sT! �5  �7��� "�# 
��, �! ����(� %�	0

G��	�  �	L 8���� 
0�b 6	. �0 �-1�� "�# "�# � ���� D�O �� %	�P�

 .
!� ��; ���� 8�$� �-1��  
  

 
 O��3- �<��L� - ��
+� � O
+	� ��
+� �- ^
L 1 /�) �. ���% 2�.  

  

_;��1- 9)��) �&'� �"�. �0
AP (�* ��	:. O
�,1]7[  

���@� 7��$� }�iA� ���� 	�� 

Co2  006/0  

N2  003/0  

CH4 965/0  

C2H6  018/0  

C3H8  0045/0  

iso-C4H10  001/0  

n-C4H10  001/0  

iso-C5H12 0005/0  

n-C5H12 0003/0  

C6H14 0007/0  
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 O��4- �- ��;5= ��5� �-. �<��L�N;� ^�5P () ���% 2�. 9�:

R�- ��,4 bD� �. O��> (�* 2&�3 �. ��
<�)5!�. ; �&)5?+�)  

  

 �	L 8���� 
0�b 6	. �0 �-1�� "�# �'�()� ����� ��  

G��	�c!�
� �-1�� "�# m�� �0 ���� D�O �� %	�P�1 .
!� ��; �o$�  

 D��A '�O2 9:
3� 7��� "�# �0 ����(� �� c!�
� �-1�� "�# �

� ���� �-1�� "�# �0 
��� %	
E� ���� �� =���! 8�; +a�� �0 �0 

 RT(� %��� � ��$. 9:
3� g@�� 7���2  ����� %���� �0 
���

 .
!� ��; 	
E� �-1�� "�# � c!�
� �-1�� "�# *�0 9:
3�  

T! �� �D��A *�� '�O� 9:
3� 7��� �0 c!�
� � *���� ��$. w


��, �0 �-1�� "�# 
��, �0 
��� 7��� "�# ���, ��  ��	�4/0%-  �

62/1%- �IF � jI
o� %�@	T1 �� 
��, �� 9:
3� *�� g@�� G��

=���! �� c!�
� �-1�� "�# �#��`�� 7��� �0 �c!�
� � +a�� %�@

 B��AGA G��	�  �	L 8�	� ���� %�	0 �-1�� "�# 
��, �� %	�P�

8��" � �#��`�� *��`E@ � c!�
� "� ���J
!� 8��0 	07�; 

�� }�(0 >H��-� �I����	J��  "�# 2��3 "� ���J
!� ��-1�� "�# 
��,

 �!� RT(� "� �A�	3 �0� *��-� %�	0 7��� ���; S�T3 �� ����

�(T�� ��PM� � R�"���� 	�.�;�0  	T1 g@�� �0 �H�0 ��$. sT! ��

 "�# �0 �A�	3 �0� 9:
3� �?�� c!�
� �-1�� "�# 
��, �� =���!

 "� � �
.�� g@�� �-1��1/8%-  �015/0 +% 
��, �� ��� 
!� ���!�

 "� � ��; 	
$�0 9:
3� *�� =���! 	T1 g@�� �0 7��� "�#27/8% -  ��

 �0 ���� 	T1 	0�	0 =���! 	T126/9%-  .
!� ���!� +a�� %�@	T1 ��

�"���� �� 7��� "�# 
��, ���" 9:
3� �?�� 7��� �0 *��	0��0 %�@

=���! �� c!�
� �-1�� "�# � =���! jI
o�c!�
� %�@  ��i0 �

 �-1�� "�# �0 
��� �� 7��� "�# 6	.���; ���T3 8��	A %"�!

.
!� ��	� ��N�� &��
� �� %���" %�	0 �,�� �� "� ���J
!� 7��� �0 

�IF "�# jI
o� S�T3 �� �A�	3 �0� *��-� G� 9:
3� �?�� G��

=���! �� �-1�� "�# �0 
��� c!�
� �-1�� "�# %�	0 +a�� %�@

�A�	3 �0� *��-�  "�# 2��3 "� ���0 %	Q; *�0 "�# D�(
�� S�T3 ��

.�	� ���J
!� �-1��  

 7�; '�O6  �!� RT(� "� �A�	3 �0� �� %�	0  ���� ����

��i0 H�0 %�@	T1 �0 S�0	� ��,�� �� H�0 ��$. sT! �
!� ��; ���E�

 ���� 	T1 	0�	0 =���! 	T1 �� ����" ���� �� =���! 
��, �� �
$� �0�

�, �0 �;�0 �� 9:
3� *�� 
IF .���� 9:
3� ���� 7��� 
��; 
�

                                                      
1 Real Average Gas  

 ���, �� �-1�� "�# 
��, %�	05/0�� % c��	; 9:
3� �0 S�0	� �;�0

 S����� 6	. �0 �A�� �0 .
!� 	K���� �0 
��� 
��, �� %"	�

 RO�(� *�0 +���	
�i��2  �3 	b� �� 9:�� "� �;�� 9:
3� *�� �

S����� +���	
�i�� �� .�;�0  

  

  
  

 O��5-  �- 2A<� R�- ��,4 bD� �. ��;5= ��5� �-. J)5

c1

Y)�'� 5DH  

  

 ��7�; %�@7 �8  �9 �0 �0 ��� � ��$. �
F	! >�	��M�  ��	�

 �-1�� "�# 
��, %�	0 =���! 	T1 g��i.� jI
o� ��$. w�T! ��


!� ��; �!�	0. c37�; *�� �� *�a *�0 "	� ���@� 8�$� %�@

 � ���? 8��	A�� >�? 8����  .�;�0 �0 �A�� �07�; 7�  �� ����"

8��	A  ���?��; 
!�  RT(� =��2  �1�0 
0�b �A�	3 =�� ����� �0

�
!� ����� =���! 	T1 g��i.� �0  S����� 9:�� g@�� 7��� �0

+���	
�i��  8��	A 8�; >�? 8���� "� f� ��� �
;�� �$��i.� ����

�A�	3 =�� g@�� 7��� �0�  g@�� ���� *�� �$��i.�  �; �
.��


!�
��, �� 	@ �� i�� ���� %���� =�� .  	
�a�� %�@	T1 �� �0

 �0 	
#�i0 %�@	T1 �� ��� �
;�� �$��i.� ���� =���! 	T1 g��i.�

����	(� =���! 	T1 g��i.� .
!� ����� �1�0 
0�b  

 7�; �0 �A�� �08  �9  g��i.� 7��� �0 =���! 	T1 g��i.� �0


���  RT(� =��2  RT(� �� ��� � ��$. �%���� RT(� �02  ����

 RO�(� ��$. *�0 �T3 S����� 7��� �0 � �
;�� �$@��2  �3  
��, ��

) �T0�� '�O ���?46) �T0�� '�O RO�(� *�� %��� � (47 � ��$. �(

 8���� 
��, �� *��`E@ .
!� ��	� ���� g@�� i�� �A�	3 %���

�� ��$. �0 �A�	3 ��$. >�? 7��� �0 �A�	3 %��� ��� ���!� 	J�E

g@�� ��$.  RT(�2 ) �T0�� '�O50 �
.	# ��3 �0 �$��i.� ���� (


!� .7�; '�O *��`E@ %�@8  �9=���! �� � � ��$. �+a�� %�@

 RT(� %���2  �
!� �
;��� %���; 
.� %���� RT(� �0 
���

 � ����� �1�0 
0�b ���� 8��� ��� � ��$. *��	0��0 �	L �N�
��� G��	�

�� ��� � ��$. "� �-0�� �� %	�P� ����� �1�0 
0�b ���� D�O �� �;�0

=���! �� 7��� *�� �0 .
!��-1�� "�# 6	. �+a�� %�@  c!�
�

� "�# 
��, 
��� %i�a�� %�T3 ��N�� �A�	3 �0� *��-� %�	0 �-1�

��	� 
!�.   
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 _;��2- $
�% dDL� () ��;5= �-. ef+=) �"�.2&�3 ���.Y)�'� �. �0H); (�* �- 2A<� W�'+� �0H); (�* ; O��> (�* 9�:\�+g� 9�:  

�-1�� "�# �0 
��� c!�
� �-1�� "�#  �-1�� "�# �0 
��� 7��� "�#   ��N�� =���! 	T1

���� �� ��;  

(	
�)  
*���� ��$. sT!  

 ��$. sT!

c!�
�  
H�0 ��$. sT!  *���� ��$. sT!  

 ��$. sT!

c!�
�  

 sT!

H�0 ��$.  

41/0%-  62/1%-  1/8%-  41/0%-  67/1%-  27/8%-  51/0  

25/0%-  1% -  15/5%-  4/0%-  65/1%-  42/8%-  26/0  

06/0+%  24/0+%  15/0+%  38/0%-  6/1%-  26/9%-  06/0  

  

 '�O 7�;8  sT! *
.�� 7�I(�) ���� %���� RT(� �� ��$. g@�� �0

 RO�(� *�0 ��$. 
.� �(��$.2  �3  7��� �0 =���! jI
o� %�@	T1 ��

 RT(� ��$. g@��2 .
!� ��	� ���� g@��  7�; ��9  7��� �0

 RT(� ��$. 
��� g@��2  ���	(� 8���� 
0�b � %���� ��$. �0

 RT(� =�� 
���2  %���� =�� �0   ��� �8��	A ��$. sT! g��i.� �0

.
!� ��	� ���� g@�� �8��	A ��$. sT! g��i.� �0  

7�; �� %�@10 �11 �12  �13 �0>�	��M� �!�	0 �0  ��	� 

 	T1 �0 �3���! ��N�� "� f� ����� D�O �� ��� � ��$. �=�� %�@	
�����

25/0 
��, %�	0 ���� �� 	
��	��M�� �-1�� "�# � 7��� "�# %�@ >

G��	�  �	L�-1�� "�# 
��, %�	0 %	�P�  jI
o� ��$. w�T! ��

.
!� ��; �
3��	�  

  

 
 O��6- �&'& �. Y)�'� ; O��> 2<�� 2&�3 ��;5= �-. �<��L�  

  

  
  

 O��7- �0H); (�* 2&�3 9)5- Y)�'� 5DH �- 2A<� 285� J)5

c1  

  

 
 O��8- (�* 2&�3 9)5- Y)�'� 5DH �- 2A<� ��,4 J)5

c1 �0H);   
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 O��9- �0H); (�* 2&�3 9)5- Y)�'� 5DH �- 2A<� ��. J)5

c1  

  

 7�; �0 �A�� �010 �� 
�	, �0 ���� 73�� d��T?� 
IF �0 �

 S����� 7��� �0 *��`E@ .
!� ��	� ���� g��i.� =�� ��F ���� D�O

 RO�(� *�0 +���	
�i��2  �3  g��i.� RT(� �� *�� D�O �� =�� ��F

 ����.
!� ���!� ���? 
��, �0 �A�	3 RT(� �� � ��	�  

7�; �� %�@11  �12  g��i.� �0 ���� 73�� �� ����. c3 8��	A '�O

 ��$. �=�� ��F � �0  *��`E@ .
!� �
.�� g@�� 8��	A +���
!� %���

sT! g��i.� � ��$. 
.� ����� 73�� "�# ��$.  ���� D�O �� ��� 
.�

.
!� ��	� ���� g��i.�  

 7�; '0�T�13 G��	�  �	L ����� %���� ��$. sT! g��i.� �0 %	�P�

G��	�  �	L ��F �� 7��� "�# c��	; "� � ��; 	
E� +� 	0�	0 %	�P�

���0 *��`E@ .
!� �
.	# �I?�. �;�0  
!� *���� 
E! �0 
�	,

.
!� �
.�� g@�� i�� %	�P� G��	�  �	L ���$. g@�� 7��� �0 ����  

  

  
  

 O��10 - �&'& _'P �. Y�� .�8 J)5

c1  

  

  
  

 O��11- �&'& _'P �. ��,4 J)5

c1  

  

  
  

 O��12- �&'& _'P �. ��. J)5

c1  

  
  

 O��13- S>)51 $�57 J)5

c1�&'& _'P �. 95�T�  
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 7�; '0�T�13 �� ��$. sT! g��i.� �0 �	L ����� %��  

G��	� ��; 	
E� %	�P� ��F �� 7��� "�# c��	; "� � �	L  

G��	��� +� 	0�	0 %	�P� �0 
�	, �0 *��`E@ .
!� �
.	# �I?�. �;�0

 i�� %	�P� G��	�  �	L ���$. g@�� 7��� �0 ���� 
!� *���� 
E!

.
!� �
.�� g@��  

8�E@7�; "� �� ��O�� ��@�$� y�. %�@ 7��� "�# 6	. ���;

G��	�  �	L � ��� %�@	
����� >��J� |F�0 ���� D�O �� %	�P� 
���

.
!� �
;��� =�� � ��$. %�@	
����� �� %	b� � ��; �-1�� "�# 
��, �0  

  

4 - 95
* ��
+� 

 �!� ���� "� "�# 
$� �	L�, '�()� ������� 
��, �� ����  

+����; �-1�� "�# 2��3 4��
,� �0 +���0���� � %�-0 � ��; %"�!
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