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Abstract − Considerable effort and expense have been devoted to the estimation and acquisition of the amounts of VOCs

released from thousands of the fugitive emission sources installed in chemical processes. In order to reduce the effort required

on the estimation of VOC release, a methodology using a computational fluid dynamics (CFD) was proposed. The estimated values

were compared with the experimental data obtained using a designed experimental apparatus that was composed of fugitive emission

sources such as valves, pump, and flange. The emissions were sampled in sampling tedlar bags for a variety of volatile compounds at

different pressures. The components were analyzed by a portable gas chromatograph. In conclusion, the amounts of benzene and tol-

uene released from fugitive emission sources could be successfully estimated using the CFD technique.

Key words: Volatile Organic Compounds (VOCs), Fugitive Emission Sources, Computational Fluid Dynamics, Portable Gas
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1. � �

������ �� 	
��
����(Volatile Organic Compounds;

VOCs)� ��� ��� ��� ���� � !" #", $ % &' (

)� �
� *+,- ./0 123 4, 56��� 789 :;" #

<[1-3]. =>?@3AB CD EFGH� %I�� VOCs� 1J 1D

KLM NOP Q8R RS� T3 U@ �VJ �
WX��3 �J

YI� Z�," #[ \]�<. ^
 VOCs _�[ K� GH�1 W

X��� <`-a b<. $V? cd, ce fM 
ghN3 U@ J

GH3A 
i� VOCsR <j GH�� �k!l?, mR5 nH� o


8GpA ��3 ��� qr� VOCsR Ksm3B td� ^u�

3 U@ VOCs[ vw xl> y/ WX���A m�_�� ," #

<[4]. �3 U@, �� zm3A VOCs *+ {|}~� K�J mR.

/]�_�� �S!", $ 8�}~3 Y!� �M!� b<. m�3

A[ 1995� 12y3 �]� �
./���3 �
./��GH3AM

VOCs *+S�Y>9 1999� 1y(� S��� �]!�", 1996� 9y

3[ ��EF� ����GH�� G]!pA EFGH3AM VOCs

��Y>R S�,�<[4]. VOCs ��� S��g VOCs {|� 7J

�V RG 
�� �
,- b��, $ �0 ��, {x�� f vWX
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���(� *+,[ WX��M P��� �� � #�<. $V? $

k~ 508b� � G, ¡¢ fM £¤*+���(�M *+�� P

���� ZR� ¥� ¦ � #�<[5]. §, W¨©3 ª-A[ £¤*+

���(�M VOCs Y>M %��� «�� (z,�<.

£¤*+���(� *+,[ VOCsM Y>9 78A[ *+�M ¬

­� � ® z *+���(�M *+�3 �J ]�9 ¯°![ ¥�

±�,-² J<. ]³J *+�M ´]� 78A[ z x;�(� *

+,[ WX��� �µ!� )¶![ ¥� Rx ·' }��<. $V

? �¸��� � �, � ¹�M x;� º�,- #[ Ex(�», ¶�

]� ¼[ ¶��½Ex)M �¾ x;�(�M *+�� \´J<[ ¥

' ¿\��� ÀRÁJ ��<. ¼J, ��R �< !Â@B ´]ÃM

~�P ́ ]� ÀRÁJ /=("Ä, "Å, "Æ f)B #<. �VJ /=

56�1 }��� �29 �ÇÈ � #[ ÇÉµF� ±]!� *+

�� ´]J g 8� x;�(�M *+�� Ê´!
 7J ÇË��

Ì� �
![ }�� �~," #<[6, 7]. m�M /= VOCs *+ {

|3 �J 
�' £Í� o
» Îº,- bG¹, *+�� ]³» Ê

´È � #[ }�Ï�? Ð�$Ñ, x; fM �
' (ÒJ \]�<.

m�M *+� ¤]Ð�$Ñ��[ GÓ 1999� Lee f[8]3 M!� �


� TRICALCÐ�$Ñ� #<. � Ð�$Ñ' m� �½�� *+�

hÔ�B (Toxics Release Inventory, TRI) BÕF�3A �
� ¥��,

«�Ö �B(TRI)M ×j ]Ø� 7!� z ExM ./\nÃª� C

ÙJM S50 ÚÛ�� *+�� ¤]!� �"È � #B� ��,

�<. �9 78 m� ¤Ü� �¾ E]� FÝ�!� 16RG �ÇE]

�� )­J g $ zz3 �J *+� ¤]}�� �S![ }�� Ô

Þ!�<. $ �0 �BM ×j ]Ø ® *+� ¤]M Þ���@[ ´

p3A[ �E!��?, z ¤ÜM \� ��� ]³» ¸t!G ß!

�<[ Fv� #<. ¼J, àmM /=3B TANK, WATER f vWX

���(� *+,[ VOCsM á� Ê´![ Ð�$Ñ' #�? £¤

*+���(�M *+�� ]³» Ê´È � #[ }�' â4 �


� ÊR ã<[9].

U@A, É Îº3A[ �¤�Ô}�� �Þ!� £¤*+���(�

M *+�� ]³» Ê´!"Ã !�<. �9 78 ¡¢, � G f �

Ç�1 £¤*+��� º�� \äx;9 "~!�, �(9 åæ[ �

2M hN3 Uj *+�� z x;�(� ´]!" �¤�Ô9 ç8

ºJ è0 £Í )¶!�<.

2. � �

2-1. ���� � ��

£¤*+���(�M *+�´] \ä� 7!� é�¢¡¢, ê�ë

¡¢, ÅÛ~�¡¢(pressure safety valve, PSV), � G, �}ì @1,

íÐ, ÅÛê�G(0 to 10 bar in gauge)� º�� \äx;9 ��!�

\ä� ��!�<(Fig. 1). �¾ Î�Y' susY(OD=2.54 m, L=4 m)�

� ��!���, x;�( �2M ÅÛ' xØ� PSVM J�ÅÛ� 5

bar@[ ¥� |~!�, 0-4.5 barÔ�� hî!�<. *+�� ï�ð@

1� x;�(� 1 cm ñ-ò ó3 "]!", KsE
M td�� 1

J ôBs�9 ��
 7!� £õ� *+� Ks� ö÷!�<. *+

��M ]�, ]��1 )¶' ø��� âæù �Ä� )¶
(micro

argon ion detector, MAID)� 30 m ��Y úû�� �`-ò ü�Þ

GC(gas chromatography, SENTEX Systems Inc., Scentograph Plus II)9

�Þ!� ��!���, TVOC(Total VOC) ôB9 ́ ]!
 7!� ü

�Þ ý��Ù´]
(photoionizer, model DL-101, HNU, þ+ÿ7: 0.1

-2,000 ppm)9 ÔÞ!�<.

*+� Ks
2M ï�ð� 78 ï�ð@13 Î�� òEíÐ9

�Þ!� *+� Ks 
29 30 L/minM eB� �Õ!pA, ü�Þ

ý��Ù´]
9 �Þ!� òEíÐ *+ºôB9 �e ´]!�<.

ü�Þ ý��Ù´]
� ´]![ *+ºM WX�� ôBR ~]�

,p òEíÐ *+º3 ï�ð�(tedlar bag)� Î�!� *+� Ks

M 
29 ï�ðJ<. �µJ 
2M )¶� 78 ü�Þ GCM �Ä

� �Å� 11.7 eV(the excitation energy of argon)3 ��- ppb �Ë

M )¶� RÁ!B� J g, ï�ð�� GC�Õº3 Î�!� )¶�

S�J<. ï�� )¶S5' �2M ¬­3 U@ <æ?, BTX ��M

)¶S ï�� � 30)M S5� Ù�,�<. )¶�0[ AQUASCAN

(SENTEX Systems Inc.)� �Þ!� ]>!�<.

\ä�03 �J ]³�� ³1!
 7!�, ü�Þ ý��Ù´]


[ ÔÞ �3 ý��ÙR ��,G �' E
9 ���h 
2� �]

!���, ü�Þ GC[ 	
, �`�, Ã�
, ë>���3�
� �

�� ÇËÞ�� �Þ!� �� vþ!�<. ¼J, �' S�3 �!�

�%)¶� \S���� )¶x;M Wwÿ79 ³1!���, �'

hN3A �%�� S�9 ��!� )¶���� ôBM �¿�� ³

1!�<. 

2-2. �	
�

\ä� ç!� �' z £¤*+���(�M ���9 ì (1)3 �Õ

!� x;� *+��9 ¤]È � #�<[10]. 

(1)

C[ 8�*+�M *+�� [kg/hr/source], M' ��J S�M ��)

Ã� [kg/kg_mole], Vs[ 0 oC, 1
Å3AM � NhR���[l], t[ �

òEíÐ Ö�S5 [sec], Cs[ ��J S�M �½�� ôB[ppb-

volume] $>" Ca[ Ks�
M �½�� ôB [ppb-volume]9 M�J<.

3. � �

3-1. ���
�

£¤*+���(�M VOCs *+¿P' VOCsR x;� ��J �

� ç8 ��� ?� � 
i,[ ¿P�<. U@A �VJ ¿P� �¤

�Ô9 �Þ!� 8¶!
 7!� �� � ì, Ök� � ì, �!Q

C 1.607 1010–× M×
Vs

t
------ Cs Ca–( )××=

Fig. 1. Schematic diagram of the apparatus.
1. VOCs Tank 6. Pressure safety valve
2. Pump 7. Flange
3. Thermocouple 8. Ball valve
4. Pressure gauge 9. Glove valve
5. Gate valve 10. Open ended line
HWAHAK KONGHAK Vol. 41, No. 3, June, 2003



384 ��������� !��"!�#$��%&��'()�*�+�%,-
� ì0 �� �2M å"0 Y#� _�9 8¶È � ÔÞ,[ 
É

G*}]ì0 ��J �� "$!
 7J <E��� }]ì� %�!<.

3-1-1. �¸� G*}]ì

�¸�1 G*}]ì��[ ì (2)-ì (4)3A ?&Ó ¥0 �� ��

� ì, Ök� � ì, �!Q � ì� ÔÞ�<.

(2)

(3)

(4)

�
A ρ[ �( �2M �� 'B, µ[ vB, ν[ eB, x[ i}d�

�M (�, i[ º��Ù, g[ %Û ReB, τ[ p� )[ �F*Û, F[

à(3A K-G[ +, h[ �!Q, Sh[ �½ ¸*3 MJ � 
i�

0 �p3AM �Í.� ��J i�,� M�J<.

3-1-2. <E���(porous media)

z x;M �Y�� ��G �[ ���(� VOCsR -+,[ ¿P

� "$!
 7!� � ()� <E���(porous media)� R]!",

� ()M .0/� hî���� \� *+,[ ¿P� 8¶!"Ã !

�<. �VJ �Þ3 YJ Ök� Ù0' ì (5)� Ç¿�<[11].

(5)

�
A α� C2[ ��3 Uj P�� zz .0/(permeability)� Y

�{,��(inertial resistance factor)9 M�!�, ρ[ �( �2M �

� 'B, µ[ vB, ν[ eB9 M�J<.

£¤*+3A �-?[ x;M �«3[ �keBR ×æ" E5�

1Ù!2�, Ó­å"� 
iJ<. �9 º¿!
 7!� k-ε ÇËÓ

­�Ì� �Þ!���[12], ÅÛ Í] �¤� ç!� Îe }]ì�

34!
 7!� ÅÛ0M Y�9 �Þ![ SIMPLEC�� �Þ!

�<.

3-2. 
��� � �
��

�¤�Ô9 ��!
 7!� Fig. 2� �� z x;(� G, ê�ë¡

¢, é�¢¡¢, �}ì@1)M �( $>59 ��!�<. $>5[ 6

= �7�� "$!� 2w� 4Í 6Ç� ºh� $>5(structured grid)

� 8�!���, z x;M 9Ã�[ � G 5,775�, ê�ë¡¢ 7,235

�, é�¢¡¢ 7,336�, �}ì@1 6,125�� º�,�<. VOCsR *

+3 td� �;[ 1Ã�A ÄB, �(ÅÛ, �
hN fM �V 1Ã

R  �!?, ¿�:GM Îº3 Uæp x;�( ÅÛ� VOCs*+3

Rx ; td� �;[ ¥�� ?&<<[13-16]. U@A �VJ ¿P�

¸t!
 7!� ÅÛ /� hN(pressure boundary)� �Þ!�<. Õº

()M ÅÛ' =", +º()M ÅÛ' $�< >â x; �(� VOCs

�2R åæê �<. à( �
[ 1.0 bar�2� x; �(M ÅÛ0 ;

w�R i
�, ÅÛM w�3 M!� x; �(9 åæ[ VOCsR à(

� -+,[ ¿P3 �J �¤�Ô9 ��!�<. ?3A @ J A� �

� z x;3A VOCsR *+,[ /�[ <E���� º�,- #<"

R]!���, *+hN' .0/0 Y�{,� �-���� �]!�

<. .0/0 Y�{,M �]' \ä;�M £Í9 ç8 ��!�[�,

B{ x; �(hN� 25oC, 1 bar1 /= 
i,[ VOCs *+�� ́ ]

J g, \äè0 �' hN!3A �¤�Ô9 ��J g $ �09 £Í

���� <E��� �-1Ã(.0/, Y�{,)9 �]!�<.

<E��� �-1ÃR �],p, � hN!3 �2M ¬­, ôB, x;

�( ÅÛhN� s�SCpA �¤� ������ z x;�, ���,

ÅÛ� *+�� �¤È � #���, �¤� è� 7M \ä�0� £Í

���� þZ!�<. VOCsM ¬­3[ �V RGR #�?, $ �Ç�

�� ¿� =>?@ ¿x3A Rx &� �ç," #[ 	
0 �`��

�P�� 7 �09 £Í )¶!�<. �¤�Ô3A �Þ� 	
0 �`

�M ��è' Table 10 2� �<[17-19]. �¤�Ô9 çJ �¾ �¤'

PÞ �¤�2H½ D51 Fluent ver. 4.5.2� �Þ!� ��!�<.

∂
∂xi

------- ρvi( ) 0=

∂
∂xi

------- ρvivj( ) ∂p
∂xi

-------
∂τij

∂xj

-------- ρgi Fi+ + +=

∂
∂xi

------- ρvih( ) ∂
∂xi

-------
µ µt+

δh

------------- 
  ∂h

∂xi

------- 
  Sh+=

Fi
µ
α
---ν C2

1
2
---ρν ν 

 +=

Fig. 2. Boundary conditions of fugitive emission sources; (a) flange, (b) open-ended line, (c) gate valve, and (d) globe valve.
���� �41� �3� 2003� 6�
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4. �	 
 ��

4-1. �	�� ���� � ����

�¤�Ô9 ç!� £¤*+(M VOCsM ÅÛxM s�� ôB)�

9 ]��, ]���� YE!�<. $ ÊR Fig. 33 ?&?#<. É �

¤�Ô3A x;K73AM E
å"� �Þ!G �F
 �_3 -+

gM ôB)�[ x;M 
!½� ºh3 M!� td� )' ¥��

GF�<. -+¿P� �Þ!
 7J <E���M �� è' .0/0

Y�{,��9 ç!� hî!���, H s�[ \ä�0� £Í g3

�],�<. �]� .0/' 10−15, Y�{,��[ 107��<. �¤�Ô

M �0�(� VOCsR à(� *+,[ eBx0 ôB9 �� � #�

<. F7 S5� *+,[ VOCsM á� �¤!���, 2w��� º��

�¤9Ã9 "$!� �2 VOCs *+�� 3w�M qr� �.J g, �

¤�Ô �09 ç!� �-ò VOCsM *+�0 \ä�09 £Í!�<.

Fig. 3' z x;3A 	
M *+ôB)�9 ?&I ¥�<. J' K

�� L�� ôBR =âG" #M� M�J<. � GM �2� *+

()� ³�J Fig. 3M (a), (b)3 M!p *+� 	
' f}�� NG

" #[ qr9 ?&I<. Fig. 3(c)M �}ì@1M /=[ x; �(

M *+ �3A ôB)�R ?&?� 	
� *+� g ôBº*R �

�!ê  �J<. Fig. 3(d)[ ê�ë¡¢M *+( () ôB)�9 ?

&�� � G�[ O> £f}�� 	
� -+,[ qr<. É Îº

3A[ E]x;�(�M -+/�9 ¯°!" $ á� Ê´![ Îº

9 ��!
 7!� *+x; Ks3 �ks�� ÄBhN� /�hN

��A �]!G �F<. U@A *+x;M 
!½�1 �Ù3 M!�

ôB)�R td� )' ¥�� ?&<<[13-16]. �VJ /d' Fig. 3

(e), (f)M é�¢¡¢3AM 	
ôB)�3AB  �!�<.

4-2. �  !"# $% �	&

�¤�Ô9 ç!� � G3A 	
0 �`�� �P�� ��M ¬

­3 Uj *+��w�9 £Í!�<. EPA3A �~ J A� ��[9]

Fig. 3. Simulation results: pressure drop in porous media and fugitive
emission of VOCs at (a), (b) flange, (c) open-ended line, (d) gate
valve, (e), and (f) globe valve.

Fig. 4. Comparison of CFD simulation with experimental data of (a)
fugitive emission of benzene from flange, and (b) fugitive emis-
sion of toluene from flange.

Table 1. Physical properties of chemical compounds studied in this work

Viscosity [cp] (298 K) Density [kg/m3] M.W. [g/mol]

O2 (g) 2.09×10−2 1.33 32.00
N2 (g) 1.80×10−2 1.17 28.01
C6H6 (l) 5.36×10−1 876.50 78.12
C6H6 (g) 7.87×10−3 3.26 78.12
C7H8 (l) 5.57×10−1 866.90 92.14
C7H8 (g) 5.84×10−3 3.84 92.14

Table 2. Heat capacities as a function of temperatures used in this work [17]

Cp [J/K · kg] 

O2 (g) Cp=2.2326×10−4T2+0.0826 T+873.3054
N2 (g) Cp=3.15841×10−4 T 2−0.1691 T+1061.7892
C6H6 (l) Cp=1742.1915
C6H6 (g) Cp= −2.4530×10−3 T 2+5.3698 T−325.6695
C7H8 (l) Cp=1801.8342
C7H8 (g) Cp= −1.9751×10−3 T 2+4.95392 T−157.5375

*T=Temperature, [K]
HWAHAK KONGHAK Vol. 41, No. 3, June, 2003
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*+��[ ±q�1 qr� ]>,��� É Îº3AB ³�� �0

M ±q�9 ��!�<. Fig. 43A � GM /=, H �� �H3 �

!� �(ÅÛ ZR3 Uj -+�� ZR![ /d� ?&P<. ÅÛ

M ZR3 s�[ H �� �H � G3A k�J èM ÿ7(0.0-0.56

(10−10 kg/sec)9 RQ�?, x;�(M ÅÛw�R 01 Gv3A 	


M -+�� =ê ?&<<. �VJ *+ ôBM w�[ 	
M Z
Å

� PÄ3A � 0.132 bar, �`�M Z
Å� PÄ3A � 0.039 bar�

	
M Z
Å� =' ¥� �1�� GF�<[15]. �`�� �P��

J Fig. 4(b)3 M!p \ä0 �¤�Ô �0 Ô�M ±q�M w�R

	
0 £Í!� �ê ?&Ó<. §, �¤�ÔM /=[ x;�(M Å

Û� ZR!�B *+�� ZRM ±q�� =ê �G,G¹ *+\ä

�03 M!p �(ÅÛ ZR3 Uj *+��ZRM ±q�� |Ù�

<. �`�M /=[ CH3−�Þ
9 RG" #
 �_3 	
0 £Í

!� P���� )ÃM qr? �Þ
3 M!� �Þ![ 1Û� <

æ<[19]. ���k0 �H½ ��è ¹� "$J É �¤�Ô Îº3

A[ )Ã�
 F73A )ÃM �á ® �Þ
� Y#� �V +ª�

"$È � ã�
 �_3 �VJ w�R 
i![ ¥�@ "$�<. ]

'!" ]³J *+��9 ³�!
 78 )Ã�
3AM �V 1Ãª

� "$![ �¤� �¸,-² J<. $V? �VJ qrM �¤3[

É Îº3A �P�� !" #[ �¤�Ô� O> &' /��, S5�

�"R �º,�, ¿x3AM �Þ�B �-ª � #[ Fv� #<. U

@A É Îº3A �P�� ![ �¤�Ô3 MJ 6D� ¿ PR3A

C�M }�� ¥�� GF�<.

4-3. �� !"# $% �	&

Fig. 5[ *+\ä� ç!� z x;3AM �( ÅÛs�3 Uj 	


M £¤*+�� ?&I ¥�<. *+\ä�03 M!p � G, ê

�ë¡¢, é�¢¡¢, �}ì@1 Ý�� *+�� =��, ÅÛZR3

Uj *+��M ZR/' � G, é�¢¡¢, ê�ë¡¢, �}ì@1

Ý�� =' /d� ?&P<. �¸�1 E]� � GM ��[ <j

x;M �3 £8 � S3A � �*3 �j<. U@A 7 �0�(�

� G�(� *+,[ WX��M á� �-![ ¥� £¤*+��

�(�M *+�� ��[ Rx C=±M }��@[ ¥� ³1È �

#�<. �}ì @1M /= �( ÅÛ� >' /=3[ *+�� �-



M þ+ J� �3A ´]� ÀRÁ !�[�, �[ �¸��� �

}ì@1' ¡¢ gF3 Î�,- ï�ð È /= ÔÞ,[ x£� �

F3 #[ ¡¢M �T3 td� )
 �_�@" iz�<. É \äx

;M /= ¡¢P _�R ã�2� �}ì@1� çJ *+� lM ã

[ ¥�� )¶,�<. é�¢¡¢� ê�ë¡¢M /=[ �(ÅÛZ

R3 Uj *+�� ZR]BR ±q�3A U-?[ /d� =ê ?

&<<. �[ ÅÛM td� )[<[ ¥� M�!�, U@A "ÅhN

!M E]P3A[ ¡¢�(�M *+B %�J s�R V � #<[

¥� Ê´È � #�<. ¼J é�¢¡¢, ê�ë¡¢M ¡¢­3AM

*+��[ ¡¢M ¬­3 Y�ã� �ÔJ *+�� ?&��[�, �

VJ �0[ EPAM *+��3AB ³1� ¥��, EPA3A[ ¡¢­

M *+��9 k�J è�� "$J<[11]. �¥' ¡¢­M 

 �

�P ?&?[ ¿P�� GF�<. Fig. 5� �� *+\ä �03A 	


M £¤*+�' x;�� *+ ��3 w�R #�<. �¾ /=3

#-A £¤*+�' �( �2M ÅÛ� ZRÈ�� *+��ª' ±

q�� ZR!�<.

�¤�Ô9 çJ 	
M z x;� *+� £Í3 M!p � G, ê

�ë¡¢, é�¢¡¢, �}ì @1 Ý�� &' áM VOCsR *+,

�<. x; � ÅÛZR3 Uj *+�� ZR,[ ]B[ é�¢¡¢,

ê�ë¡¢, � G, �}ì @1 ÝA�� =F<. �¤�ÔM �09

±q�J }]ì� Table 33 #�� �VJ /d' \ä�0� �Ô!

<. ê�ë ¡¢9 �P�� J �¤�Ô �03A[ �(ÅÛ ZR3

U@ \ä�0� £Í!p *+� tHw�R  �!�<(Fig. 6). Ww

��� XYJ ºh��� RG[ ê�ë ¡¢9 2w�M �¤9Ã�

�ÞJ ¥� �0w�M �1�� GF�<. -+Y�ìM 
Z
� î

[ �H � G3 P���� �' -+�� RG[ ¥�� ?&<<.

é�¢¡¢M /=B ê�ë¡¢� �Ô!ê �(ÅÛ ZR3 U@ �

¤�Ô(0.83×10−10-1.38(10−10kg/sec)� \ä�0(0.42×10−10-1.94×10−10

kg/sec) Ô�M w�R  �J<. �VJ ��3 M!� 2w�0 3w�

� ÎYSC[ ()� �O,-² �< ]'J *+���M 6D� R

ÁÈ ¥�� GF�<. �}ì @1M /=B \ä�0 �ÔJ *+�

0 *+/d� ?&P<(0.11×10−10-0.44×10−10kg/sec). \ä0 �¤�

Ô9 kS3 ��!� E]� VOCs*+�M ]��, ]�� �09 ³

�!�<. �VJ �09 ç!� �¤�ÔM �0R ¿xM VOCs *+

� ¤] ® 8¶3 &��� #M� ³1!���, & �Ôx;3B �

ÞV � #� ¥�� ÊP�<.

5. � �

É Îº3A[ �½E]3A VOCsM K�*+�1 £¤*+�(ê�

ë¡¢, é�¢¡¢, � G, �}ì @1)3AM *+�� ¯°!
 7

!� VOCs *+\ä ® �¤�Ô9 ��!�<. *+\ä �03 M!

p £¤*+� �(9 ç0![ �2M ÅÛ� ZR�3 U@ *+�

� ZR!�<. �VJ /d' �¤�Ô9 çJ 8¶�03AB �;!

�<. z x;�� x;�( �2M ÅÛ s�3 Uj £¤*+�M �

�' x;3 U@ <j *+��M tH� ?&P<. k�x;9 �P

�� J <j ¬­M VOCs9 �ÞJ /=, £¤*+�M w�R  �

!�[� ��M )Ã�
, )Ã�, qr3 Uj Z
ÅM w�R �V

J �09 ?&I ¥�� GF�<. �¤�ÔR \äM �09 \ ¸t

!���, �9 A]�� \ä\ ® ¿xM ³x� hÜhN3A VOCs
Fig. 5. Fugitive emission of benzene from a variety of emission sources

obtained from experiment.

Table 3. VOCs emission correlations 

Process unit Emission factor [kg/sec]

Flange 8.3×10−11X+13.9×10−11

Gate valve 11.1×10−11X−5.6×10−11

Globe valve 5.6×10−11X−16.7×10−12

Open-ended line 13.9×10−12X−13.9×10−12

*X=Inner gauge pressure, [bar]
���� �41� �3� 2003� 6�



��������	
 ��
������
 �� ��� �� 387

]

le]

n-

n-

s,”

nd

ent

and

 in

“A

a-

ic

ass

 in

tion,
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�¤�Ô0]3A VOCsM -+� Ê´!
 7!� �Þ� <E�

��(porous media)M 1Ã[ x;M ¬­3 Y�ã� k�J è�

R^��� �V E]3M =' ³x� ® �ÞRÁ�� #� ¥��

ÊP�<. É Îº �0[ £¤*+�M ¬­� �2 �(ÅÛ fM

hN s�3 Uj VOCs *+��� *+�Ì� ³�!���, �2

¬­3 Uj *+�M w�B Ê´È � #���, �[ �½E]3

AM VOCsM £¤*+� _0��� {| S` � #[ 
ËÃ�R

V ¥�<.
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� �
���� -+�-}~Î

º’ ÔÜM G�3 M!� ��� ¥�� �3 |Ô5ab<.

����

C : emission factor of objective emission source [kg/hr/source

Ca : concentration of circumstance atmosphere [ppb-volume]

Cs : concentration of sampled species [ppb-volume]

C2 : inertial resistance

F : body force [N]

g : gravity acceleration [m/sec2]

h : enthalpy [J/kg]

i : element of direction i

M : average molecular weight of sampled species [kg/kg_mo

Sh : heat source [N]

t : operating time of vacuum pump [sec]

Vs : volume of dry gas at 0oC, 1 bar [l]

v : velocity of fluid [m/sec]

x : length of direction i

'()* +�

α : permeability

ρ : average density of fluid [kg/m3]

µ : viscosity [kg/m-s]

τ : shear stress [N]
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