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2�. ��J K L(tray)5C

� �4   567 )7� Francis weir ;�
   )M*+ N�
OP QRS TL(sieve tray)� weeping UV WX�

Y� Z[+ 'NN�
� \]
8 !"#$5 ^_ ��J `a� 0+b0� '(c >?
de 
2�. :' ���

0+,1� ��J K L   f�gh(reflux drum)� i' holdupD jk
7 l3 'm5C $n
2<B, f�o $

n@p �4� �	o D�p7� �'!" L�q7 )r@A�. s t�= :' ��� !"#$5 ^_ ��J   s

uv ��w� ��v)OP QRS xy*+ 'mv)w� ��� vz� WX{ ) |A<B, }c K L5C� weeping

UV� WX]<=~ !"#$ L�5C� ��J `a� �D'�� �� '(c ��{ ) |A�. � �G5C �p

� )�+ �D�� �� ��5 D�@p �� !"� �"�   ���� �D�� �8{ ) |�.

Abstract − For batch distillation processes separating a binary mixture of benzene and toluene, we develop rigorous math-

ematical models of various process devices, physical properties and startup procedures, and simulate them dynamically. The

mathematical models include about 1200 differential algebraic equations, and the dynamic simulation includes discrete events

of startup procedures sequentially. To show the dynamic behaviors of distillation column internal rigorously following the start-

up operation, the material and energy balances of every tray in distillation column contain lots of correlations such as Francis

weir equation, hydraulics and correlations of predicting weeping rate in sieve trays. The dynamic simulation of the target pro-

cesses starts with the initial condition of zero holdup of liquid phase at every tray and the reflux drum, and it continues until the

beginning of normal operation in which the two components start being separated by the reflux. As results, various dynamic

behaviors of thermodynamic variables, process variables and surrounding installations are observed, and the non-ideality of

column internal is revealed more rigorously with the prediction of the weeping rate of each tray. The numerical data from this

study are expected to be applicable to improving the safety and the efficiency of industrial design.
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1. � �

��� ��(batch distillation)� ���	 
�� 
� ��� �

���� ���� ��� ��(continuous distillation)� �� ��

� � ! "#� �$% &' '()� *+. ,� -�� .%�

/�� &' 01)2� ��3, ��� ��� 45647 8' 9

:; <=64�� >� ?'�3 ��@, ��� ��� �$% A

B CD/  E F�G H�)IJ 
KLM6N(pilot-plant)7 8'

�:O%PQ RS)� ��T  U647 8' VW/  EX YZ

�� �� [� \Q '(�+. ]^%PQ ��� ��64B Fig. 1

7 8' �!)_, `ab ��c �d/ e�2Q 6f� g, e�

2/ Gh� /� ijkb �ljPQ 2mX mnLo� p�)�

qm7 ��%PQ rsLtPQu vw x �yzb $p��{ �

+. 'T 8B 74PQd| }~�/ k'b �� `a/ � !��

B c mdT �dQ ��, YZ�+. c md� ��2T p���

(reflux drum), p���, p��� [PQ �!)_, c �d/ e�

2T �� ��cX 
�PQ 52%PQ ���+.  E/ YZB
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��64� 9� ;�� 1900�9 �^/ ��Z�(hand calcula-

tion method)�� � 2`X �X � *P_, ��|b '(� �Z

' '��z2 L	� 'g θ�(theta method)[1]' �/ ��! �

�� \Q '() +. ¡�� T� ~�� ��| ¢£ 2¤� d�

�@ +¥� �¦% ��X §N� PROII, Aspen Plus, HYSYS [

/ ;�2G ��64X �¨� +�/ <=64/ 4%;�� '(

)� *P_, <=64/ l%;�� ©ª«z� >� �¬<)� *

z� ­z® �$% K¯� 2°/ m(<� l%;�2�� /�@

Z±²N�� '()� *+. ³¡�� ´µ/ �¶�· ¸�z�� ¹

~)� m(<)2 L	� gPROMS(Barton[2], Oh[3])G IPDAEs x

'Z�º� 9� »� [ +¥� 2°7 l%;� �7/ m¼!P

Q &B �½X ¾� *P_, 'b '(� +�/ ���7G µ§¿

%PQ ��)� *+. -À, µ§��� Oh [[4-7]' ¢Á s
^

�2, Â� \2 ÃÄ ^�2, RPSA, Å� ÆÇ 64 [� 9� l%

;� x l%³%<b �È��P_, Hwang [[8]B 'ZÉ� »�

2°X 
Ê%PQ '(�@ PSA 64X m¼ l%;���+.

��� ��64� 9� l%;�� Ë�� 64 l-!7 ÌÍ�

RSÎkQ �� ~Y�� +¥� Ïw%(intrinsic) x �Ïw%(ex-

trinsic) 'Z�º(discrete event)(Barton[2], Park [[9])PQ �¦% �

b ��2G 
� �Ð+. �=% ;ÑÒ� *�� ��� ��64

B &B �/ hÓ=% mÔÉ� x 64É��Q Õ²)� DAEs

(Differential Algebraic Equations)Q �!)_, -À RS¹L Îkb

l%;�� ^´�� �� @Ö É��/ É<G 'Z%PQ J×J

_, �¦%PQ� stiff� ��Q ��@ &B # G Ø2)2� �

+. ÙÚ� ©ª«z µ§��/ ��� ��64/ l%;�� ¢�

��� d�� ¯�� *P_, ¯z Oh [[10]' �È� wZ�� 6

4/ ;ÑÒ x ;�T 8' \Q ��� ��64/ 4%;�b D

\Q '��Û Ü+.

]^%PQ ��64B &B 64N¦b Ý�Þ ß® ©àÚ RS

� Ùá ��c §d/ l%Il' 
� ÌÍ�â J×Ë+. -À �

�� ��64B RS/ ¹Ld| 4z«z Sã 64 RSÎk� ä

å� z�%'_ 
� +¥� l%IlX �'_, � ¥mB ���

��64� ��@ æç ÌÍ�â J×Ë+. ÙÚ� 64/ è�T

RS/ éê! x ëS! ��b D� ��64, -À ��� ��6

4/ �ìB ^�L l%;�b í� �È)�Ø �+. �ÖJ î 

64/ l%Il' ÌÍ� ®ï � ;�� 
� Ë��@ 2ð/ �

� 
�� î  64X �$% 4�À Õ²� ñB 
� �v+. ò,

l%;�� *�� �/ ��! ��b D�� &B G4X óôP

Q ;ÑX �!�� ñ' ]^%'+. ³¡ Olsen [[11]B ��c

;ÑÒ�� &' %()� G4�X ã�%PQ ���� �$% m

¼� ;ÑX  L��+. �ÖJ '�/ ��� ã¯(sieve tray)��


� 
H�â ��)� weeping ²mX �õ�z ­öX ß® ©à

Ú 64/ RS� Ùá ��c §d/ IlX ÷�À :÷�z� ø

��+. Furlonge [[12]B +(2 ��� ��c(multivessel batch dis-

tillation column)� 9� l%;�b �È�� ùù/ �ú��b í

� ³% �±�º ûü� ¢� ��b �È��+. ' ��� 64R

S/ �2�º�� � ¯� qm/ holdup' weirb ýX 4�Q ð

e�+� G4�PQu l%;�/ �2�Z�� ~YÞ � *� �

¦% �õþX ÿÌ��� ��P_, 'Q ��@ î %� RS¹L

²mX �9Q ^´��3 d��' * +.

Ï ��� 'Ö� �î�� \.�� l%;�b í�@ ��� �

�64/ RS¹L ¯���/ +¥� l%IlX m¼À :÷��+.

ò, �2� � ¯ x p���/ qm holdup' ðe�z ­�+�

�º��� RSX ¹L��P_ p�G '��Û 4mRS(normal op-

eration) ̄ �� '��X "«z l%;�b �È��+. RS¹L�

Ùá ��c §d/ l%IlX �+ ÷�À :÷�2 D�� weep-

ing 5WX ���� îM% m¢¢��X Ý��� m¼� ã¯ ;

ÑX �¨�@ ��c \É/ @Ö 64N¦�� 9� �=% ;Ñ

X  L��P_, 'Z�ºX Ý��� 9m 64/ RSÎkb �=

%PQ 2¤X ��+. 9m 64/ �=% ;ÑÒ x ;�� ��

�f� gPROMSb '(�@ �È��+. � �7Q 1,200@ ¹/

DAEsb 	 P_, 'b óôPQ 9m 64/ RS¹L Îk� Ùá

��c §d x \É 64N¦�/ +¥� l%Il7 � ¯��/

weeping ²mX �¦%PQ ��Þ � * +.

2. �� ��	 
�� 
��

2-1. �� ��� �� � 	
�� 
��

Ï ���� �õ� ��� ��64B Fig. 17 8' �!�+. 


�7 ��
PQ �!� 2!�� `aG `a�N��Qd| e�2

� 6f)_, 6f 5WB e�2/ �D¹�2(level switch)T 5W

 �2G ��)� +¯  ��+. e�2� 6f� `a� ]4W/

h 6f� /�@ 2<)� ��c/ mdQ mn�@ ��2Q 5

��+. ��2�� ]4 Â�/ ���G 6f)� �S ��(total

condensing)' '��z_, ��vB p���� �%)â �+. p�

��/ qDG 60%� ���â )� p�G L	)�3, '� p�

��T  � 2°X �� p���� /�� '���+. c mdQ

p�� qmB �¯PQ �� ����� e�2Qd| mn�� 2

m7 ��c §d/ � ¯�� rs�@ vw x h$pX �+. R

S' ��)�� p���/ ��v �!B `��  E�º� ��

�_ '"d| p�b ����� cm YZv(overhead product)X

YZ�+. cm YZvB p���/ �D �2� /�� � 5W'

 �)_ cm YZv �N��� �N�+. cm��/ YZ' �a

)� e�2�� c� YZv(bottom product)' �â )_ ��b

í� ��)� c� YZv �N��� �N)� 64/ RS' �

a�+. 'm/ RSÎk 
, l%Il' GN Ë��â J×J� R

S¹L ¯�� e�2� `aG 5�� 'gd| 4mRS mÔ� �

�Þ "«z� 9�@ 9m 647 ¿�K/ h$p' �+� G4 �

�� l%;�b �È��+. Ï ��� %(� l%;�2 gPROMS

� 'Z�ºX 
� � +� � *P_, TASK entities §�� RESET,

REPLACE [ +¥� taskb  6�@ m�, É� x �4� [X

�/Q ¦p ,� ÉÁ� �PQu +¥� 64RS Îkb �=%

PQ Õ²Þ � *â ��+.

2-2. ��(sieve tray) 
�

Fig. 2� Ï ���� �õ� ã¯ ;ÑX J×§� ñ'+. ��c

Fig. 1. Overview of batch distillation process.
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eat
§/ ;  ¯�� qm7 2m/ holdup' ðe�_, '�/ �� x

�� !"' vw x �yz �z� Ý��+. ��)� 2m7 plate

K/ ij ��� �j=% ¢��� /�� �Z)_, weirb ý�

� ��)� qm/ 5WB Francis weir ¢��� /�� �Z�+.

,� ¯/ �#(hole)X í� weeping)� qm/ 5WB Lockett and

Banik correlation[13, 14] x Colwell and O'Bara correlation[13, 15]�

/�� ���+. ã¯/ �=% ;ÑÒX D�@ +$7 8B G4

X ����+.

(1) qm7 2mB �� �S�â %&�+.

(2) � ¯B hÓ=% 'Á mÔ� *+.

(3) Downcomer��/ 5ã/ �:O% !"B (L�+.

� ¯�� !� i/ vw �z� +$7 8' weeping 5W, Wb

�õ�@ �!Þ � *+. @2� Fw
liq�  weirb ý�� ��)� q

m/ 5W'+. ò, ¯�� ��)� qm/ ) 5WB weirb ý�

��)� 5W7 weeping� /� ��)� 5W/ &PQ Y�Þ �

*+.

(i=1,�,NoComp) (1)

� ¯��/ �yz �z� vw �z��T *+GzQ weeping 5

W, Wb �õ�@ +$7 8' Õ², � *+.

(2)

� ¯�� qm x 2m/ -�ê/ &B 1' �+.

(3)

� ¯B m'ÁX '�.Q +$7 8' � !� i/ fugacity �

� Φib qm7 2m� 9�@ ;/ �õ��PQu m'Á ¢��

X Õ²Þ � *+.

(i=1,�,NoComp) (4)

��c/ ¯X �=%PQ ;ÑÒ��3 *�� ]^%PQ D/

(1)�� (4)«z/ ��B GN 0�%� ñPQ K\)_, 1À )2

�@ MESH(material balance, equilibrium equations, summation, h

balance) �4�'Ú �3+[13]. '4�� +$7 8B ��' 5G

)�3, &B ��' Ý�,�{ ;ÑB �+ m¼�zJ �®ï �

/ ��!' J6z.Q ;�/ �È' 
� Ë���+. qm7 2

m/ holdupX ;/ �õ�.Q � ¯�� !� i/ ) holdupB +

$7 8' �Z�+.

M i=MLxi+Mvyi (i=1,�,NoComp) (5)

� ¯�� ) §d�yz U� +$7 8' �Z�+.

U=MLh
liq+Mvh

vap−PVtray (6)

� ¯/ d7b �õ�� 2�=%  U �ºX +$7 8' �õ

Þ � *+.

(7)

,� � ¯/ qmB 2m7/ rs7 v�% ´8� /�@ froth

J aerated liquidb Ý��â )_, '�X  ¿� clear liquid/ q

D� +$7 8' �Z�+.

(8)

Weirb ý� ��)� qm/ !"B +$7 8' aeration ��b

�õ� Francis weir �4�PQ ��Þ � *+.

(9)

� ¯PQ 5�)� 2m/ 5WB ij ��b �õ� �j=%

¢��PQd| ���+.

(10)

� ¯�� ~Y�� weeping 5WX ���2 D�� Lockett and

Banik correlation7 Colwell and O'Bara correlationX '(�+. '

/ m¢¢��B �� hole Froude �/ ��'_, hole Froude �

� +$7 8' clear� qm/ qD, hole��/ 2m/ 5�, qm

7 2m/ 9� [/ ��Q 4/�+.

(11)

FrhG 0.2�+ 	X "�� Lockett and Banik correlationX %(�

_, FrhG 0.2�+ : "�� Colwell and O'Bara correlationX %

(�+.

(for Frh<0.2) (12)

(for Frh>0.2) (13)

� (12)T (13)�� Ah� � ¯��/ Sã hole �%'+. / m

¢¢���� � m�� îM%PQ �4� ñ'_, FrhG :�{

weeping' ; %â ]��X < � *+. ò, hole Froude �/ 4

/b �õÞ ", hole��/ 2m/ 5�' :�{, clear� qm/

qDG =X�{ weeping' ; %â ]�Ë+.

2-3. ��� �� ���� � ��� �� 
�

Fig. 1� J×> óT 8' Ï ��/ 9m 64B ��c '¿�

dMi

dt
--------- Fin

liqxi in, Fin
vapyi in, Fw

liq W+( )xi Fout
vap

yi––+=

dU
dt
------- Fin

liqhin
liq Fin

vap
hin

vap Fw
liq W+( )hliq

Fout
vaph

vap
––+=

xi
i 1=

NC

∑ yi
i 1=

NC

∑ 1= =

Φi
liq P  T,  x, i( )xi Φi

vap P  T,  y, i( )yi=

MLvliq MVvvap V tray=+

L
liq MLvliq

Ap

---------------=

Fw
liqvliq 1.84Lw

L
liq βhw–

β
---------------------- 

 
3 2⁄

=

Pin
vap Pin

liq α
Fin

vapv P T y, ,( )
Ak

-------------------------------- 
 

2

ρvap=–

Frh 0.373
uh

2

hc

-----
ρV

ρL ρV–
----------------=

W
Ah

------ 0.00185

Frh
------------------- 0.00277–=

W
Ah

------ 0.000115
Frh

1.533
----------------------=

Fig. 2. A sieve tray.
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e�2, ��2, p���, �N��b �¨�@ +�/ �� x ��

[/ 64N¦�Q �!)� *+. ��/ 64N¦� �=% �4�

� /�@ � l-!' Õ², � *+. 'Ö� �=% ;ÑÒ�� v

w x �yz �zb 2ÏPQ �@ � Î/ ã¯ ;Ñ��/ Francis

weir �'J weeping 5W ��X D� m¢¢��7 8' �? 6

4N¦®/ -@%� ��' Ý��+.

2-3-1. e�2 ;Ñ

e�2 ;ÑB qm/ �� x �� !", 2m/ �� !", `a

/ �� !" [X Ý��_, � §d��� qm7 2m/ holdupX

;/ �õ�+. e�2 §d� hÓ=% 'Á mÔQ K\�_, qm

7 2mB �S %&)� ñPQ G4�+. ,� e�2� G�z�

hW Q� �// APQ z4Þ � *�{ �+. 'm/ �º7 G

4 ��� +$7 8' \H ;ÑÒX �!Þ � *+.

(1) !�B vw �z x �yz �z

(i=1,�,NoComp) (14)

(15)

(2) e�2 §/ !�B - holdup x Sã �yz

M i=MLxi+MVyi (i=1,�,NoComp) (16)

U=MLh
liq+MVhvap−PVvessel (17)

(3) qm7 2m�� -�ê/ &

(18)

(4) qm7 2m/ m'Á

(19)

(5) 2�=%  U �º x e�2/ qD �Z

MLvliq+MVvvap=Vvessel (20)

(21)

2-3-2. ��2 ;Ñ

��)� 2mB ]4� Â�Q 5z)� �Â/ qm� /� �S

���+. ò, ��2Q ��)� !"B ¯z 2m®X Ý��_, �

�)� qmB ¯z qm®X Ý��+. 'Ö� G4B Ï ��/ 9

m vw� 
�7 ��
/ C�Ê' �+z Dz ­X ß® ©àÚ

��2Q 5�)� ���/ 5W' (��+� G4X ��Þ � *

P.Q ×?�â %(, � *+. ,� î / 64��� 9d� �

S ��)� RS�+� ÊX �õÞ � *+. �Â !"7 �Â !

"K/ Â� ÓS ²mX �z�2 D�  U �º' �õ) +.

(22)

(23)

(24)

hout=hliq(p, Tout, x) (25)

@2� T� ���/ Â�Q ]4�â \�z_, Tin7 ToutB ��

2m/ �� x qm/ �� Â�, hin7 houtB �� 2m/ �� x

qm/ �� 
Æ7b /E�+. ��2Q ��)� 5W FinB +$7

8' ��2T p��� K/ ij ��b �õ� �PQ Õ²�+.

(26)

Â� ÓS ²m �zb D� / !"K/ h$p  U �ºB +$

7 8+.

κ=(Tin−T)(Tout−T)>0 (27)

2-3-3. p��� ;Ñ

��2Qd| 5�)� ��vB p���� �%)â �+. ��)

� !"B qm® ðe�.Q ' ;ÑB qm/ holdup®X �õ�

_, +
 �� !" [X Ý��+. p���B ¿2� F�)� *

+� G4�@ §d ijB 92i7 qm/ holdup� /�� Y2�

ij/ &PQ �Z�+.

(1) � !�� 9� vw �z x �yz �z

(i=1,�,NoComp) (28)

(29)

(2) p��� §/ !�B - holdup x Sã �yz

M i=Mtotxi (i=1,�,NoComp) (30)

U=Mtoth−PsysVvessel (31)

(3) qm7 2m/ -�ê/ &

(32)

(4) p���/ qD �Z

(33)

2-3-4. p��� x p��� ;Ñ

p���� linear type/ ���X %(�@ ;ÑÒ��P_, p�

��� `��� ;ÑX '(��+. / N¦ ;/ p���/ qm

X ��c/ G HI ¯PQ p�Lo� ÓÞX �.Q ¯z qm/

!"®X +J+. ÙÚ� m'Á ¢��B �õ)z ­�+. p��

� ;ÑB leakageb �õ��P_, positionX z4�PQu 	l)

�{ �!�+. ,� p��� ;ÑB ��� G�z� lj/ É<

� ÙÚ� ij É<G ]�J�{ �+.

(34)

(35)

� (34)� p���/ ij��b J×> ñ'_, � (35)� p��

�/ !"-!X �õ� ¢��'+. @2� K� ��m�, z� ��

/ lifting position, ε� leakage, ω� ��/ �S��, Q� d75

WX /E�+.

2-4. ��� �� 
�

Ï ��/ ��� �� 64��� 
�7 ��
/ 2!�� %&

vX `aQ KL��+. ' %&vB / !�K/ Mÿ� ;NOG

ðe�z ­P.Q �$% K¯� ÁÔ/ v!A �Z ;Ñ�� î

 T l]� �7b ��+. ÙÚ�, qm7 2m/ v!A �ZX D

� ;ÑB 'm2ã ;Ñ7 'm(q ;ÑX %(��+. ' ;Ñ�

B Reid [[16]'  L� �Z�X 2�Q �!�+. ' / v!A

dMi

dt
--------- Fin

liqxi in,
liq Ffeedxi feed, Fout

liq yi Fout
vap

yi––+=

dU
dt
------- Fin

liqhin
liq Ffeedhfeed Fout

liq h
liq

Fout
vap

h
vap

Q+––+=

xi
i 1=

NC

∑ yi
i 1=

NC

∑ 1= =

Φi
liq P T xi, ,( )xi Φi

vap P T yi, ,( )yi=

L
liq MLvliq

A r

---------------=

Q UAexch∆T=

Q Fin hin hout– P Tout x, ,( )[ ]=

∆T
Tin T–( ) Tout T–( )–

Tin T–

Tout T–
----------------- 
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�Z ;ÑB \�� Â�, ij x �!�� Ý<�2i, d7, 
Æ

7, 
OQ7 [X �ZÞ � *�{ ;ÑÒ) +. Table 1� / !�

/ v!A �Z�� 0H� m��X J×§ +. Fig. 37 4� ��

2m7 qm/ v!A �Z F�b ��%PQ J×> ñ'+.

2-5. 
� 
�� ��� ��

Ï ���� �õ� ��� ��64B ) 18̄ PQ �!� ��

cX 
�PQ e�2, ��2, p���, p��� x p��� [P

Q �!�+. Ï ����� ��� ��64/ m¼ l%;�b D

�@ <=64 C( l%;�2 gPROMS Pozb '(��+. �

�/ ;Ñ�B e�(!(reusability)X Gz.Q �J/ ;ÑQ l�

/ @Ö N¦b Õ²Þ � *P_, Sã ;Ñ/ �!B Fig. 5T 8'

�Q% ��(hierarchical structure)Q '��z�3 � ;Ñ�B 52

% �� ¢�b ��+. ��/ 64N¦ ;ÑB 0H� ÙÚ qm7

2m/ v!A �Z ;ÑX � �D� R � *P_, ;  64N¦

/ ��B ³mD ;Ñ� MODEL Column� /�@ '���+. ò,

Ï ���� ��c ;ÑB l-!X Õ²�� v�% /E�+� S

ã ;Ñ/ )S% �!X T?�� ³mD ;ÑQ�/ /Eb ; &

' �� *+. ��/ ;ÑK/ !"X í� S�)� \H É��

5W(F), �!(X), Â�(T), ij(P), 
Æ7(H) ['_, ' É��/

m1¢�� Sã ;ÑÒ/ �5�(degree of freedom)b �4��3

GN 
H� HVG �+.

3. �� ��	 ��
�

3-1. ��
  !"

� Î�� U/� óT 8' ��� ��64/ �=% ;ÑB v

w �zT �yz �zG Ý�� 1,200@ ¹/ DAEsQ �!�+. -

À ��c §d/ ã¯ ;ÑB weeping� ¢£� m¢¢��X Ý�

�� [ 
� m¼�â ;ÑÒ) P.Q �¦%PQ &B # b Ø

2Þ � *� stiff� ��X &' Ý��� block/ ÁÔQ Õ², "

sparse matrixb 5~Þ � *+. Ï ����� 'Ö� �¦% # �

X é7%PQ V�W � *� <=64 C( l%;� Poz�

gPROMSb '(��+. ' Poz� 9m 64N¦ x v!A �Z

� 9� �=% Õ²ß® ©àÚ 64/ RS�	� 9� �=% ;

ÑÒX �ÈÞ � *�{ �\_, '�X �&�@ Sã ;ÑX ã�

%PQ �&LX � *� �f ;ÑÒ ��b  6�+[2, 3, 9].

64N¦�/ �2 x -!X J×§� YÚE|�X Table 2� 2

¤��+. ' YÚE|�B SÁ%� ��64�� �()� A�X

�õ�@ 04� ñ'+. �b �� � ¯��/ hole area� active

plate area/ 6-8%4�G )�{ 04�� ñ' ]^%'_, Ï ��

��� 8%G )�{ ��+. ,� weir/ D'� ¯ D'/ 1/3' )

�{ 04��+. ��c §d/ ¯B ã¯X KL��P_, RS� Ù

Ú� weeping' ]�Z � *�{ ;ÑÒ) +. ��c/ '[¯�

� 18̄ PQ 04��+. ��2/ )ShS���(overall heat trans-

fer coefficient) U x *\��(friction factor)� ��2/ ��Â�G

��cPQd|/ �� ij �º�� 355 K 4�Q 5z)�{ ^Ì

% ;�b í�@ tuning) +. e�2 x ��2/ ³� �D� �

� 2 mT 1 mQ 04��+.

3-2. #$%& � 	

'

Table 1. Physical property data of benzene and toluene

Benzene Toluene

Molecular weight[kg/mol] 0.078 0.092
Boiling temperature[K] 353.2 383.8
Critical temperature[K] 562.2 591.8
Critical pressure[Pa] 48.9E+5 41.0E+5
Constants to calculate the isobaric 

heat capacity the ideal gas
A −3.392E+1 −2.435E+1
B 4.739E-1 5.125E-1
C −3.017E-4 −2.765E-4
D 7.13E-8 4.911E-8

Reference temperature[K] 273.15
Reference pressure[Pa] 1.013E+5
Gas constant[J/mol�K] 8.314
Liquid density of pure component[kg/m3] 885 867
Standard enthalpy of formation for the ideal 

gas at reference temperature[J/mol]
8.298E+4 5.003E+4

Parameters for vapor pressure 
correlation

a −6.98273 −7.28607
b 1.33213 1.38091
c −2.62863 −2.83433
d −3.33399 −2.79168

Fig. 3. Calculation scheme of ideal liquid model.

Fig. 4. Calculation scheme of ideal vapor model.

Fig. 5. Hierarchical structure of batch distillation column model.
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552 ��������� �
<=64/ l%;���/ �2�ºB 9m 64/ �2 mÔb

2¤Þ ß® ©àÚ l%;�/ !6 @db ]G"�� 
H� H

VG �+[2, 3, 17]. ò �2�ºB E�^' Ý�� 64/ 64 É

� x mÔ É�� 9� �¦% ��� *�� GN 
H� ÓÞX

�+. �2�ºB Sã ;ÑÒ��/ E��4�7 � ¹�G ]¦�

+. Table 3� 9m 64/ �2�ºX 2¤��+. �� �f��_

' �2� � ¯/ qm holdup' ðe�z ­�+� ¹�!*� �

2�ºX �(�@ î  64RS ²mX �9Q ^´��{ ��+.

'Ö� �2�ºB �¦% ��� *�� 
� ¦÷%� N`G ,

� *P_, Ï ����� '/ ÿÌX D�@ 0� ¡r�� 
� 	

B �b � ¯/ qm holdup/ �2�ºPQ z4��+. ]^%P

Q �2�ºX z4� \� É�� ;ÑÒ� /�� �4)_, ;Ñ

Ò' %ÎÀ �È)z ­öIJ �2�ºX �ø z4��X ���

� index problem ,� singularity errorG ~Y�â �+[17].

�� 2-1Î�� è÷� RS Îkb a9Q 9m 64/ RS �º

X �4��+. Ï ����/ 64/ RSB `aG ��� 'g e

�2/ GhQd| L	�+. e�2� �2� ³� �D/ U 90%

mÔ� *� ñPQ K\��P_, e�2� G�z� hWB 3,000

kWQ ]4�â \ +. ,� p���B 92� F�)� *+� G

4��P_ ijB 92i� qD/ �%PQ ~Y�� ijX ;�

@ �Z��+. p�/ L	B p���/ qDG 60%� ��� '

g� L	��+. RS¹L ¯���� Y!v/ ���' p�G '

��z.Q p��G (�9Q J×J� �Sp�(total reflux)Q R

S) +.

4. ��
� �� � ��

Ï ��� ��� ��64/ m¼ l% ;ÑÒX óôPQ RS¹

L ¯�/ l-! :÷X .%PQ �È) +. ,� Ï ��/ l%

;�� �ã%PQ 64 �ã/ l-!X <©�� .%'¿�� R

S Îk� Ùá hÓ=% mÔ É�/ É< ¢\X í� 9m 64

/ 2� è� x ëS! ��b D� 64 YÚE| 04� .%P

Q ��+. l%;�� gPROMSb '(�@ �È��P_, RS¹L

(startup) ̄ �/ x 4mRS(normal operation) ̄ �/ ]db Ý�

�� U 5,000�/ 64RS LK� 9�@ \ b;� 512 MB/ 4-

slot CPUb ce� SUN SPARC Enterprise 3000 Server�� �È

��+. LK� Ùá cdÒB 30� KePQ îL�� 'Z�º'

J×J� ¯���� reinitializationX ��PQu �+ 	B KeP

Q cdÒ�@ LK� Ùá fe� É<b ;à|ÒÞ � *�{ �

õ��P_, '" VH� CPU timeB 185.050�'+. Fig. 6B 9m

64/ RS Îk� Ùá ;� �7/ historyb �@\� ñ'+.

4-1. ��� ()� ��*�

Fig. 6�� J×Ë óT 8' 64/ RS' ¹L)� 1,251� g�

p�G '��f+. p�)� qm/ !"B p��� x p����

/�� ��c/ ³m¯PQ 5��+. � ¯��/ LK� Ùá i

Table 2. Process equipment characteristics

Device Data

Column Number of tray=18
Reboiler Volume = 20 m3

Area = 10 m2

Trays Volume = 0.3 m3

Weir height = 0.1 m
Weir length = 0.3 m
Active plate area =1 m2

Holes area = 0.08 m2

Dry pressure drop coefficient = 0.003
Aeration factor =0.6

Condenser Heat exchange area=21 m2

Overall heat transfer coefficient =1,700 W/m2/K
Friction factor = 0.1

Reflux drum Volume = 5 m3

Area = 5 m2

Reflux valve Valve constant = 7.6E-6
Density of reference fluid =1,000 kg/m3

Reflux pump Maximum power = 48 W
Product storage tank Volume = 10 m3

Area = 3 m2

Table 3. Initial conditions

Device Data

Reboiler �Total holdup of liquid phase=1.8E+5 mol
�Mole fraction of benzene in liquid phase=0.5
�Pressure=1.146E+5 Pa

Trays �Total holdup of liquid phase=0 mol
�Mole fraction of benzene in liquid phase=0.5
�Pressure=1.013E+5 + 700�i Pa

(where, i =number of tray, 1,�,18)
Reflux drum �Total holdup of liquid phase=0 mol

�Mole fraction of benzene in liquid phase=0.58
�Temperature=330 K

Product storage tank�Total holdup of liquid phase=0 mol
�Mole fraction of benzene in liquid phase=0.8
�Temperature=300 K

Fig. 6. Operation time scale of simulation.

Fig. 7. Pressure profile at given trays.
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j x Â� É<b Fig. 77 8� J×§ +. p�G L	)2 S��

;  ¯/ Â� x ij' fe� mnX ��+. p�G L	)�

qm' 5�)�� ³m¯� tray(1)d| / É� ;/ feÀ ���

_, ¯BQ k'� *PJ ;  ¯� qm' Kg� U 1,800� 'g

+L feÀ mn�@ �®� ��X 'J+. Â�T ij ;/ md

� D¦� ¯]�{ =â J×�X < � *+. Fig. 9� � ¯/ q

m��/ LK� Ùá 
�/ �!É<b �'� ñ'+. p�G ]

�J2 L	��� md� D¦�� ¯d| �!' f��2 L	�

_ LK' zZ�{ �dT md/ �!kG ÊÊ hz.Q vw/

��G é7%PQ J×�X < � *+. p�G ]�J2 L	��

¯�� U 1,000��� 2,000� �'/ �K� 9�@ clear liquid/

qD É<b Fig. 10� J×§ +. p�G L	)�� m¯� D¦�

� ¯d| qDG Kgz� 'Ö� ²mB �d/ ¯«z Fk%P

Q J×Ë+. ' �7� l%;�/ �2�º� � ¯/ qDG ðe

�z ­ö+� �ºX z4�PQu J×Ë ñ'+. � ¯/ weir/

D'G 0.1 m�X iëÞ ", U 0.024 m 4�/ frothJ aerated liquid

G � ¯BQ ðe�X < � *+. Fig. 11B ³m¯ ¯� tray(1)�

�/ qm/ �� 5W7 2m/ �� 5W/ É<b ��+. Ê0P

Q ÕL� 2m/ ��B RS¹L �2 ¯�d| J×J� î0P

Q ÕL� qm/ ��B p�G L	)� 1,251� d¡��d| '

��jX < � *+. p���/ lj x p���/ positionX ]

4�â �@ p�G '��fP.Q EV� qm/ �� 5W É<

G p���/ ijÉ<� /�@ J×k+.

4-2. ��� �� ����� ��*�

Ï ��/ 9m 64� ��� ��64B ��c '¿�� ��2,

e�2, p���, p���, p���, cm��(top valve), c���

(bottom valve), c���, �N�� [ +�/ \É 64N¦b Ý�

�+. ' N¦�B Ï 64' RS)2 D�� 0�%� ñ�'_, -

Fig. 8. Temperature profile at given trays.

Fig. 9. Mole fraction of benzene at given trays.

Fig. 10. Clear liquid level at given trays.

Fig. 11. Liquid inlet and vapor outlet flow rate at tray(1).
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554 ��������� �
À e�2, ��2, p��� [B � l-!7 LK� Ùá mÔ É

�/ É<� ��c �ã� &B ´8X El+. ÙÚ� ' N¦��

9� l%;� �7� 
� 
H�+ Þ � *+. Fig. 12T 13B e

�2/ ij x Â� É<b J×>+. ' / É�/ É<� Fig. 77

8� �� � ¯��/ Il7 5��â J×J_ ³ �¯� tray(18)

�+ UK Dâ J×�X < � *+. ��2 §��/ l%IlB

Fig. 14/ hS�W É<T Fig. 15/ �� x �� Â� É<Q Õ²

��+. e�2� G�z� hW' 3,000 kWQ ]4�X �õÞ ",

RS¹L g 2,500�G zË g� ��2/ RS' 4mmÔ� ��

�X < � *+. p�G ]�J2 S� h$pW' 3,000 kW ý�

�� ²mB `a� Ý�� §d�yz/ �7�'  I)� 74�

� ~Y� ñPQ 1,251� d¡�� ~Y�� ��2 duty/ ³�Ê

B ��2 RS 
 ³�/ dutyb §� Ê'Ú Þ � *P_, '�

��2/ è���Q '(, � *+. RS¹L g 2,500�G zË g

��Â�� 353 K 4�Q ]4�â 5z) P_, U 180,000 Pa/ R

S ijX �õÞ ", �S ��)� p���PQ ��mX < � *

+. Fig. 16B e�2T p�`í/ qD É<b J×> ñ'+. RS

/ ¹L g e�2� Êk iV�� p���B Êk �G�_, p�

��/ qD� p�G L	)� LÊ(1,251�)d|, e�2� ;  ¯

/ qDG Kg� 1,800� 'gd| ]4�â 5zmX < � *+.

4-3. Weeping +,� -.

Ï ��/ GN n -@ 
/ �J� ã¯��/ weeping 5W �

ZX D� ¢��' ã¯ ;Ñ� 5G) +� ñ'+. WeepingB �

�c ¯éêX iVLo� `�' )_ \Q ã¯7 ��¯(valve

tray)�� ]�Ë+[13]. ��c §/ �J/ ¯�� qm' weeping

)� ¥B downcomerb í� 4m%PQ ��)� qm/ 5W�

��@ ]^%PQ 
� %â J×Ë+. �ÖJ %B ¥'Ú� ¯é

ê� n ´8X E¦.Q weeping 5W/ ��B 
� 
H�+�

Þ � *+. Ï ����� weeping 5W/ �ZX D�@ Froude

�G 0.2 '�� �� Lockett and Banik correlationX, 0.2 'm�

Fig. 12. Pressure profile at reboiler.

Fig. 13. Temperature profile at reboiler.

Fig. 14. Change of heat transfer rate at condenser.

Fig. 15. Inlet and outlet temperature of condenser.
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�� Colwell and O'Bara correlationX %(��+. ,� � ¯��

/ weeping ratiob +$7 8' 4/�@, weeping' ��â ]�J

� ��� dumping' J×J� LÊX � ¯ BQ ��Þ � *+.

Weeping ratio= (36)

Fig. 17B � ¯��/ LK� Ùá weeping 5W/ É<b J×>

ñ'+. p�G L	)� qm' � ¯� ��)� FK�� fe�

�Gb �'_, ��)� p�� /�@ I/ ]4�â 5z)J L

K' zJ�� md ¯��� UKo �G�� �d ¯��� ^9

Q iV�� �8X ��+. '� e�2�� Gh)� mn�� 2

m/ �� ij' � ¯BQ +�â �Ý�2 "#'+. � ¯B

weeping ratio/ É<b J×§� 3k` ��pX Fig. 18� J×§ 

+. Weeping' GN ��â J×J� 1,000��� 2,000� �'/ �

K� 9�@ J×§ P_, � ¯� p�� qm' ���2 L	�

�� dumping' ]�J� LK9G md ¯d| Fk%PQ �Ý�

X < � *+. ]^%PQ ��� ��64/ è�� *�� ¯/

è�� ³�/ 2md�(vapor load)T qmd�G J×J� ÊX 2

�PQ '��zJ ³V/ d�G J×J� Ê� �õ)�Ø �+. ò

³V/ 2md��� ~Y�� dumping ²mB ¯éê� ¦÷%� ´

8X E¦_, Ï ��/ 9m 647 8' 2md�/ ³9A7 ³V

A/ k'G n ��� ¯ è�� *�� � -�!X �õ�Ø �+.

5. � �

Ï ����� ��� ��64X �!�� 64N¦ x v!A �

Z ;ÑX ���� RS¹L Îkb Ý��� l%;�b �È�P

Qu hÓ=% mÔÉ�T 64É�/ É<b �¨� 64/ RS¹

L� Ùá 64/ l%IlX :÷��� ��+. �=% ;ÑB ã

¯X �¨� 9m 64X �!�� ;  N¦T v!A �ZX D�

;Ñ x 9m 64/ RS¹L Îk/ �=% Õ²X Ý��� 1,200

@ ¹/ DAEsQ �!) +. -À, ã¯ ;ÑB weeping 5W/ �

�X D� îM% m¢¢��X Ý��PQu 2ð/ ���� ��

@ æç m¼�â �!) +. ��� ;Ñ/ l%;�b D�@ 'Z

�º/ »�� é7%� gPROMS ;ÑÒ Pozb '(��P_, '

Qu 9m 64/ RS¹L Îk� Ùá É��/ 'Z% É<b ÷

�À :÷Þ � * +. ,� 64RS/ ;�b D� �2�º��

� ¯ x p���/ qDb 0PQ è4�PQu 2ð/ ���� �

õ�z ø� ²î%� RS¹L Îkb ;�� ^´��+. l%;�

b í� 	�� �7� �� qrÏ óT 8' �â ¼ d�PQ J

s � *P_, -À weeping ²m/ ��B �¦% ��m/ �õþ

�� ���� 
� ¹�!*� �7b ��+. Ï ��/ �7� î

  64/ è� x RS� %()� ëS! x éê!/ 8mX 2

9Þ � *+.

� �

Ï ��� 7=2¤4t¢���V(STEPI)T LG 
zà�Ò/ �

�� z`PQ �È) P_, e4% z`� i��uà+.

����

A : cross sectional area [m2]

Aexch : heat exchange surface area [m2]

W
Fw

liq W+
-------------------

Fig. 16. Change of liquid level at reboiler and reflux drum.

Fig. 17. Weeping rate profile at given trays.

Fig. 18. Weeping ratio distribution.
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Cv : friction factor for pressure drop between the condenser and the

reflux drum [-]

F : molar flow rate [mol/sec]

Fr : Froude number [-]

h : specific enthalpy [J/mol]

hc : clear liquid level [m]

K : valve constant [-]

L : liquid level [m]

Lw : weir length [m]

M : molar holdup [mol]

P : pressure [Pa]

∆P : pressure drop or pressure rise [Pa]

Q : heat transfer rate or volumetric flow rate [W] or [m3/sec]

T : temperature [K]

t : time [sec]

U : internal energy holdup [J]

v : molar volume [m3/mol]

W : weeping rate [mol/sec]

x : mole fraction of liquid phase [-]

y : mole fraction of vapor phase [-]

z : valve plug position [-]

/012 34

α : dry pressure drop coefficient of tray [-]

β : aeration factor of tray [-]

κ : heat transfer constraint [-]

ρ : density [kg/m3]

Φ : fugacity coefficient [-]

�54

liq : liquid

max : maximum

stat : static

vap : vapor

654

h : hole

i : component

in : inlet flow

L : liquid

liq : liquid

out : outlet flow

p : plate of tray

r : reboiler

ref : reference

sys : system

tot : total

V : vapor

vap : vapor

vessel: vessel

w : weir

����
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