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Abstract − Modeling of a reactor for bulk styrene polymerization in industrial manufacturing processes has been studied.

The continuous industrial reactor system was composed of three reactor units; a prepolymerization reactor(e.g. stirred tank reac-

tors), a main reactor with horizontal multicompartmented reactors and a tubular reactor for transportation of the viscous polymer-

izing liquid. In this study, the multicompartmented reactor was assumed to be cascade of CSTRs. The industrial continuous reactor

model was presented and its performance was compared with industrial data. The industrial data indicated that the model was
quite satisfactory in describing the polymerization rate and polymer molecular weights. It was shown that the proposed reactor

model could be used to find the polymerization process conditions to produce high molecular weight polymers.
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+, HIPS(High Impact Polystyrene)- ABS .� / �� �� 012

3� 45#6 !"#$ %, $78�&. ��( 9� �":; <=

> ?@AB� C.DE ������ FG HI, FJ, "K, >LM1

2 /� 2�N� %OP Q.( �R
 ��S$, ?*7 HI12

T FJ12O� AB#$ %&. QU HI12� �R, 5VWXV�

VYZ =�� �6> =�� %�[ FJ12\& �� 	
�- ]

� ^�$ _`0a� bCc / �� de ��$ %Of '( gh

0a� �iS&.

'( D� 	8- &j( �� AB� "�( k7l WXm� $7

8 .� ABe ;n� !"#oOP p� AB�T ��� qr� �

>�� =�dO� ES� Q. grade
 ��S$, gh 12 sNO

�� Yt� �u6�$ %&. gh 12 WXm, v� AB�w[ �

xy ��� ze `{| . %, �de �x$ %&. ^�P $78

gh 12 WXm>�� }~( h��> ?( �n- ���DE W

Xm� ��> ?( g�� CcS&. &j( $78 .� ABe ;n

� F�>�, gh 12 0a 1 "K, >LM � HI0a /� &jS

� ��#$ %&. 0aQ�I WXm� ��#6�, WXm� ��,

$78 WX� Q�[(i) $78 WX� medium(homogeneous- heterog-

eneous � p� d�- v� d� /), (ii) WX AB�T �Y�, (iii) $

78 ��� `{]> �y ��� . %&. CSTR, ��� $78 A

B(PS, PMMA, PVA /)> �� !"#$ %, WXm ����, � g

�>�, HI12NO� ��� ��e ?@ AB 1E B�" ��

��� gh 12 0ae ?IO� ��S�&. m�� ����� y

�� 12� �R �� g�� .�#6 m�DE h�lT &j( h

� I.�� �� \$#$ %&. ��( h�lT h� I.
 ��O

� ( 0a�!, ?*7 k7lWXm- ��� ��� 0ae ?I

O� �u6� �&[1-3]. '( ��  ¡� I�¢£ ¤¥¦§6� 4

5#6 ¨©#$ %OP F�>� !"S� ª� grade ABe ;( �

«� !"Sm>, ;��� ¬&. ^�­� B� F�>�, ®8�

¯8DE �«e 45S� !"| Cc� %Of �� �� m���

83DO� 45£ �«e °n� ª� grade� ABe "�S� Sf

±D `� `_e ²,³ !"S$ %&. ^�­� � g�>�, 83
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DO� �«e .´S$ B� F�� (a£ 0a8µ
 �"S� .

´£ �«e ¶·S$ ± DO� �«e �"S� ¸�� grade> C

c( `� `_e ², sNe ¹
S$ %&.

2. ����

� g�� ?I0a� HI12�f gh120aO� Fig. 1T º�

1» WXm R_1, 2» WXm R_2, 3» WXm R_3� ¼½� g¾#6

%Of ¿�À> separator� ZÁ%&. �1 separator
 ��( WXm

[e ?IO� �aS�&. Âµ, R_1> 	ÃS� R_2- R_3
 �Ä

�ÅÆ YtÇ 80%È� AB#f separator
 °S� ÉWX �ÅÆ,

&¨ R_1T R_2> k.£&. FG ��� AB¨> rWD y�� 1

2sN>� !"S, 4¨�
 Ê�S� +$ �ÅÆ[e 	ÃS� �

�� �ÅÆ� QËE V7n> �( 8Ìy�� 4¨WXO� 12¨

Í&. QU ���� &Î ��� �ÅÆ> �S� V7n� �� r6

P WX`_� $Ï�y� 12� ) �u6z . %&[4].

R_1� CSTR� �u6� %&. ^�­� &Î WXm> �S� I?

DO� *Ð� ¬f R_1� Ï�`_� Ñ 135oCa�E³ �ÅÆ� 4

¨WX� r6Pf �< [�6�, $78, IÒU v� Óq78@

e ��&. R_2 WXm, .Ó� �� WX�� ��#6 %Of, ÔW

Xm�� YtÇ ·�> �Î gel-effect� Õ"> �S� 12WX� Ö

�YS� �ÅÆ YtÇ� Ñ 75%a�> �Z(&. R_3, ¿�À W

Xm�� YtÇe v�m\&, separator> ×� WX�� Ï�
 v

�Ô, UØ� Ù|e (&. Y3 WXm� Ï�:;, 130-200oCa�

� IÒU v�³ ��( Ï�:;, ������ Ì�Y�Ï�
 Ú

Û IkS, Ï�� WX�T AB�� Ì��e v�Ô6 gh 0a

� �iÜÝ S$ %&. '( R_1WXm� Ï�:;
 ��S$, �

ÅÆ ���� �/Ï� 145-146oC\& v� Ï�>� WXe ¨Þ­

� WXm �*� ßàe v� �ÅÆ� �/e À$ %&.

3. 	
��

����� 120a� ÔcWX�� Table 1>� \, �- º&. á,

(i)� 4¨�7n> �( 4¨WXO� �� ?I0a>�, !"S$

%�, +�[ 4¨�� âã�e ä�\m ;S� Ê�S�&. (ii),

�ÅÆ� V7n> �( V7n4¨WX, (iii)T (iv), å�$78> �

ÅÆ� *�#, ��WX, (v), å�$78- �ÅÆ-� gæ��W

X, (vi), å�$78� �� ¾2O� r6P, a�WX�&. rWD

O� a�WX� ¾2(combination)T bq/¢(disproportionation)� ç

��� èéxêe �z . %OP �ÅÆ ���� Q�I ¾2> �

( a�WX� �ëD�­� bq/¢> �( a�WX� ì¨(&. �

m� Pn� n4� í@3
 î, å�$78
 �ÉS$ Mn� n4� í

@3
 î, �å� $78
 ï¨(&.

'( Óq78@ �Be ;S� �ð¦ le &ñT º� a�S�

(1)

, å�$78� kòó �ð¦
 λk, �å�$78� kòó �ð

¦
 �É(&. ^�­� .Óq78@T ì�Óq78@� &ñT º

� ï¨| . %&.

(2)

�m� M0, �ÅÆ� 78@�&. å�$78� ô�, �å�$7

8� ô�\& I?DO� Õm <=> Óq78@ �B>� å�$

78� õ� ì!| . %e a�� Õ&. ^�­� l (2)
 &ñT

º� ör . %&.

(3)

��( Óq78@� h�salT �D 78@ �ð¦le �¨>

÷6� øe . %&.

R_1WXm, Y�DE CSTR(Continuos Stirred Tank Reactor)�&.

CSTR� �� WXm1 k7l WXm- ùb6 ���  � !"#$

%Of ghWXm� ?ïDE ��� El#o&. rWDE CSTR�

�«l� ghDE ÃàT úà� %$ ûD@� ü, aII�
 �

a( ?.sal �«� .´#6 �&. ^�P � g�>�, aII

�È�� �D ��e ä . %$ �� 4� WXm� g¾£ }~(

0a>� m�DE Ãúàe 
ýS� �7| . %, �D�«� Ì

�S�&[5].

(4)

(5)

(6)

(7)

(8)

å�$78� �ð¦�B� ;> Ì�£ �- º� É7sal ��

� !"| �R WXþm> 4¨� y��� 7n- �ÅÆ� V7n

> �Î Öÿ( �¢> �y IÒU �¼( n
 ø� £&. ��( �

¼�e \�, É7sal� É7sal� n> �»
 Ì5| ¤��

�Of É7sal ÷�> 6Á�e Ô� (&. ��( 6Á�e �}S

f '( sal 83� �íS� [� . %, �IaII�(Quasi Steady

State Assumption �S QSSAy Ñ�)��e �ÃS�&. QSSA
 D"

( å�$78� �ð¦ �B¨ Ãúàõ� âã� I?DO� Õ� Ã

λk
L nkPn

n 1=

∞

∑= λk
nkMn

n 2=

∞

∑=

λk
L

Mn M0

λ1
L λ1+

λ0
L λ0+

----------------    Mw M0=
λ2

L λ2+

λ1
L λ1+

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

Mn M0≅
λ1

λ0

-----       Mw M0≅
λ2

λ1

-----

dM
dt

-------- 1
θ1

----- M f M–( ) kmM3
– kpMP– kfm– MP=

dI
dt
----- 1

θ1

----- I f I–( ) kpI–=

dλ0

dt
-------- 1

θ1

----- λ0f λ0–( ) kfmM P P1–( )
kt

2
----+ + PP=

dλ1

dt
-------- 1

θ1

----- λ1f λ1–( ) kfmM λ1
L P1–( ) kt+ + Pλ1

L=

dλ2

dt
-------- 1

θ1

----- λ2f λ2–( ) kfmM λ2
L P1–( ) kt+ + Pλ2

L λ1
Lλ1

L+( )=

Fig. 1. Polystyrene reaction process.

Table 1. Kinetic scheme for PS polymerization

kd(i) I→2R
       k iR+M→ P1

     km(ii) 3M→P2

       k p(iii) P1+M→P2

           kp(iv) Pn+M→Pn+1

             kfm(v) Pn+M→Mn+P1

            k t(vi) Pn+Pm→Mn+m
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úàõ� A�e ì� ü� D"| . %&. a�S� &ñT º&.

(9)

(10)

(11)

R_2WXm, �*> Ñ( 7�ÀO� �� 4� sO� P�6� Q

.( WXm�&. ��( WXm ��
 6	( �«e �"S� �«

e .´| 
E� �
� 1c( g� T�r . %&. � g�>�,

N4� CSTRe ¼½� g¾S, &í� CSTR� $ÁS�&. �«l

� &ñT º&.

(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

�m� �Ê8 n� nòó WXm
 P��f n� 1*Ø NÈ��$ n=0

� `_� R_1WXm� ú�`_e P�
&.

R_3WXm, ��WXm�&. ��( ��WXm, W� sã� h

� »�> �( 2»Â �«� �ÒSP � R_3WXm, ��( ûsã

7Be Àm ;S� &1°T V�tm(multipass heat exchanger)� �

�� �� �.
 ��$ �� ¼�e ö� WX�� ��e ��^�

�> Ì!S� [�6 PFR(Plug Flow Reactor)� �a� �iS&.

CSTRT �� ghWXm� ?ïDE WXmE PFR, �«le Ã�

>�*Ø ú�È� WXm� ��(z)> ?( É7sale Ì�| . %

&. rWDO� ��> ?S� Ì�£ sal�e l (20)T º� WX

m *Ð- *ÐÌhe �"S� 3¡¨�> ?( É7salO� ��

6 a�S� &ñT º&.

(20)

(21)

(22)

(23)

(24)

(25)

'( å�$78� �ð¦ Ù¨ QSSA
 �ÃS� Ì�S� l (9)-(11)

T º� P��&.

��� Ì�£ �«l� Y3 WX0ae �D �«�S,³ =�d

e ��$ %,³, CSTRWXm� �«� ¨�e ¯´�.� S, É

7salO� Ì�#f PFRWXm, 3¡¨�(��)e ¯´�.� S

, É7sal� Ì�£&. á R_1, R_2, R_3WXm
 �¨> ÷Á�

��¨�> ?( D7��¿& R_3WXm
 3¡¨�> ?S� &¨

÷6� S, .� n�D =�
 ��$ %&. ��( sN> �S� �

!
 | �R �ì �� ¨�e Cc� (&. ^�­� I?DO� 1

c�� �6�, R_3WXm, �¨> ÷� +$ R_1, R_2W�m� a

II�> �Z  aII�!O� R_3WXm
 ¿�À (ò[ �BS,

sNe �S� �!S�&.

�!> !"( h�I., Peng[7]� �"( h�I.
 !"S�&.

'( ����� 12¨ gel-effect, ��è�è��¬#$�¦� 12

¨ \&, ÑS�[ YtÇ> IÒ( âãe É�f QU HI12>

�, ù%ù gel-effect� &S� P��&. Peng� 8ª� g�>� gel-

effect� 'T
  ¾WX h�I.- ¾*¨( �)- º� �¨S�O

f Table 2> ï¨S�&.

4. 	
���� � ��

B�"O� �� �����e ABS, 0a>� � g�>� .´

£ WXm �«e ¶·S, Õ�� R�DO� .�#o&. rWDO�

B� F�>� ghWXm
 !"S� $78 ��e AB| < * �

�� grade
 �aS$, WXm Ô� ��(+, ,¥ /)� "@� (�


 ��$ %m <=> \° WX `_e �� &-� S�� í@3�

YtÇe raS� Ì�S, sNe !"(&. Table 3>�, ��� �

����e ABS, WX `_e ï¨S$ %&. ��( �� &Î W

X `_>� ��e ABS�[ Fig. 2>� •� ï¨#, �- º� ®

Case. º� í@3� YtÇe î,&. �m� •, ® WXm
 	/

<� ú�>�� í@3� YtÇe �É(&. '( Fig. 2> ï¨#,

®®� ��� � g�>� .´£ �«e �B( �!��¾T�&.

Fig. 2>� �0| . %1� ® grade� WX `_� Case.¿& &¤

� »�
 \�$ %OP ?3� F�>�� AB 0a>� ø� �z

P
2kmM3 2fikdI+

kt

------------------------------------
 
 
 

1 2⁄

=

λl
L 2kmM3 2fikdI kpMP kfmMP+ + +

ktP kfmM+
------------------------------------------------------------------------------=

λ2
L 2kmM3 2fikdI kpM P 2λ l

L
+( ) kfmMP+ + +

ktP kfmM+
------------------------------------------------------------------------------------------------=

dM
n

dt
---------- 1

θ2
n

----- M
n 1–

M
n

–( ) km M
n( )

3
– kpM

n
P

n
– kfmM

n
P

n
–=

dIn

dt
------- 1

θ2
n

----- In 1– In
–( ) kdIn

–=

dλ0
n

dt
-------- 1

θ2
n

----- λ0
n 1– λ0

n
–( ) kfmMn Pn P1

n
–( )

kt

2
----PnPn

+ +=

dλ1
n

dt
-------- 1

θ2
n

----- λ1
n 1– λ1

n
–( ) kfmM λ1

nL
P1

n
–( ) ktP

nλ1
nL

+ +=

dλ2
n

dt
-------- 1

θ2
n

----- λ2
n 1– λ2

n
–( )=

+kfmMn λ2
nL P1

n
–( ) kt Pnλ2

nL λ1
nLλ1

nL
+( )+

Pn 2km Mn( )
3

2fikdIn
+

kt

---------------------------------------------
 
 
 1 2⁄

=

λ1
nL 2km Mn( )

3
2fikdI

n kpMnPn kfmMnPn
+ + +

ktP
n kfmMn
+

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

λ2
nL 2km Mn( )

3
2fikdI

n kpMn Pn 2λ1
nL

+( ) kfmMnPn
+ + +

ktP
n kfmMn
+

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

θ3

V3

q3

------ Az
q3

-------= =

dM
dθ3

-------- kmM3 kpMP– kfmMP––=

dI
dθ3

-------- kdI–=

dλ0

dθ3

-------- kfmM P P1–( )
kt

2
----PP+=

dλ1

dθ3

-------- kfmM λ1
L P1–( ) ktPλ1

L
+=

dλ2

dθ3

-------- kfmM λ2
L P1–( ) kt Pλ2

L λ1
Lλ1

L
+( )+=

Table 2. Kinetic rate data and gel-effect correlation 

[ref.] 

km=1.38̂ 108 exp(−15005/T) [a] 
kp=3.9654̂ exp(−2600/T) [b] 
kt0=7.53̂ 1010exp(−844/T) [b] 
kt=gt_kt0

gt=exp[−xA2exp(A1/T)]    at T̀ 130oC and all x [c]
gt=exp[−xA2exp(A1/403)]    at T > 130oC and x < 0.65 [c]
gt=exp[−xA2exp(A1/T)]        at T > 130oC and x a 0.65 [c]
A1=1000x
A2=4.42549 exp(−1.9837x)

[a] Hui and Hamielec[1972]
[b] Brandup and Immergut[1989]
[c] Peng[1990]
���� �39� �2� 2001� 4�
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DE ³�Ø- ) r�#$ %&. QU R_2WXm
 N4� CSTRe ¼

½� g¾S, &í� CSTR WXm �«� �� �«2e \� Ô$

%&. ̂ �P Óq78@e =3> %, í@3-� gæ�� h�I.

(kfm) !"S�e <>, �«>�� �!��¾T- F� ³�Ø-�

IÒ( �»
 �4&. ^�­� F 0aT �«e r�¨Þm ;n�

5yÉØ 6ae S�&. ?I 5yÉØ, 0a� í]�T 0a� ª

7�e ;S� í@3-� gæ�� h�I.[O� $aS�&. í@

3-� gæ�� h�I.(kfm)
 Arrhenius� h�I.� ��� fitting

S� &ñT º&.

�- º� fitting ¾T
 �"S� �«> ?Ã �!n \� ¾T,

Table 4> P�P, �- º� .Óq78@(Mn)T ì�Óq78@(Mw)

�ç F�>� ¼8 ø� ³�Ø- �!��¾T� �9 grade� �R

> ��D ) r�(&$ | . %&. ^�­� .´£ �«� Fig. 2>

�� í@3 YtÇT Table 4>�� Óq78@� F�8µ- �!�

�¾T-� r�
 Ü?� �«� ¶·#o&$ | . %&.

�- º� F� 8µ
 Ü?� ¶·£ �«e �"S� &j( 0a

�!��� �iS&. � g�>�, $78 ��1 m�D &�> �

� 1c( cEE Óq78@� : $78
 AB| . %, s"> þ

de ;6o&.

rWDO� WX Ï�
 p6� Óq78@� : $78 AB� �i

S&. ^�P WX Ï�� pO­� ES� AB@� F�U �6�­

� ��DE <�O� = < $Óq78@e ��, $78 AB� F

�DO� 6Á�� %&. ^�­� � g�>�, .´£ �«e �"

S� $78 AB@� >¤ ü� Óq78@e vr . %, 0a `_

e �¨S$8 S�&. �� AB 0a>� �¢� "�S$ 0�� �

�> *?� D� �.
 ¹aS� 3�� �R> ?S� �!��e .

�S�&.

Case 1: R_1WXm� Ï� �¢

R_1WXm� Ï�
 �¢¨( \@&. ?I `� `_� Table 2> P

-%, Case 1e mAO� ¹aS�&. Ï�� �¢, Ñ 5oC a��

130oC- 140oC
 �¢¨( �!( ¾T� Fig. 3> P�P %&. ^B

> P�� ¾T, ±  aII�> �Z( ¾T !O� xû� ® WX

m� ú�>�� í@3 YtÇe P�
&. mAÏ� 136oCE •- �

�S� = < R_1WXm� Ï� �¢> �y R_3WXm� P�, ±

  WX�� YtÇ� ^&� �¢� üOP R_1WXm>�� YtÇ

T ±  AB�� Óq78@� ·��e ä . %&.

Case 2: R_2WXm� Ï��¢

R_2WXm� Ï��¢ �!>�� ?I `�`_� Case 1O� ¹aS

�&. ¾T, Fig. 4> P�P %&. mAÏ� 188oC\& Ï�� pe.Ý

78@� ·��e ä . %&. ^�P � �R>, YtÇ� 5%a� �

6�­� AB�� �6�� F�>� C�Sm� 6ÁD 
O� ©í£&.

Case 3: R_1WXm> 4¨� 	�

F ?I0a� 4¨�ü� �ÅÆ� V7n> �n�[ WX� ��

#P 4¨�� 	�> ?( �Ò� ¶Ü
 ;S� �! ��e .�S

�&. 	�?I 4¨�, rWDO� �� !"#6�, TBPB(t-butyl

kfm 5.676 108× 6822.78 T⁄–( )exp=

Table 3. Process condition of each case 

Process parameter Case 1 Case 2 Case 3 Case 4 Case 5

Feed temperature[oC] 40.00 45.00 49.00 50.00 45.00
R_1 residence time[min] 136.25 126.43 122.76 147.24 150.47
R_2 residence time[min] 65.89 61.03 59.33 73.23 74.81
R_3 residence time[min] 9.66 10.07 9.79 12.08 12.35
R_1 reaction temperature[oC] 136.00 135.00 135.00 134.00 133.00
R_2 reaction temperature[oC] 188.00 188.00 194.00 168.00 166.00
R_3 reaction temperature[oC] 193.00 192.00 202.00 172.00 168.00

Fig. 2. Simulation results of five cases.

Table 4. Reference results and calculated results 

Case 1 Case 2 Case 3 Case 4 Case 5

Reference Mn 90000 90000 63000 119000 122000
Calculated Mn 86528 86313 79897 119665 122972

Reference Mw 216000 216000 197000 247000 256000
Calculated Mw 208707 209218 208949 255489 260485

Fig. 3. Effect of R_1 reaction temperature change on conversion and
Mw in each reactor.

Fig. 4. Effect of R_2 temperature change on conversion and Mw in each
reactor.
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A : 3rd reactor cross section [m2] 

fi : initiator efficiency factor 

gt : gel effect parameter

I : initiator concentration(TBPB) [mol/L] 

kd : initiator decomposition rate constant [min−1] 

kfm : chain transfer to monomer constant [L/molXmin]

ki : initiation rate constant [L/molXmin] 

km : thermal initiation rate constant [L2/molXmin] 

kp : propagation rate constant [L/molXmin] 

kt0 : combination termination rate constant at zero monomer conver

[L/molXmin] 

kt : combination termination rate constant [L/molXmin]

M : monomer concentration [mol/L] 

M0 : molecular weight of monomer [g/mol] 

Mn : dead polymer concentration with n repeating units [mol/L] 

Mn : number average molecular weight [g/mol] 

Mw : weight average molecular weight [g/mol] 

P : total concentration of live polymer radicals [mol/L]

Pn : live polymer concentration with n repeating units [mol/L]

q3 : 3th reactor volume flow rate [m3/min]

R : primary radical concentration [mol/L]

R_1 : 1th reactor 

R_2 : 2th reactor 

R_1 : 3th reactor 

t : reaction time [min] 

T : temperature [K] 

V3 : 3th reactor volume [m3]

x : monomer conversion

z : 3rd reactor length [m] 

���� ��

λk : kth moment of dead polymers 

λk
L : kth moment of live polymers 

θk : kth reactor residence time [min] 

Fig. 5. Effect of initiator feed rate change on conversion and Mw of
each reactor.
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n : room number of 2nd reactor 

	��

f : feed 

����
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