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 � [� ����� "#$. _`�$ D�a b  !� ,-. &�Fc ���  ! "#$� de
 4��01.

��� "#$� fg, B  !� ,- z=2.58 mOh b  !� ,-� L1=1.1, L2=1.0 L L3=0.48 m ij� ����

fg z=2.58 m �kOh L1=1.0, L2=0.5, L3=0.48 L L4=0.6 mOh *�� de
 M01.

Abstract − The parametric sensitivity and optimal catalyst bed length of triple and quadruple fixed-bed catalytic reactors

(FBCRs) are calculated using a two-dimensional pseudohomogeneous model for the partial oxidation of o-xylene to phthalic

anhydride. The safety operation ranges of triple and quadruple FBCRs from various operating condition changes like initial

concentration of the reactant, temperature of the cooling medium, and reactant and coolant flow rate are presented. Triple and

quadruple FBCRs showed the behavior of wide operating range than single and double FBCRs on the initial concentration,

coolant temperature, and reactant and coolant flow rate. Triple and quadruple FBCRs with nonuniform activities could assure

safety operating condition and production increase by minute variation of operating condition. In order to design the FBCRs

which could obtained maximum yield, we investigated the performance of FBCRs from catalyst bed length changes. Triple and

quadruple FBCRs showed the best performance at L1=1.1, L2=1.0 and L3=0.48 m, and L1=1.0, L2=0.5, L3=0.48 and

L4=0.6 m in case of total catalyst bed length z=2.58 m.
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� �� %1 ^_� �V� � g� �3^_) U�� � �� �

���� �-. )� �.�� � � %� �|��s3 r�� �

� ���� �� ��� ��U �i\ �Z�z �Zo � g-.

� �� �� ���C ����  )¡ ¢£� ��� "#$ �

� � � �� simulator� G�� ¤X� c¥ �ua�� 8� ¦

G�0 simulator� � � ��� �Z�@�� �� I§C ¨Z@

� �3� � � ��� U�© � � g-. �3� � � ���

�.�� �3� /� ^` � %1^_ ª�v «¬3@� m­'

� �ua� L =v �3 ��$ ;) � � �� �j� ­� m

8U ¤�3)-.

�� "#$ �� � �� R%1 ST� «¬34 D44 +B

^�� �� p®@�� � ­ ¯�°� ±�� ²³ � � �.

,/0 +� ±�v� +´µ� �. 6S�@�� � � ¶� ;

! <=� �· #= ^�� � g-[5, 6]. ¸�� � � Wb��

±��� +1¹ I§�� 56v ±�º� +) 1¹'� C#��

"» ��� p. ¼5� ",+ � � jk � �� �j) hi

3@� L�'� � � Wb�� ,/0 +) D��z ±�� 1

¹'� ½�-¾ ±�� �� <= ^�! ��� UH-.

)v ~) � �� ST� UV WX� 564 +56� .n��

�� ��� p¿@� ��� -W@� À1�� � � 78 9:

��� C=� �� � � � �� 19:� "Á ��IJ .n

�� �� -W "#$ �� � � ��� =7� � g-. 1980Â

� )1� ��	
�� /��� rV � �� ��� i? "#

$ �� � �Ã@�, ��� ÄÅ� "#$ �� � �� 123

4 564 � � %� + 56� 4�� )W "#$ �� � �

� ��� �»'Æ-. ¸�� )W$ � �� =7� �. i?$

� �� iB4 � � 78 9:�� C=� �� � � �� ;

! <= �>4 +B! �· #= hÇ�Ã�È, )W$ � � :I

ÉZ U�� 78 ��Ê= � ±�<= Ë� g�� Ì-Í 6��

U�" g� /�Î ÏU � %1^_� ��� UF � Ð� Ñ-.

)� Ò m8��� �Ó m8[1, 7]4 i? � )W "#$ �� �

 � .Ô� mÕ m8�� )W$ � �� ÖWC �W$ � �

� ,1IJ � � 78 9:� +B .n, ��	
� /�Î ÏU,

Ö��W$ � � ��� �� �× ØE 6
 Ë� Ù3@� � 

� ]1I ,/�z '� ¯Í(� �� 78 <= � Ê=, ±��

78<=, � �� �Õ)� �� �ua� L =� ÚÛ�", c �

�$ Ü) � �j Ë� a�IJ U( �3 Ö��W$ � � �

�� �� «¬34 #�� 6
�"Ø �-.

¸�� � � �j a�� jk �Ó � �� Ý�� � G1 ´

»� Þß j634 à¾ Ë� �� á& m8U �&'�� �-. ¸

�â� Ò m8��� �Ó � Vy� ¸�� ���¾� Ù3 /

��� /�Î ÏU� �t %1 ^_^` uá� «¬3@� m­

0 �� À1 p®(i?, )W�ÖW$ Ë@� À1) � -W$ � 

�� c ��$ Ü) a�� �� �3� � � ^`� 6I�"Ø

�-.

2. ��� �	

�s3 ���! � � %�� ?��� �|��s3 r�(�F,

+ � ]TÎ 1¹, �� ã¾�� ä�
å � �s� )C � �

� ��s3 8^ � ^Y2w(operation mode)� �s3@� ãr�

��� �e�-[8]. �s� 
s�� �s3 ���! .Ô34 .

� 8� � g� §i� æ�� �y.Ô� �� "�� computer�

)Z.�È �� Çç� �� Ë� -è� 2w� �é�H-. �ã

34 2w� á2 �� ¨á2@� )Á�H ê?�, ��ê?� �

Rê?��� Ë@� �ë � g-. Rê?���(heterogeneous mod-

el)��� ��4 "»7Øv � �4 �»� {u� �@� "³�

(, ��ê?���(pseudohomogeneous model)! "»�C �»��

��� �@� U#�-.

Ò m8��� ",+� ���� o-xylene ��� � Ù3 � 

�� á#�� ����Ã-. � �� 8^� «j 2.54 cm, ì Ü

) 3.2 m, ��À1;) 2.58 m(ÖW$: L1=1.0, L2=1.1, L3=0.48 m,

�W$: L1=1.0, L2=0.5, L3=0.48, L4=0.6 m)� D�­)(, ���

«j) 6 mm4 ¨-
� íQîï pellet ¯ð ã¾� ��� UH

V2O5U ñò 0.1-0.2 mm� óz ôõ'� g-. � � ¶� <=�

molten salt(KNO3: NaNO2=59 : 41, m.p=142oC)� � � ö÷� �

�� dø� ²ù@�� � �C� +´µ� �. ^�0-. �v

~! "#$ �� � �� �� ���� ík� �. Oúv ~!

U#� �Ã-.

(1) ��� UH ��U pellet ̄ ð ã¾� ñò 0.1-0.2 mm� ó

z ôõ'� � ! �� ã¾��È ?��â� �»�� <=v Ê

=U "»���� <=, Ê=v cc ~-" §q�� �� ê?�

��� U#�-.

(2) �� pellet� ��y� ?#� �)", �»v ­° §� +1

¹ ���! ?#�-.

(3) � � �j � û pd� �ü + � �F ý� ���! ?

#�-.

(4) � �C /��� �7��þ Ê=v <=, ­° ±�� 7�

þ8<=� j� ^`@� �-.

(5) � � ¶�� �»� ÿ=� <=� ���� )� �» ®�

� �Z.� 8�", �Õ! FÎ�Ó� ®�@��� ���-.

(6) ��$�� �� �¢! � � 78�� þ8º� á2@� L

��-.

(7) c i�� � ! ��� Ê=U �  1C#� �. C�)â

� ��?�� @� U#�-.

(8) ±� � "» ��� ÿ=� ?#�-.

(9) Õ= ��� �� i¾�� ê?�-.

�v ~! U#� �Z 2�D, ¨#��w� �� ê?� ���

�� �»� + � �F ��� ¸|" ±�� + ���C j� �

×� ^`! -	C ~-[1, 9].


� �%��� ���v �F ���

(1)

(2)

��� (ρcp)m=[(ρcp)f ε+(ρcp)s(1−ε)] (3)


±�� �� ������:

(4)


j�� ×�^`:

T=To, Tc=Tco, Cj=Cjo at t=0 (5)

at z=0 0�r�R (6)

ρcp( )m
∂T
∂t
------ ελez

∂2T

∂z2
--------- ελer

∂2T

∂r2
--------- 1

r
--- ∂T

∂r
------+

 
 
 

+=

∂
∂z
----- uf ρcp( )fT( ) ε ∆HA–( )rA+–

ε
∂Cj

∂t
-------- εDez∂2Cj εDer

∂2Cj

∂r2
---------- 1

r
---

∂Cj

∂r
--------+

 
 
  ∂

∂z
----- ufCj( ) εrj––+=

ρcp( )c

∂Tc

∂t
-------- uc– ρcp( )c

∂Tc

∂z
-------- hwA T Tc–( )+=

Dez–
∂Cj

∂z
--------

z 0=
uo Cj z 0-=

Cj z 0+=
–( )=
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at z=0 (7)

T=To at z=0 for 0�r�R (8)

at r=0 and r=R  (9)

at r=0, 0<z�L (10)

at r=R (11)

at z=L (12)

� (1)-(4)� �s34 ���C ×� � j� ^` � (5)-(12)�

Petrov-Galerkin method� 3Z�� ¨á2 �� p#�@� a�I

} -	 �� p#�� 	�¸
��� Newton-Raphson p®C Pre-

dictor-Multicorrector algorithm@� 1��� FEM(Finite Element Meth-

od).4 <= ��v )� � �� Ê= ��� 8�-. �y .Ô

�®� �� �� � �y.Ô� ¤X� � �, � �, ±� � �

�­� �)�� �"5�[1, 9, 10]� �í�z ��'� g-.

3. 
� � 
�

3-1. �� �� �� ��

Fig. 1! Ö��W "#$ �� � �� �� ûpd <= ���

��� ¸ù@�� Ö��W$� �� ûpd ¢à <= ��� Ñ

�È, ¢à� )W$ � �� þ8 1�KC �K� ��� ?y�

=� I&��®� �. �3 3�� �y�� nC� =I� ¸ù

)-. Ö��W$ � �� 1» ��$� Ü)� ¢6 ��	
��

/��� �_34 � �4 )W$ � �v T?� 2.58 m� �Z

�Ã-. )v ~! Ö��W$ � � �� simulator� G��� �

�� �s34 ���%� ��0 �� �ua��! )W$ � �

� ¢£nC� �� �3 3�� �. 8� ��� �#Ñ) �Z�

"[1], Ö��W$ � �� c ��$� �� ��=v c ��$

Ü)(1 ��$Ü) 2.58 m� "#)� a�IJ )W$ � �v T

?� ��(1�K=98.29%, �K=78.92%)� UF � g� Ö��W

$ � �� ^`� 8�@�� simulator� G��Ã-[1, 9].

Ö��W$ � �� �3 3�� �. ^#� a�� c ��$

� ����= � 1��$ Ü)� 2.58 m� "#I} �w�� c

��$� Ü)� ^#�Ã-. )�� ^`��� )W$ � �� ¢

à þ8 1�KC �K� �3 3�I} nC Ö��W$ � �U

)W$C ��� ��(Table 1� 1�KC �K�)� U�� ^`��

� � 78 +B� jk ��<=U cc 22oC(ÖW$)v 37oC(�

W$) �z ��'Æ-. )W$ � �� ¢à þ8 1�KC �K�

��� �¬'=� ��0 Ö��W$ � �� nC�4 c ��$

Ü), c ��$� �� ��=, þ8 1�K, �K, c ��$� �

� <= Ë� �� #�� Table 1� �í\ ���Ã-. Table 1�

�� ��=� )W$ � �� � �� ��$� ��=� 1� U

#�� ¼� ���� ���-. )v ~) Ö��W$ � �U �

 �� 78 +B9:�� i? � )W$ � �� ¨. �! <=

��� U�� æ! ��� -W@� À1�� ÞQ 1» � ) c

��$� "Á ��� � �� ¼5� �� � 9:�� C=� �

�� 4� ;! <= �>� �6� � g� VB� U�" g-.

�� Table 1��   � g� !v ~) Ö��W$ � �� )W

$[1, 7, 9]C T?� ��� ,"�� ^`��, +B 9:�� <=

�>� jk i? � )W$� ¨. #$ �O "#$ �� � �

� +56� .n� � g� À�� U��� �P" g-.

3-2. 	
� �
� �� �� ��� ��

� � ]1 W U�� ^_ ^`(� �� �7 <=, Ê= � �

ÎC ±�� �7 <= � �Î)C ~! �ua�� a�� �� �

 �� ST� ÚÛ%@�� &à ��) � � �� ØEv ^_

W ?�' � g� )� ST(�K, 1�K � <= Ë� R%#�)

� �� D4 (�� U�© � � g� #�� 6
�� �ua�

L = � <=?pFq ��� )*�Ã-.

3-2-1. � � ¯° ±� <= � 78 � � Ê=� 9d

Fig. 2(a)� 
�/o-xylene� ¨(20 :1)� ?#�z �" ����=

(F1=0.76, F2=2.0, F3=2.24)� U�� ÖW$ � �, Fig. 2(b)� �

���=(F1=0.51, F2=1.01, F3=1.91, F4=2.64)� U�� �W$ � 

�� ��� �� � �� ¯�° ±�� <= a�� �� 9d�

��� nC)-. � �� ¯�° ±�<= ÏU� ÞQ � ��

c ��$� +B 9:�� + ;! <= �>� ?@,", � ��

ûpd 1 9:� -. ;! <= ��� U�� jd� ��qÆ-.

[\, ±�� <=U Tc=370oC(ÖW$)C Tc=384oC(�W$)��

1 oC ÏU'� �7'¾ � � 78�� <=?pFq(temperature

λez
∂T
∂z
------

z 0+=

ρCp( )muo T z 0-= T z 0+=–( )=–

∂Cj

∂r
-------- 0=

∂T
∂r
------ 0=

∂T
∂r
------

hw

λer

------- T Tc–( )–=

Tc Tco,
∂C
∂z
------- 0,

∂T
∂z
------ 0===

Fig. 1. Best fitting of triple (a) and quadruple (b)-bed catalytic reactor.
(air :o-xylene=20 : 1, salt bath temp.=354.2oC, reactor radius=0.01254 m)

Table 1. Optimal estimated values of triple and quadruple FBCRs from
model simulation

Triple-bed

Catalyst bed First-bed Second-bed Third-bed
Reactor length(m) 1.0 1.10 0.48
Relative activity 0.76 1.63 2.24
Hot spot(oC) 401.51 388.85 366.79
Conversion(%) 98.25
Yield(%) 78.79

Quadruple-bed

Catalyst bed First-bed Second-bed Third-bed Fourth-be
Reactor length(m) 1.0 0.5 0.48 0.6
Relative activity 0.51 1.01 1.91 2.64
Hot spot(oC) 386.2 385.6 384.5 375.2
Conversion(%) 98.01
Yield(%) 78.03
���������������� ����37���� ����4���� 1999���� 8����
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runaway)� ?@A" g-. /, Fig. 2� ^_ ^` W ±�� ��

�7 ÉZ <= ª�� 370oC(ÖW$)C 384oC(�W$))�)(, )

<=�� 1 oC ÏU� <=?pFq� ?@A� 0L�� ��¶"

g-. ¸�� Ö��W$ � �� jk i?$� ÉZ78 ±� <

= 355oCv )W$� 362oC[3, 4, 7]� ¨. 370oC(ÖW$)v 384oC

(�W$)�� �i\ 1! ÉZ 78 ±� <= ª�� U�â� � 

� ]1I ,/� � g� ��34 "V)� ^YØ� Y! ¢��

4� 234 5.� ����� � � ST� %1�� ��� �

g� VB� �Pz 0-.

Fig. 3! � � � � � ¯° ±�� �7 <=� ?#(Tc=To=

354.20oC)�z �" �7 � �� Ê=4 
�/o-xylenë � a�I

,� ¼ Ö��W$ � � ¶� <= ��� &à� nC)-. 


�� ��� o-xylene� �7 Ê=� ÏU� � � 78 9:(0<η

<0.2)�� +B <=� x ÏU� ?@A" g@�, �� ��$��

�� S� ~! <= ��� ��q" g-. ÖW$ � �� jk

Fig. 3(a)��v ~) 
�� �� o-xylene� ¨U 17.07 :1�� <=

?pFq� ?@,@(, �W$� jk Fig. 3(b)v ~) 12.95:1��

<=?pFq� ?@,-. 78 � � Ê= a�� �� ÖW$ �

 �� nC4 Fig. 3(a)� jk �� ��$�� <=�U S� ��

�� ½� æ! 78 � �� Ê= ÏU� ÞQ 78 9:�� �

 Î) ÏU�z '", 78 9:�� �,� �� � � �. /�

0 +! 78 9:� <=� ;)z '� )v ~! ;! <=� �

4�� S� �� � ) 78 9:�� H&'� ¼5� ¢6� e

�  o-xylene) �� ��$� �C�� è� �� 67'� ½O S

� ~! <=� ��'Æ-.

¸�� Fig. 3(b)� �W$ � �� ÖW$� ¨. 78 � ��

Ê= ÏU� ÞQ � �� 19:� -. <=U �>'" g-. )

� �W$� � �� ��$� �� ��=U F1=0.51�� ÖW$�

F1=0.76� ¨. �� ¼5� 78 � �� Ê=U ÏU�� ÞQ �

�) �! � �� ��$� �C�� e�  � �Î) ÖW$�

¨. *O8 )�� e� �) ��) ;! �� ��$� �C�

z '� ×�Ê= ÏU� ÞQ � �� 19:� -. ;! <= �

�� �4-.

Rê? ��� Ö��W "#$ � �� ¯° ±�<=v 78�

 �� Ê= a�� �� � �� ST� �v ~) ÚÛÒ nC ¢

6 rV ^_ W g� ®�� ½! x l� ¯Í� �. Ö��W$

� � �ñ 0L�z  9�� ½:-. ¸�â� "#$ �� � 

�� �� À1$ �� ÏU� 78 � �� Ê= ÏU� �� i

� I§; /�Î ÏU� �t %1 ^_� �V� � g-.

[\ ",+ � ) ��'� "#$ �� � �� jk � �

Fig. 2. Axial temperature profiles of triple (a) and quadruple (b)-bed
catalytic reactors for coolant temperature changes.
(air: o-xylene=20 :1, reactor radius=0.01254 m)

Fig. 3. Axial temperature profiles of triple (a) and quadruple (b)-bed
catalytic reactors for inlet concentration changes.
(salt bath temp.=354oC, reactor radius=0.01254 m)

Table 2. The performance of triple and quadruple FBCRs for coolant
temperature and inlet concentration changes

Figure
number

Reactor
Coolant temp.

(oC) and
initial conc.

Conversion
(%)

Yield
(%)

First hot
spot(oC)

Fig. 2 Triple-bed 
(Tc=To)

345.2 98.24 78.79 401.51
366 99.63 67.88 442.84
368 99.73 65.57 455.85
370 99.77 64.24 476.45
371 100 0 runaway

Quadruple-bed 
(Tc=To)

354.2 98.01 78.03 386.15
364 99.33 70.50 407.01
374 99.83 60.39 425.16
380 99.89 56.99 442.50
382 99.93 53.50 453.10
384 99.96 48.72 473.71
385.2 100 0 runaway

Fig. 3 Triple-bed 
(air :o-x)

20.0 :1 98.25 78.79 401.51
18.0 :1 98.55 77.69 415.31
17.0 :1 98.72 76.92 427.68
16.1 :1 98.92 75.72 457.23

16.08 :1 98.95 75.43 466.64
16.07 :1 98.97 75.20 474.06

16.068 :1 100 0 runaway
Quadruple-bed 

(air :o-x)
20.0 :1 98.01 78.03 386.15
18.0 :1 98.33 76.95 392.68
16.0 :1 98.69 75.42 403.04
14.0 :1 99.07 73.18 424.22
13.5 :1 99.17 72.46 435.05

12.95 :1 99.27 71.56 459.82
12.90 :1 100 0 runaway
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Fig. 4. Axial temperature profiles of triple (a) and quadruple (b)-bed
catalytic reactors for coolant flow rate changes.
(air:o-xylene=20:1, salt bath temp.=354.2oC, reactor radius=0.01254 m)

Fig. 5. Axial temperature profiles of triple (a) and quadruple (b)-bed
catalytic reactors for reactant flow rate changes.
(air:o-xylene=20:1, salt bath temp.=354.2oC, reactor radius=0.01254 m)

Table 3. The performance of triple and quadruple FBCRs for coolant
and reactant velocity changes

Figure
number

Reactor
Coolant and 

reactant 
velocity(m/s)

Conversion
(%)

Yield
(%)

First hot 
spot(oC)

Fig. 4 
(Coolant 
velocity 
changes)

Triple-bed 0.181 98.25 78.79 401.51
0.110 98.65 77.52 418.60
0.090 98.85 76.62 433.58
0.080 98.99 75.86 447.82
0.075 99.07 75.28 459.58
0.073 99.11 74.97 466.36
0.070 100 0 runaway

Quadruple-bed 0.181 98.01 78.03 386.16
0.100 98.51 76.78 401.92
0.070 98.98 75.43 419.62
0.060 99.08 74.35 433.39
0.053 99.24 73.32 450.64
0.050 99.28 72.93 457.83
0.048 100 0 runaway

Fig. 5
(Reactant 
velocity 
changes)

Triple-bed 1.8 98.91 76.36 397.78
2.1 98.25 78.79 388.85
3.0 96.09 81.71 410.14
4.0 94.03 81.78 423.00
4.7 93.62 80.72 435.86
4.8 100 0 runaway

Quadruple-bed 2.1 98.01 78.03 386.16
3.0 95.91 80.49 389.79
4.0 94.05 80.54 397.65
4.5 93.53 80.15 401.28
5.0 93.40 79.56 405.13
5.2 93.49 79.24 407.23
5.3 100 0 runaway
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Fig. 7. Axial and radial temperature profiles of triple-bed catalytic re-
actor for reactor radius changes.
(air:o-xylene=20:1, salt bath temp.=354.2oC, catalyst length=2.58 m)

Fig. 8. Axial and radial temperature profiles of quadruple-bed catalytic
reactor for reactor radius changes.
(air: o-xylene=20 :1, salt bath temp.=354.2oC, catalyst bed length=
2.58 m)
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Fig. 6. Axial temperature profiles of triple-bed catalytic reactor for cat-
alyst bed length changes.
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Table 4. The performance of triple FBCR for catalyst bed length changes
� The effect of first & second catalyst bed length changes

Bed length(m) Tmax(
oC)

Conversion(%) Yield(%)
L1 L2 L3 T1 T2 T3

0.8 1.3 0.48 402.33 399.94 365.85 98.66 77.05
0.9 1.2 0.48 401.89 393.07 366.37 98.43 77.22
1.0 1.1 0.48 401.51 388.85 366.79 98.47 78.79
1.1 1.0 0.48 401.13 379.00 367.28 98.02 79.51
1.2 0.9 0.48 400.76 382.17 367.81 97.78 80.18
1.3 0.8 0.48 400.40 379.67 368.37 97.51 80.78

� The effect of second & third catalyst bed length changes

Bed length(m) Tmax(
oC)

Conversion(%) Yield(%)
L1 L2 L3 T1 T2 T3

1.0 1.2 0.38 401.28 388.38 365.91 98.09 78.41
1.0 1.1 0.48 401.51 388.85 366.79 98.25 78.79
1.0 1.0 0.58 401.73 388.98 367.85 98.36 78.37
1.0 0.9 0.68 401.95 389.11 369.06 98.48 77.93
1.0 0.8 0.78 402.17 389.26 370.47 98.58 77.47
1.0 0.7 0.88 402.39 388.86 372.31 98.66 76.24

� The effect of first & third catalyst bed length changes

Bed length(m) Tmax(
oC)

Conversion(%) Yield(%)
L1 L2 L3 T1 T2 T3

1.1 1.1 0.38 400.05 385.05 366.27 97.88 79.92
1.0 1.1 0.48 401.51 388.85 366.79 98.25 78.79
0.9 1.1 0.58 402.12 393.70 367.29 98.56 77.55
0.8 1.1 0.68 402.75 400.25 367.75 98.83 76.19
0.7 1.1 0.78 403.32 409.99 368.11 99.07 74.61

Table 5. The performance of quadruple FBCR for catalyst bed length changes
� The effect of first & second catalyst bed length changes

Bed length(m) Tmax(
oC)

Conversion(%) Yield(%)
L1 L2 L3 L4 T1 T2 T3 T4

0.6 0.9 0.48 0.6 386.59 402.37 377.47 373.10 98.49 77.52
0.7 0.8 0.48  0.6  386.51 396.64 389.03 379.03 98.38 77.91
0.8 0.7 0.48 0.6 386.36 391.58 380.90 374.09 98.21 76.81
0.9 0.6 0.48 0.6 386.25 388.08 382.74 374.68 98.10 77.07
1.0 0.5 0.48 0.6 386.15 385.60 384.50 375.17 98.00 78.04
1.1 0.4 0.48 0.6 386.06 383.11 386.77 375.76 97.90 78.23
1.2 0.3 0.48 0.6 386.05 381.00 389.36 370.82 97.87 79.11

��The effect of first & third catalyst bed length changes

Bed length(m) Tmax(
oC)

Conversion(%) Yield(%)
L1 L2 L3 L4 T1 T2 T3 T4

0.6 0.5 0.88 0.6 387.67 404.11 391.53 369.94 99.06 74.47
0.7 0.5 0.78 0.6 387.32 397.72 389.82 371.01 98.86 75.66
0.8 0.5 0.68 0.6 386.91 392.75 387.99 372.00 98.59 76.09
0.9 0.5 0.58 0.6 386.53 388.82 386.21 373.43 98.32 77.10
1.0 0.5 0.48 0.6 386.15 385.60 384.50 375.17 98.00 78.04
1.1 0.5 0.38 0.6 385.78 382.88 382.87 377.32 97.64 78.88
1.2 0.5 0.28 0.6 385.50 380.61 381.40 380.64 97.32 80.39
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Table 5. Continued
��The effect of first & fourth catalyst bed length changes

Bed length(m) Tmax(
oC)

Conversion(%) Yield(%)
L1 L2 L3 L4 T1 T2 T3 T4

0.6 0.5 0.48 1.0 388.45 405.03 392.11 378.26 99.34 72.00
0.7 0.5 0.48 0.9 387.93 398.33 390.29 377.68 99.13 73.80
0.8 0.5 0.48 0.8 387.40 393.17 388.35 377.03 98.86 75.53
0.9 0.5 0.48 0.7 386.76 389.01 386.38 375.95 98.46 76.49
1.0 0.5 0.48 0.6 386.15 385.60 384.50 375.17 98.00 78.04
1.1 0.5 0.48 0.5 385.61 382.76 382.74 374.83 97.49 80.22
1.2 0.5 0.48 0.4 384.98 380.25 381.03 374.07 96.74 81.56
1.3 0.5 0.48 0.3 384.21 377.95 379.32 372.78 95.67 81.92
1.4 0.5 0.48 0.2 383.67 376.04 377.84 372.66 94.52 83.65

��The effect of second & third catalyst bed length changes

Bed length(m) Tmax(
oC)

Conversion(%) Yield(%)
L1 L2 L3 L4 T1 T2 T3 T4

1.0 0.3 0.68 0.6 386.77 385.49 395.10 372.75 98.44 75.73
1.0 0.4 0.58 0.6 386.44 385.86 388.86 373.88 98.23 77.31
1.0 0.5 0.48 0.6 386.15 385.60 384.50 375.17 98.00 78.04
1.0 0.6 0.38 0.6 385.88 385.00 381.32 374.44 97.76 77.93
1.0 0.7 0.28 0.6 385.63 384.80 387.53 378.20 97.51 78.50

� The effect of second & fourth catalyst bed length changes

Bed length(m) Tmax(
oC)

Conversion(%) Yield(%)
L1 L2 L3 L4 T1 T2 T3 T4

1.0 0.3 0.48 0.8 387.28 385.86 395.55 376.35 98.74 75.14
1.0 0.4 0.48 0.7 386.68 386.04 389.04 376.56 98.39 76.69
1.0 0.5 0.48 0.6 386.15 385.60 384.50 375.17 98.00 78.04
1.0 0.6 0.48 0.5 385.74 384.86 381.21 374.35 97.61 79.24
1.0 0.7 0.48 0.4 385.21 384.49 378.27 373.07 97.08 80.37
1.0 0.8 0.48 0.3 384.61 384.32 375.61 371.39 96.36 81.39
1.0 0.9 0.48 0.2 384.23 384.01 373.61 370.78 95.66 83.06

� The effect of second & third catalyst bed length changes

Bed length(m) Tmax(
oC)

Conversion(%) Yield(%)
L1 L2 L3 L4 T1 T2 T3 T4

1.0 0.5 0.28 0.8 386.73 386.02 384.92 383.01 98.41 77.38
1.0 0.5 0.38 0.7 386.40 385.78 384.67 378.28 98.18 77.40
1.0 0.5 0.48 0.6 386.15 385.60 384.50 375.17 98.00 78.04
1.0 0.5 0.58 0.5 386.00 385.48 384.38 373.12 97.88 79.35
1.0 0.5 0.68 0.4 385.78 385.32 384.22 371.15 97.68 79.89
1.0 0.5 0.78 0.3 385.49 385.10 384.02 369.25 97.41 79.66
1.0 0.5 0.88 0.2 385.40 385.03 383.96 368.19 97.24 80.87
1.0 0.5 0.98 0.1 385.26 384.93 383.86 367.38 96.99 81.28

Table 6. The performance of triple catalytic FBCR for reactor radius changes

Condition Radius(m)
Bed length(m) Tmax(

oC)
Conversion(%) Yield(%)

L1 L2 L3 T1 T2 T3

Radius +2% 0.01279 1.0 1.10 0.48 404.29 389.13 367.13 98.32 78.44
Radius +5% 0.01317 1.0 1.10 0.48 408.97 391.36 367.63 98.43 77.91
Radius +7% 0.01342 1.0 1.10 0.48 412.69 392.31 367.98 98.51 77.52
Radius +10% 0.01379 1.0 1.10 0.48 418.79 393.45 368.46 98.61 76.94
Radius +12% 0.01405 1.0 1.10 0.48 423.82 394.04 368.79 98.69 76.52
Radius +13% 0.01417 1.0 1.10 0.48 576.25 375.36 366.61 99.22 70.62
Radius +14% 0.01430 1.0 1.10 0.48 runaway 100 0
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A : heat transfer area per unit volume [m−1]

Cj : concentration of component (j=1, 2, 3) [kmol/m3]

cp : specific heat [kJ/kg�K]

Der : radial diffusion coefficient [m2/s]

Dez : radial diffusion coefficient [m2/s]

Ei : activation energy of reaction (i=1, 2, 3) [kJ/kmol]

(−∆Hi) : heat of reaction (i=1, 2, 3) [kJ/kmol]

ki : Arrhenius type rate constant (i=1, 2, 3) [s−1]

k0i : pre-exponential factor (i=1, 2, 3) [s−1]

L : reactor length [m]

R : radius of reactor tube [m]

r : radius coordinate [m]

ri : rate of i-th reaction [kmol/m3�s] 

T : temperature [K]

Tc : temperature of coolant [K]

To : inlet fluid temperature [K]

t : time [s]

hw : heat transfer coefficient [w/m2�K]

uc : coolant velocity [m/s]

uf : fluid velocity [m/s]

uo : inlet fluid velocity [m/s]

z : axial coordinate [m]

ε : void of bed

ρ : density [kg/m3]

λer : effective radial thermal conductivity [kJ/m�s�K]

λez : effective axial thermal conductivity [kJ/m�s�K]

� �

c : coolant

e : effective

f : fluid

j : component

o : initial

m : mixture

s : solid
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Table 7. The performance of quadruple FBCR for reactor radius changes

Condition Radius(m)
Bed length(m) Tmax (

oC) Conversion
(%)

Yield
(%)L1 L2 L3 L4 T1 T2 T3 T4

Radius +5% 0.01317 1.0 0.50 0.48 0.60 389.61 388.58 387.15 376.90 98.23 77.1
Radius +10% 0.01379 1.0 0.50 0.48 0.60 393.48 391.77 389.92 378.71 98.42 76.2
Radius +15% 0.01442 1.0 0.50 0.48 0.60 397.85 395.16 392.81 380.61 98.62 75.1
Radius +20% 0.01505 1.0 0.50 0.48 0.60 402.90 398.69 395.80 382.58 98.80 74.0
Radius +30% 0.01630 1.0 0.50 0.48 0.60 417.56 405.64 401.84 386.82 99.13 71.4
Radius +40% 0.01756 1.0 0.50 0.48 0.60 449.25 407.46 406.57 391.55 99.40 68.4
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