
HWAHAK KONGHAK Vol. 41, No. 6, December, 2003, pp. 700-709
������ ��	 
�� 
� ���� ��� ��

�������*���	**�
��†

����� ����	
151-742 ��
 ��
 ��� �56-1

*������ �
���
429-712 ��� 
�
 � � 332-1

**!"��� ����#
449-728 ��� �$
 %� �38-2

(2003& 8' 20( )*, 2003& 10' 5( +,)

Analysis of the Catalytic Membrane Reactor by CFD Method

Jeong Su Park, Jung Chul Suh*, Dongil Shin** and En Sup Yoon†

 School of Chemical Engineering, Seoul National University��San 56-1, Shilim-dong, Gwanak-gu, Seoul 151-742, Korea
*Korea Gas Corporation R&D Division��332-1, Daeya-dong, Shihung, Gyonggi 429-712, Korea

**Department of Chemical Engineering, Myongji University, San 38-2, Nam-dong, Yongin, Kyonggi 449-728, Korea
�Received 20 August 2003; accepted 5 October 2003)

� �
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�� 
�� �� ���� ���� CFD(computational fluid dynamics)��� ����  !"

#. ��	
����� $% �� &'(� )*�
, �� +*, � -� �� ��� +.� /01 +*"23 456

7 89"#. :;
 �� <=% ��&'(� >��
, �� ���� ��?@A'	 630 KB� CDE#. �F >G@

HI ����� $% CFD +* +J� KL�� �� ���� ���� $  +*�
 4567 89, M!"#. ���

�N HI&'� OPQR �� �PS� TU� V� O�0� A', WX, HIY �Z	
(sweep gas) [& \ ]^ _U,

���� `a� 	OQR  !"#.

Abstract − Results of the analysis of a catalytic membrane reactor for the water gas shift (WGS) reaction are presented and

discussed using CFD (computational fluid dynamics) technique. Reaction kinetic expressions were researched, and Langmuir-

Hinshelwood kinetic’s expression gives the best result. The optimal operation temperature was found out to be 630K. A CFD

module for the palladium (Pd) membrane, separating hydrogen, was also developed, simulated and compared to the refer-
ences. It easily simulates the effects of the reaction temperature, pressure, sweep gas flow rate, sweep gas flow direction and

palladium membrane thickness on the CO conversion of the catalytic membrane reactor. Results of the analysis are very useful

in the commercialization of the hydrogen-generation process, and the developed simulation framework is easily adaptable for
further design and modification when more detailed profiles are necessary.

Key words: CFD (computational fluid dynamics), Water Gas Shift Reaction, Catalytic Membrane Reactor
1. � �

����� ��� 	
 �� 
���� ���	, ��	, �	 �

��	, �� �� �� ���� 	
���  !"#�.  � $�%

& � ��� '()*+ ,-�. /0
) 12� $�% 3*+  

456 7� 08� ��.  9�  :+ ;� <	= > '(? @A

B BC?D ,E� $�8 � FG � 7#�. HI JKL 5MN O

�P ��Q �AR 45� ���S� 5MND <T USR V B,

SW X
D 4Y� $�Z[ �\] �^R _�56 7� ^!`Q

R abc�[9].

 � d ef�g� ��,h���g P!	a i�&� F*j, DME

(dimethyl-ether) kl��� �!"�, �� '() mQ nLo(Pd) �

����  !� ��aM<� �� ���� ��S� p� qrs�.

�� '() mQ ����� t� SW ef+� �uQ v�.

Itoh � [2]� ����D Sw� �A� D� ��x ��� ef�

S y� ���� z{ z|� }~*j  R a]Bg ��<	= >

�=��g � �� �w� abc�B �B��. @AB Viloante �

[3]� nLo �� ���� ��S(Pd composite membrane reactor)R

�
)*+ ���. �ax <	=� ����.  9� �Q�� �p

+ nLo �� ���� ��S� P!	a "#�. �]I BaD �
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��� ,�^!*+ �� 5MND �,�Q, nLo �� ����D

�f� �,+ �� &��zD ����gI �[ �� mQ ���

�� {!�G "#�.

 9� P! nLo �� ����D ���� ���S y� nLo-

� ���� ��(Pd-Ag membrane foil)  kl��. nLo-� ���

� ��� �d)*+ �����g $S� ��� ��*j ��mQ

'(�Q �f�� UG ;��. Basile � [4] > Criscuoli � [5]�  

9� nLo-� ���� ��� ,��. �2*+ �Jg �����

. @AB 1 �)*+ ���� ��S z|� }¡ �¢�� LB a

��. z{���.  R £� ¤)h¥h¦ > ����D `!��

���. Criscuoli � [9]�  9� nLo-� ���� ��D  !�

p� �,�� ef���. Basile � [8]� l/���gD �� ��S

§ �� ���� ��S�g ¨ ©ªD l/¢?  a ��S t «

¬Q ���� «¬D <??    ­�� l$®� ���.  9� �

Q� �X M¯Y �z+ a� �°, B¢�(hot spot)Q ±²R ³G "

j  + �� ́ �� > µ¶�	§ v� &p� �,R l$5·�. ̧

Lg Basile � [8]  ¹º»§ v� �,R �, �zD ��S� p�

g ¼�)*+ z{�. ¤)	�½ �� ¾� ¿ � F�. OÀ ��

� �z�g� �� �D ��R {!�S� ¨ ©ª� ¸Á ÂÃÄ

�� ÅÅ Æ5"#�. �]I �, �X�zD ��S� p�g� y

�g ÇÈ� �,�Q PÉet�  F�. ¸Lg :T§ /)� kÊ

� zË Ì¾� ¼�)� z{D ÍÎ�  F�.  � ÏY Degussa�

g F#Ð �, �X�zD B�Ñ �� ��S�gD ±²� tÒx

ÓÔ�,R :T0
)� z{R £� ÓÔ Õ²S US > y
R a

Õ56 ��� �R � � F�[14]. OÀ, ¤� �Ö ��e×<]

(hydrogen fuel cell)§ v� ���� �!�½�g �, ØÙ� 3 �

)� S�2ÚR I�B CFD z{�. ¤)ÛÜ�B F�[6, 7].

CFDR  !�. z{R ���� �° SW ODER  !� z{^

!� ^� ^Ý Þ�� a]B F�. �]I ODE+� ß¼�S Öàá

�,)� ØÙ� S�z2�gD «C�Q, / > :TÓÔ  &Î�

5MN� ¼�)*+ z{�B, @ �Q� / > :TÓÔ� p� �Ì

R £� ¤)	x 5MN� ÛÜ��â ��)� ?ã� 7B F��

��g CFD z{D &Î�  Äh"B F�.

¸Lg d ef�g� �,)� �� ���� ��S ¤)ÛÜ� ?

ã� 7� ä� åß+ Basile �[4], Criscuoli �[5]  ��� {!��

Ð ����S§ �� ���� ��S� p� �,
�D 3 �) CFD

z|� }°B ����.

2. � �

2-1. ���� ��� �	

�� '() mQ ����� p� z|æ� ����� mQ�� �

��çM� eè)*+ F� ¬Z  4 éê� �uQ v  Bà¾*

+ë ìÖi�.

-�í ���� îQ aM ï�% { D ð���g �(film)� £

� éê

-nLo Ñ� £� éê

-ñí ���� îQ mQ�  ò aM{ D ð���g �(film)�

£� éê

 9� éê�� nLo ����D Ëó� ¸L =è éê  ��"

j Jô§ v� ���� O�� õ��[9, 10].

- 10µm�� U-ö v� �° 7+ nLo� D� éê  ]÷) 

j  ­�� Sievert øù� ¸Á�.

- 5 µm�g� nLoQ ß�éê ú � &Î�j, Sievert øù�  !

�. f� mQ �çM� pû 45%D �9R a]B F�.

- 1 µm�g� ß�éê  ]÷) j, Sievert øù�  !�. f�

mQ �çM� pû 85% PD �9R õ��.

Y�)*+ nLo Ñ� £� mQ"� �� mQ?� ���Â� p

� ,ü�� ^ý�� Sievert øù > ¢?� p�g� Arrheniusøù

� ¸Á�.  9� Sievert øù� ��D �A 4 kÊ�g ö¢ þ 

j   tÜ� ÿð)� ��� £�g ��"#�[5-8]. .Sg d ef

�g� 10 µm PD nLo�D ËóR a]� ����� p� mQ

þ� Bà��*j  � p� þ� �uQ v�.

(1) 

 

(2)

.Sg, J� mQ�çM[kg-mole/m2·s] j, I� �� �� Pd-Ag ��

����D Ëó[m]R P1, P2� �� �È�(retentate side)Q mQ�

(permeate side)D �� �Â[Pa]� ö���. @AB Pe� mQ?[kg-

mole·m/m2·s·Pa0.5]R ö��j, Pe0� �� mQ? Ü�+g Þy� Pe

§ v�. E� mQ� ÍÎ� ¶�	 �\][J/mole]R, R� STP�

(= 8.314[J/mol·K]R, T� mQ SÃ(driving force) ©ª �M(source)

S�*+ �È� ���� ß� �� mQ� ���� ß�D �p¢

?[K]R aA·�.

2-2. 
�� ���

Bà�B	 �� �� ���� ��S� p� @
� kû)*+ ö

��� Fig. 1Q v*j ��mQz{z| kÊD ���� í�� Fig. 2

§ v�.

 � p� eè, á4Z, mQ�� ©�þ, {!x �²z|Q ��z|

@AB {!x ��aM<��� è?þ z|� ö��� �uQ v�.

2-2-1. eè©�þ(Continuity equation)

(3)

J Pe
I

------ P1 P2–( )=

Pe Pe0
E

RT
-------– 

 exp×=

∂
∂xi

------- ρui( ) Sm=

Sm SH2 Perm,=   at y y2=

Sm SH2 Reten,   at y y1==

Fig. 1. Schematic diagram of catalytic membrane reactor.

Fig. 2. Membrane part of the catalytic membrane reactor.
HWAHAK KONGHAK Vol. 41, No. 6, December, 2003
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.Sg Sm[kg/m3·s]� ����� S�*+ �È�(y=y1)�g� uD

��, mQ�(y=y2)�g� �D �� õ� �M 
(source term) �.

2-2-2. á4Z©�þ (Momentum equation)

(4)

(5)

Spi� I©ª(x, y �� z) ����êQ �í��ê� Ì¾�� á4Z

�M
� aA·�.  R ÞC �Y ��� �TD �°+ a��� �

uQ v�.

(6)

 ­ �M
(Spi)*+ �� �< ¨ � ¸Á ÂÃÄ�� Ergunþ�

�uQ v  Bà���.

(7)

@AB á4Z ©�þ�g &Ãê� Æ5"#�.

2-2-3. mQ��©�þ (Permeate component equation)

Bàx CFD z{R y� kû)� ���� mQz2(Fig. 3)Q m

Q��  4©�þ� �uQ v�.

� �� 4 (�È�)

(8)

.Sg mR,H2
� ��D ¬Z�= j, RH2

� �È�D ��� D� $

�x ��$�è?[kg H2/m
3·s] j, � �È��g ��a m

Q"Ö �Ö]� �� p� �M 
[kg H2/m
3·s] �. � m

Q Þ�)(S)� �È�D �M í�(V1)+ ö�Ö� �[m2/m3] j,

, , � �� x, y, z©ª*+D ��mQ è?

[kg H2/m
2·s] �. Pe� mQ?[kg-mole H2·m/m2·s·Pa0.5] j I� ��

��D Ëó[m] �. � ��D �	Z[kg H2/kg-mole H2] j,

� �� �È�Q mQ�D ���Â[Pa]� ö���.

yD � p� þ� ö��� �uQ v�.

(9)

 @AB Pe� þ (2)§ v  ¢?� t� Arrhenius þ*+ ö���.

� �� 4 (mQ�)

(10)

.Sg � ��a mQ"� 4Y� ¬ZI� �È��g mQ

�*+ mQ"Ö $�"� �� p� �M 
[kg H2/m
3·s] j, �

mQ Þ�)(S)� mQ�D mQpP í�(V2)+ ö�Ö� �[m2/m3]

 �. @AB Pe� mQ?[kg-mole H2·m/m2·s·Pa0.5] j I� ����

D Ëó[m] �. � ��D �	Z[kg H2/kg-mole H2] j,

� �� �È�Q mQ�D ���Â[Pa]� ö���.

yD � p� þ� ö��� �uQ v�.

(11)

 @AB Pe� þ (2)§ v  ¢?� t� Arrhenius þ*+ ö���.

2-2-4. ��z2(Reaction model)

	
��� p� ���]þ� �uQ v�.

(12)

FLUENT[12]� y þQ v  �� j� p� p²-��þ� �Ög �

���� p� ¬Z�=� mjR ����. Rj� 	
��� D� $�

�� ��"� ��è?[kg H2/m
3·s] j, Sj� {!	 ]�� D�g

$� �� ��"� d ef�g {!"� ����� p� mQ è?

�M 
[kg H2/m
3·s] �. @AB �?f÷� D� l$"� � ��

j� p� �� �çM[kg H2/m
2·s] �. Sd)*+, FLUENT�í�g

�  9� ���çMR Ñ²ÓÔQ �²ÓÔ� p�g �uQ v� þ

� {!��.

� Ñ²ÓÔ�gD %¬ �� : (13)

� �²ÓÔ�gD %¬ �� : (14)

.Sg Dj,m� ï�%¬D �� j� p� ��Ü�[m2/s] j Sct� �

²D Schmidt �(µt /(ρ Dt)) �. .Sg {!x �²��� Y�)*+

Ñ²ÓÔ� ¸Á ��*+ Ü�x �� �çM ��� �� US ­�

� Ñ²êD }í)� {ê�D Û�� p� �ª� J7 ��B � �

F�.

d ef�g {!"� ��è?þ z|� FLUENT�g ,��� S

d��z|�Q Y
�] �� 2Ú �. ¸Lg c ��R  !�

UDF(User Defined Function)R I�Ö ��z|� f����. °'

FLUNETD �� z|� í���z|(volumetric reaction model)D Ñ

² :�è?(laminar finite-rate) 	
��� ��B ]��� �uQ v

� 2þ*+ 	
�� jD <T �� �M 
  f�i�.

∂
∂xi

------- ρuiuj( ) ∂P
∂xi

-------–
∂τij

∂xj

-------- ρgi Spi+ + +=

Spi
µ
αij

------uj
j 1=

3

∑ Cij
1
2
---ρ uj uj

j 1=

3

∑+
 
 
 

–=

Spi
µ
α
---ui C

1
2
---ρ ui ui+ 

 –=

∆P
L

--------- 150µ
DP

2
------------ 1 ε–( )2

ε3
-----------------ν∞

1.75ρ
DP

-------------- 1 ε–( )
ε3

--------------ν∞
2+=

u
∂ ρmR H2,( )

∂x
------------------------ v

∂ ρmR H2,( )
∂y

------------------------ w
∂ ρmR H2,( )

∂z
------------------------+ +

∂ Jx R H2, ,( )
∂x

---------------------=
∂ Jy R H2, ,( )

∂y
---------------------

∂ Jz R H2, ,( )
∂z

--------------------- RH2
SH2,Reten+ + + +

SH2, Reten CSV, Reten–
Pe
I

------MW H2, PH2, Reten PH2, Perm–( )=

SH2 Reten,

CSV, Reten

Jx R H2, , Jy R H2, , Jz R H2, ,

MW H2,

PH2,Reten, PH2,Perm

CSV Reten,

CSV Reten,
S
V1

------
2r2

r2
2 r1

2–
-------------= =

u
∂ ρmP H2,( )

∂x
------------------------ v

∂ ρmP H2,( )
∂y

------------------------ w
∂ ρmP H2,( )

∂z
------------------------+ +

∂ Jx P H2, ,( )
∂x

---------------------
∂ Jy P H2, ,( )

∂y
---------------------

∂ Jz P H2, ,( )
∂z

--------------------- SH2,Perm+ + +=

SH2,Perm CSV Perm,
Pe
I

------MW H2, PH2,Reten PH2,Perm–( )=

SH2,Perm

CSV Perm,

MW H2,

PH2,Reten, PH2,Perm

CSV Perm,

CSV Perm,
S
V2

------
2r2

r3
2 r2

2–
-------------= =

∇ ρ(⋅ uimj ) ∇ Jj⋅– Rj Sj+ +=

Jj

Jj ρ– Dj m, ∇Y j=

Jj ρDj m,

µt

Sct

-------+ 
 ∇Y j–=

Fig. 3. Schematic of a permeation model for a cylinder-shaped, cata-
lytic membrane reactor.
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(15)

.Sg, Rj[kg j/ m3· s]�   ���� NR ���g $�"-ö ��x

j��D è?  [kg-mole j/m3· s]� �[��D �	Z Mw,j[kg j/kg-

mole j]R ü� �� zË ��g ��è?a ö!G x�. y§ v�

©þ*+ ��� p� è? R UDF+ I�Ög "#Y�. dll

#Y� I$ �u � 8 ­  R æU56 7#�.

2-2-5. ��aM<��� è?þ z|

d ef�g {!x ��aM<���D è?þ z|� Langmuir-

Hinshelwood z|þQ Temkin z|þ*+g @ ß¼� �uQ v�.

Langmuir-Hinshelwood z|� �öD CO�	§ �öD H2O�	R

Ì¾�� :`� ��%D 2�*+ ��  a0)*+ i���B a

���*j è?þ� �uQ v  ß¼x�[5].

 

(16)

 .S� r� �� è?[kg-mole/m3·s] j, k� è?P�[g-mole/g-cat·

min] �. Kco, , � �� CO, H2O, CO2D %�12P� j,

Keq� 12P�R ö���. pco, , , � � ��D �Â[Pa]

 j, ρbulk� ��Ñ &UD '?[g-cat/cm3] �.

Langmuir-Hinshelwood è?þ z| ß¼�g {!x #L´(�:

.Sg, T� �p¢?[K]R ö���.

Temkin z|� �� ß��g �	§ ��  )*Jg i�®� a

��B F*j �uQ v� ��SfR ai�.

.Sg (O)� ���	ß��gD ���	 j, ( )� ���	D ,

-� ¸Á ß��gD ^ÖF� ¶��� D´��.   Ë Q�� µ

�Y� ä*+ +��� ��ß��g v� è?+ i���B �,*

j è?þ� �uQ v  ß¼x�[1].

(17)

.S� r� �� è?[1/s] �. k� è?P��[1/atm·s] j Keq� 1

2P�R ö���. pco, , � � ��D �Â[Pa] �.

Temkin è?þ z| ß¼�g {!x #L´(�:

.Sg T� �p¢?(K)R ö���.

2-3. 
��� � ���
 ��(boundary condition & parameter set)

�Üh¦�� zË z{ �°�� p� h¦�Q 4Y�G -Ã"#

�. á<¢? .y� 595-800[K] B, ÂÃ.y� �pÂÃ*+ 1-10

[atm], ���0(Lumen area)�gD Time factor.y� 4,140-15,450[g-

cat·min/g-mole CO], mQ�  ò�0(Sweep area)�gD :Z:è.y

� 0-436[ml/min]*+ ���. @AB {!x z{h�h¦� ¦h�*

+ CO 32%, CO2 12%, H2 4%, N2 52% j, H2O/CÔ =� 1.1 �. @

AB d z{� {!x h¦ > �kÕ�� �uQ v�.

� {!x ��D �: mcat= 9.64 [g-cat]

� ��'?: ρcat= 2.4 [g/cm3]

� nLo-� ���� �� Ëó: I = 75 [µm]

� mQ?: Pe = 2.95/10−4exp(−5833.5/T) [mol·m/m2·s·Pa0.5]

Rj Mw j, R̂j r,
r 1=

NR

∑=

R̂j r,

R̂j r,

r

kKcoKH2o pcopH2o

pco2
pH2

Keq

---------------– 
 

1 Kcopco KH2opH2o Kco2
pco2

+ + +( )2
-------------------------------------------------------------------------------- ρbulk

1
60000
---------------×=

KH2o Kco2

pH2o pH2
pco2

Keq 4577.8 T⁄ 4.33–( )exp=

k 29364– 1.987T( )⁄ 40.32 1.987⁄+( )exp=

Kco 3064 1.987T( )⁄ 6.74 1.987⁄–( )exp=

KH2o 6216– 1.987T( )⁄ 12.77 1.987⁄+( )exp=

Kco2
12542 1.987T( )⁄ 18.45 1.987⁄–( )exp=

H2O  ( )+ H2 O( )+=

CO O( )+ CO2  ( )+=

r k

pH2opco

pH2
pco2

Keq

---------------–

ApH2o pco2
+

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

pH2O pco2

Keq 4577.8 T⁄ 4.33–( )exp=

k 6 1011× 26800– 1.987T( )⁄( )exp=

A 2.5 109× 21500– 1.987T( )⁄( )exp=

Fig. 4. Schematic of the catalytic reactor analyzed.

Fig. 5. Schematic of the catalytic membrane reactor analyzed.
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s

@AB � ����gD ¢?§ ÂÃÕ	� ¸Á �&��Ü��

Fullerþ�  !�. f��[11].

2-4. ��� ��(pre-processing)

d ef�gD <0AS(pre-processor)+g Gambit 2.0.4R {!��

�. �1[5]D ���g {!x �, ��S 
�(�� ��S; Fig. 4,

�� ���� ��S; Fig. 5)§ v  3 � 2	R $�53�(��

��S; Fig. 6, �� ���� ��S; Fig. 7).

����S§ �� ���� ��SD 2	 ,�5 4�T�-D í

�Î�R {!�. �� 1,560kD 5Q 11,040kD 5� I�Ö f�

���. :TÓÔ ©ª� 12� î(wall) í�Q ��  È2�G YÖ

ö� �� 5� í��, 0ÓÔ(back flow)  l$"Ö �a l�"S

6°7+, 2	 '?R 8à �9  : ; � F?< ��.

2-5. 
���(solver: FLUENT)

CFD � � FLUENT 6.0.12R  !���[12]. FLUENT�g {!

x �
Sø� :T� p� ^Â=�*+ a��*j, á4Z, ¬Z, �

\], ��, �²þ� p� C � R Sd*+ �� �Ax u� � 

	(Segregated implicit solver)R {!���. @ � � Fig. 8Q v�.

�
)  �	+, ÂÃè?� p�g� SIMPLE methodR, á4Z, �

²á4�\], �²��= > 	
Å�� p�g� First order upwind

methodR {!��. �D �9� >G � 7S y� Under-relaxation

rate� 0.65-1.00?]D .yD �*+ h���. @AB �²z2� 2

þ ß� k-εz2�  !���.

�� ���� ��S�g ���� mQ z|� Bà�S y� User-

defined initialization, User-defined Adjust, U-V-W-Momentum, Mas

Conservation, Speciesí�� UDFR -Ã�*j �� ��z|� p�

g? UDFR -Ã�. Bà��.

2-6. ��� (dynamic equilibrium)

B�Ñ �� ��S� ����� {!�� �° ��¢?, ��ÂÃ,

���� Ëó Õ	 �� ¸L mQè?a Õ�G "j  � ��12

  Õ	�G x�.  9� tÜ� �uQ v� ¾�tÜR õG "j 4

)12<	=+g ß¼��.

.Sg T� ��¢? [K] B, P� ��ÂÃ[Pa] j, FSweep� Sweep

�D :Z:è[ml/min] �. @AB FSweep, Direction� Sweep �0D Ó

Ô©ª(@² �� ª²)�, I� ����D Ëó [m]R aA·�.  § v

� 4)12<	=� Õ	5A� �	�� (�È�D ���Â

[Pa])�Ì§ (mQ�D ���Â [Pa])�ÌR Õ	56 4)12

<	=� Õ	5·�. 4)12<	=� ìS y� z{h¦� �uQ

v�.

-����� £� mQ"� ��mQè?� �È�Q mQ��gD

���Â� p� ,ü�  � ^ý�� SievertD øùQ ¢?�� ]

�)� DWtÜR õ� ArrheniusD øù� ¸Á�.

-��SD ¨ � Æ�p �.

-  ��mQ+ �� Õ	�� ÓÔ h�� p� 12� h�Õ	PÚ

� p� /0
) �� 12PÚ+ »Bj, @ 12�Ü�, @²Y �°,

�È�0Q mQ ò�0D ���Â  4Y�]� PÚ� mQ12�

?C; ­?] j, ª²Y �°, ��a D<À �Ö]� PÚ?] �.

-���� ��S� �¢ �.

-12P�� ��SR ¸Lg zË v� �� õ� P� �.

y§ v� h¦*+ HYSYSR  !�. 4)12<	=� f���.

3. �� � 	


3-1. !� "# $%

��aM<���� p� �� è?þ� L-H(Langmuir-Hinshelwood)

z|þQ Temkin z|þ� p� 3 �)*+ B�Ñ ��SR z{��.

@ �Q, �1
[5]§ d ef�g ��� z{�Q§ v� �ª� ���.

Fig. 9�g �� »§ v  �1
[5](simul. Data(A. Criscuoli))§ d

efD 3 �) CFD z{�Q(simul-1(L-H: FLUENT))§� ÖE �?

Xeq Dyn, f T P FSweepFSweep Direction, I, , , ,( )=

PH2,Reten

PH2,Perm

Fig. 6. Mesh generated for the catalytic reactor.

Fig. 7. Mesh generated for the catalytic membrane reactor.

Fig. 8. Solution procedure of the Segregated Solve.
Fig. 9. CO conversion versus time factor for the reaction test (T=595 K,

P=1 atm).
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  a Fu� ¿ � F�.  9�   � �
Ü�5 ! + � � F

*j  R �F�S y� HYSYSR  !� 1 �)� z{�g �?

(precision)R 10−6*+ �. �#�. @ �Q HYSYSR  !� �  �

Q(simul. Data (HYSYS))§ d efD z{�Q(simul-1(L-H:FLUENT);

precision=10−9-10−12)a Y
� �� ���(Table 1). @AB  9� z

{�Q� L-H z|þ� p�g z{� �Q j �1
D z{�Q�

�[�G z{®� ¿ � F�. �� Temkin�  !� z{�Q� L-H

� ^�g �� G� <	=�� ���.

@AB HYSYS > FLUENTR  !�g 1 )*+ z{� �Q�

ú zË �&����Ü�§ v� %�
R Bà�7] �� z{ �

Q �.  9� z{�Q� �,D :TÓÔ  F� ���g H ! 

R abI � F�. ̧ Lg %�
R Bà� PÚ�g FLUENTR  !

� z{��[11]. z{ �Q� Fig. 9D simul-2(L-H:FLUENT)§ v*

j %�
R Bà� 7] �� �°� ^� pû 1.1%D <	=  �

GG öc�.

�1[5]�g� ¤)D ��¢?h¦� f8 ­ ¤) time factor�

15,450[g-catJmin/g-mole CO]�g ¢?Õ	� ̧ Á ��� �Q, 595[K]

�g ¤p <	=� ì#�B ¹K�. L, ���g 595[K]<*+, ¢?

�a� ¸L ��è?a �a�B  � ��<	=  PM��*j,

595[K]  N+�, ¢?�a� ¸L 0��aM<���  l$�. �

�<	=  _�¾� ���.  � d ef�g�  § 4Y� ©ø*

+ ¤p <	=� õ� ¢?R OS y� ¢?Õ	� ¸Á CO <	=

Õ	R ¿J�,�. �� è?þ*+ L-H z|þ�  !�*j @ �

Q� Fig. 10Q v�.

Fig. 10D �QR �� time factora 15,450Y ­, @AB 630[K] í

��g aX ;� <	=� aP� ¿ � F�.  9� �Q� COD :

è_�+ �� T²5QD �a� S�� ä �. ��� time factora

G� �°�� CO :Z:è  RL]G "Ö T²5Q  �G "S ­

�� CO <	=  �G ö!G "� ä �. @AB time factora 15,450

� �° 640[K] P IAG "� 0��aM<���  YÖöG "Ö

?AÖ <	=  _�¾� ¿ � F�. �S)*+, �1[5]�g ,T�

595[K]��� � ;� 630[K]�g ¤)��¢?h¦� ?U ���.

y§ v� �Q� �uQ v�  :�g   R aP� ��8 � F

�. @ V )W  :� ¢?,ÖR y� Xg y
 �. @AB Ë )W

 :� d ��aM<� ��  l/��Y�? µf�B �¢h¦ 

LB a��. ��� �Q �.  9� {��� �4Z�é	� Basile

� [4]D ef Z��g ¹K�. @� Criscuoli � [5]  ef� ��X


§ 4Y� �� X
 	, 	[  ef� �� X
 S? � X
 Û

F�g “�� ���� ��SD ¢?,Ö! ¢?XgR mQ�  ò

�0� W«�� ���� ß�� y
53B,   ¢?a aAA� �

� ��a �ÖF� ��S �í ¢?LB a���”LB ¹K�. ¸L

g ��aM<���  l/��� ä� _T�� ¢?Xgy
� ¸

L ��S �íD �, ¢?� mQ ò�0� W«�� ���� ß

�D ¢?§ �� 4Y8 � �u� ¿ � F�[13].

3-3. !� ���� "# $%

����S z{�g ?Ux ¤)á<h¦� T = 630[K], PLumen

= 1[atm], PSweep=1[atm]� �� ���� ��S z{� )!53�. .

S� �1[5]�g {!x 4Y� mQ�  òaM(N2) :Z:è

(Fsweep= 43.6[ml/min])� 7B z{�*j @ �Q� Fig. 11Q v�.

Fig. 11D �Q� pû 10,000�0D time Factor[g-cat ·min/g-mole

CO]�g 5%�?D <	= ªPQ 12<	=� \Ø�S 5�¾� �

. ��. �� time factora 15,450� ¤)á<h¦� �°, ����D

`Ã� �] l^�. _ 7%aZD <	= ªP� abc�.

  �QR �1[5]�g ���B z{� �Q§ ^` ��� �	.

Fig. 12§ Table 2�g �� »§ v  G� time factor�', �1�

Table 1. Simulation results (CO conversion) for the reaction test (T=595 K, P=1 atm)

Time
factor

Experi. Data
(A. Criscuoli)

Simul. Data
(A. Criscuoli)

Simul-1
(L-H:FLUENT)

Simul. Data
(HYSYS)

Simul-2
(L-H:FLUENT)

Simul. Data
(Temkin:FLUENT)

4,140 29.80 24.90 25.45 25.48 24.65 20.06
5,000 34.90 30.40 29.15 29.21 28.28 23.19
7,610 37.60 40.20 38.37 38.50 37.37 31.18
15,450 45.70 57.10 55.35 55.60 54.25 46.83

Fig. 10. CO conversion versus temperature plot for the optimal tem-
perature point (P=1 atm).

Fig. 11. Effect of membrane on the catalytic membrane reactor (T=630 K,
P=1 atm, co-current, Fsweep=43.6 ml/min).

Fig. 12. Comparisons of the simulated CO conversions and literature
values.
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706  ������������ �!
g {!x z{��� d ef�g z{� �Qa �] : a� ä�

¿ � F�. @AB time factora 15,450� �° CO <	=  ���

g� 96%R b#�â z{�Q� Öc�$] 90%R b] d�� ä

� ��8 � F�.  9�  :� l/�� > ¢?,Ö Xgy
! 

§ �µÖ ��è?þ Ü�! + � � F�. d ef�g {!x �

�è?þ� L-Hz|� d efD ^`pP �1� Criscuoli � [5]�

g ��� ��� p�g ?Ux ��è?þ  JKL SW �1[5]�

g ab¢ ��è?þ S ­� �.  + �� ¢? �Ìa $S� �

� ���� ��S�g ��¢? ! � ¢?Õ	� ¸Á ����D

O�Q ��è?a @ 7Î� 08� � ä*+ � x�.  9� �-

� ����D mQè?þ(2-2)Q ��è?P� k�g ¢?� t� z

Ë ]�)� tÜa Fu� £� ¿ � F�.

@AB Fig. 12�g e´+á {�� time factora 15,450Y ­ 4)

12<	= �Q(Keq,Dyn= 86.6%)a CFDR  !�. � � z{�Q

(Xco= 87.0%)�� � �G öc�� � �.  9� {�� 4)12<

	=D � 	(HYSYS)a ��©ª� p� zË 4Y� �?R õ� 1

 �*+ �. � "� �� CFD � �', mQx ��a ����

� cö� mQ�  ò:T� �àg mQ�  ò :TD :TO�(�

², Ñ², %¬�� �)  Bà"Ö � "#S� 4)12<	=� b

� �QR ab¢ ä �.  9� O�� Fig. 20D �� ���� ��

S�gD ���Â�ß� t� fg(contour)� £�g ��x�.

�u� �� ���� ��S�g <	=� �ª� V � F� Õ�

L, 4)12� Õ	5h � F� Õ�� ¢?, ÂÃ, mQ òaM :

Z:è > ÓÔ©ª @AB ���� ËóD Õ	� ¸Á ��<	=

� p� z{��B  � p� ����.

3-3-1. ��¢? Õ	� ¸Á �ª

d z{D å)� �� ���� ��S�g ��¢? Õ	(595K-

800[K])� ¸Á CO <	=  ÖiG Õ	"�] ¿J�B, '?, /!

Z, /<??, �?, ���¬Z��Ü�§ v� %�
R Bà� �°

§ @j] �� �°�gD z{�QR ^`·���� ä �. @ �Q

� Fig. 13Q v�.

Fig. 13�g �� »§ v  ¢?Õ	� ¸Á <	=� time factora

aX ;� 15,450�g, @AB ¢?.y� 630-650[K]]��g aX ;

� <	=� aP� �.��.  � ��aM<� �� ��S�g ¤

)¢?+ ?Ux 630[K](Fig. 10)Q ����� k~� ­D ¤) á<

¢?h¦ �Qa H   a �u� ���� ��SD ¤)á< time

factor(= 15,450)�gD aX ;� <	=� a]� á<¢?.y(630-

650[K])�gD <	= Õ	a 1[%]R b] �u� £� ¿ � F�.

@AB ¤)D :Z:è� �["� time factora 15,450� �°HI

JKL :Z:è  � H �°� 7,610�g? 640[K] �0�g /0


) 12<	=� \Ø¾� �.7#�.

�&����Ü�§ v� %�
R Bà�] �� �°(Tf=15,450

(simul-1), Tf=7,610(simul-1))§ Bà� �°(Tf=15,450(simul-2), Tf=7,610

(simul-2))R ��, %�
R Bà�] �� �°�gD �� <	= 

Bà� �°�� Q?�G ILQ ä� ¿ � F�.  9� ¼P� '

?, /!Z, /<??, �?, ���¬Z��Ü���� á<h¦� ¸L

¼�)*+ Bà� �  : �.

3-3-2. ��ÂÃ Õ	� ¸Á �ª

d z{D å)� ��ÂÃÕ	(1-10[atm])� ¸Á CO <	=  Ö

iG Õ	"�] ¿J�B �&����Ü�§ v� %�
R Bà�

�°§ @j] �� �°�gD z{�QR ^ J̀���� ä �. @

�Q� Fig. 14§ v�.

��S �í ÂÃ�a� ¸Á CO <	=� 10SÂ�g 95.76%?]

�a"#�. .Sg mQ ò�0D UfÂÃ� êP pSÂ*+ Y�

�G :]53�. d z{�g ¿ � F� ä� ��ÂÃ  �a�� 8

�< ���0D ���Â� �a"B,  � D� mQ SÃ� Sievert

�Â a �a�. ��mQ�  �ax�.  + �´lJ $�% 'É

�*+ ��� �] i�56 �� <	=� PM5A� ä �.

�&����Ü�§ v� %�
R Bà�] �� �°(Xco(simul-

1))§ Bà� �°(Xco(simul-2))R �� %�
R Bà�] �� �°

�gD <	=  @9� �°�� Q?�G ��<	=  ILQ ä�

¿ � F�.  9�   � t� �!� ��¢? Õ	� ¸Á �� �

��� ��SD z{�Q�g ÛF� »§ v�.

Fig. 13. Effect of lumen temperature (T=630 K, P=1 atm, co-current,
Fsweep=43.6 ml/min).

Fig. 14. Effect of pressure in lumen area (T=630 K, P=1 atm, co-cur-
rent, Fsweep=43.6 ml/min).

Table 2. Simulation results (CO conversion) for the reaction test (T=630 K, P=1 atm)

Time
factor

Xeq Xeq,Dyn

Experi. Data
(A. Crscuoli)

Simul. Data (A. Criscuoli) Simul. Data (Memb.: FLUENT)
Simul. Data

(Fixed.:FLUENT)XCO
Error 
(%)

Aver. Error 1 
(%)

Aver. Error 2 
(%)

XCO
Error 
(%)

Aver. Error 1
(%)

Aver. Error 2
(%)

4,140

80.39

83.22 61.00 61.00 0.00

5.49
4.94

63.49 4.08

4.81
2.66

61.59
5,000 83.55 70.00 73.00 4.29 68.06 2.77 65.84
7,610 84.47 76.00 84.00 10.53 76.85 1.12 73.37
15,450 86.60 98.00 91.00 7.14 · 86.97 11.26 · 79.30
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3-3-3. mQ�  òaM :Z:è Õ	� ¸Á �ª

d z{D å)� mQ�  ò �0�g ��R  ò5A� N2aM

D :Z:èÕ	� ¸Á CO <	=  ÖiG Õ	"�]R ¿J��

ä �. @ �Q� Fig. 15§ v�.

z{�Q�g ¿ � Fm  mQ�  ò aMD :Z:è  �a��

8�< ��<	= �� �a��.  � mQ�  ò aMD :Z:è

  �a¾� ¸L ��R mQ�  ò �0�g  ò > ��5A� è

?R �a5AB,  � ¸L mQ�D ���Â� _�5·�.  � �

È�D ���Â R �a56 ��mQ SÃ� �a53S ­� �.

 � n ��S �íD <	= PM L� �QR ab¢�. Sd mQ

�  òaM :Z:è� 43.6[ml/min](Xco = 89.04%) �g 10÷+ �a

5· 436[ml/min](Xco = 91.85)�g pû 2.8%D <	= PM� abc�.

3-3-4. mQ�  òaM ÓÔ©ª Õ	� ¸Á �ª

d z{D å)� mQ�  òaMD ÓÔ©ª� ¸Á CO <	= 

ÖiG Õ	"�]R ¿J�B @ :Z:è  �a"#� ­ ́ 
� �

ª� p�g ¿J�� ä �. @ �Q� Fig. 16Q v�. 

mQ�  òaMD ÓÔ©ª� Y�)*+ @²§ ª²+ öo�. d

ef�g� @²(co-current: 43.6[ml/min])+ mQ�  ò aMR pà

7#� ­§ ª²(counter-current: 43.6[ml/min] & 436[ml/min])+ pà

7#� ­ � ¢?� ¸Á ��<	=� z{���.

Fig. 16�g �� »§ v  @²Y ­ �� ª²�gD ��<	= 

� ;*j ¢?a 700[K] ª² B, mQ òST :è  436[ml/min]Y

­, CO <	=  99.94%� ��Ô� ¿ � F�. D<� 100% <	=

� D<� H2D ,- � �  qÖ]] ���. @râ @²�gD �

�,-� �È�Q mQ�D ���Â  4Y� ¬ ­?] �����

£�  qÖ]G "7+ D<� <	=(100%)� st�S Öu�. ��,

ª²ÓÔ� �°  S)� 4)12<	=� 100% j,  9� Sh+

ª²�g mQ òSTD :Z:è� ¸L D<<	=� st aw��.

@AB mQ òST ÓÔ� ª²+ �. :Z� h���, @²ÓÔ�

g�� v� .y+ <	=� h� aw��� ä� ¿ � F�.

3-3-5. ���� Ëó Õ	� ¸Á �ª

d z{D å)� ����D Ëó Õ	� ¸Á CO <	=  ÖiG

Õ	"�]R ¿J�� ä �. @ �Q� Fig. 17Q v�.

Fig. 17�g �� »§ v  ����D Ëóa �a¾� ¸L CO<

	=  1 )*+ _��� ä� � � F�. @AB ����� JÆ

A V�� 8]L? ���� Ëó Õ	� ¸Á <	=� ��)Y

(Xco=87.2% �)� ¿ � F�. L, JÆA w� ����� {!��

B �.? d ef�g {!"� á<h¦�gD <	= PM� �Ü

�� a]B Fu� ���.

 9� �-� Ward[10]�g? OJ� � F�. Ward[10]� ß�Q


)*+ nLo �����gD ��mQ-4� z|æ��*j, ��=

è �çMx'(diffusion-limited flux curve)� g+ �Á ËóD nLo

����� p�g Ü��. �B �1
§ ^`���. @ �Q, �1

�g Ëó Õ	� ¸Á ����D mQ �çM� ,Tx z|Q Y


��*j, @ mQè?�Ü� ��� ÍÎ� ¶�	 �\](Ed)� ¸Ô

� �.7#�. L, Eda �a�� 8�< B�x ¢?� ¸Á �� �

� �çMa ���� �ÜËó  ��g� Õ¾�  Y����.

3-3-6. ���� ß�D ���Â

CFDD X�� ���0 �í�g YÖö� O� ��� p� �ÌR

£� ¤)ÛÜ�g ¶!8 � F�� � �. @ôg d ��g� �È

� ���� ß�Q mQ� ���� ß��gD �� �Â �ÌR �

�S ¨ � p�g ?5��*j, �� �Â�ÌD 2ÚR £� ¤)

ÛÜQ�� By� �,�.

Fig. 18� � ��S ¨ �gD ���Â� �[ y
�gD � 5

Fig. 15. Effect of sweep gas flow rate (Time factor=15,450, T=630 K,
P=1 atm, co-current, Fsweep=43.6 ml/mi).

Fig. 16. Effect of sweep gas flow direction and flow rate (Time factor
=15,450, P=1 atm).

Fig. 17. Effect of the varying thickness of Pd-Ag membrane foil to the
CO conversion (Time factor=15,450, T=630, P=1 atm, co-current,
Fsweep=43.6 ml/min).

Fig. 18. Hydrogen partial pressures on two surfaces of the membrane
(Time factor=15,450, T=630 K, P=1 atm, co-current, Fsweep=
43.6 ml/min).
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708  ������������ �!
�D 1� �Â*+ ö�� ä �.  +í( ¿ � F� {�� ��

T²5Q  z time factor� 15,450�g �� T²5Q  {� time

factor��g�� ��S ¨ � ©ª*+ ��_� �ª  Ë�9i�

� � �. @AB T²5Q  ¨�< mQ�Q �È�D ���� ß

��gD ��ÓÔ©ª� p� ���Â  vJ]j Y��]� ä�

��8 � F�.

 9� �QR £� ��<	=� ;Y � F� ¤)ÛÜQ�� �u

Q v�.

0A�B	 �� CO�  ��]B  R �� ���� ��SD ¨ 
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Fig. 19. Sievert’s pressure driving force on the catalytic membrane reac-
tor �

��

� (Time factor=15,450, T=630 K, P=1 atm, co-current, Fsweep

=43.6 ml/min).

Fig. 20. Contour of H2 partial pressure (Time factor=15,450, T=630 K,
P=1 atm, co-current, Fsweep=43.6 ml/min).

Fig. 21. Mean values of Sievert’s pressure driving force on the cata-
lytic membrane reactor (T=630 K, P=1 atm, co-current, Fsweep

=43.6 ml/min).
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