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Abstract − Effects of liquid viscosity on the solid holdup and heat transfer coefficient have been investigated in the riser

of a liquid-solid circulating fluidized beds, whose diameter is 0.102 m and 3.5 m in height. Glass beads (dp=1.0, 1.7, 2.1

or 3.0 mm) whose density is 2,500 kg/m3 and aqueous solutions of carboxymethy cellulose (CMC)(µL=0.96-38 mPas) have

been used as the solid and liquid phase, respectively. It has been found that the solid holdup decreases with increasing liquid

velocity or viscosity, but it increases with increasing solid particle size or solid circulation rate. The heat transfer coefficient

decreases with increasing liquid viscosity but it increases with increasing particle size or solid circulation rate, however, it

does not change considerablely with increasing liquid velocity. The solid holdup and heat transfer coefficient have been well

correlated in terms of operating variables or dimensionless groups as fellow:

Key words: Liquid-Solid, Circulating Fluidized Bed, Viscous Liquid Medium, Solid Holdup, Heat Transfer Coefficient
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��-�� ��� ��	
 ��
 � ���
 ��� ����, �

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

* ��	, �+,- ./0 �12 34 ��� 56 � 7., 89, :

; � <.=6> ?@ABC D6 E1F� GH �I J2 KL MN

� OPFH Q� GR[1-2]. STU ��-�� ���L ��� �V!

����WX� YZV[ �\I] ^_`a �
 2b0 �/� GR.

"# $%&, �c d1�e Ef� gHO �� �*WX� MVd1

! h`]
 �*WX� ij! h2 �*WX� ik-� l.A�&

m . GR. �n oL p�Aq ��-�� ���� rs! tu�	

h�e ��WX� YZV[tR  L ���VBC v���, ��A

BC �*U 89wC d1F
 �� ��WX0 ij�	 h`] �

�-�� k-���I J2 MN� xy z\·{ABC E|} OPF

� GR[3-6]. 	~� �k- ��-�� ���� �,��, ��-��

k-���L  L ���V ��I] ^_F	 ��I rh��� r

h ��	I] =6F
 ����U j��� 1�! �	ABC ��

�� . GB�, ��	� ��I ��] �� �p2 ����! �/

	 ��I ��Aq �� �� ����! �|�� F�, 3} |��

�� ��� k-L �I�/0 ��	 \I] *� ��ABC w�

��
 �m! �e ��	 \� �4f! �/2R
 >� �s! �

/� GR[3-11].

p�Aq ��-�� ���� .��Aq 3f� �
��I �2 M

N
 �i�/ K� OPFH �BU, ��-�� k-���� .��

A 3f� �T2 3f� � � �
��I c¡
 ¢£I J2 MN


 z\·{ABC ¤} c82 ¥4�R. ¦&] § MNI]
 sf�

� ��-�� k-���I] ���V S6� ��k-V[, �� W

X� ¨	 � �� s[� �� ��WX� ���� ��
b.I c

¡
 ¢£! �©�ªR.

2. � �

§ MN� ¥«I d12 ��-�� k-��� �¡
 Fig. 1I] t


 ¬n o� �­�BC ®¯� 0.102 m��  �� 3.5 mq $¨°

�! d1�ªR. MV�� 5�±L R?± ²�0 d1�ªB�, ®

¯ 3 mm� N³! ´µ¶¡C �p�� ·¡�ªR. MV�q ��C


 �+� �� carboxymethy cellulose (CMC)� .1�! d1�ª�,

�� WXC
 ®¯� 1 mm, 1.7 mm, 2.1 mm, 3 mm�� ¸[�

2,500 kg/m3q �6N¹! d1�ªR. § MNI d12 ��� �f

L Table 1I Uº\»R.

��-�� k-��� �¡
 ��WX0 �� �e �¼��
 �

­½n ��-�� 56½ S6� �­�BC½¾ �¼¿ ��WX0 p

4� R� �­�I ÀW��
 ��WX k-½C NfFH GR

[3, 4, 12]. ��WX k-½� �½n Á�I p4�� ��0 ÀW�e

�­�BC R� �WF
 ��� Â! ̂ Ã�ª� k-F
 ��� Â

L butter fly valve0 �1�e Á4�ªR. § MNI] d12 ��k

- V[
 2-8 kg/m2·s �»R. ��-�� k-���� �­�I] �

���WX� ���L ��WX� �� ��� u�} |
¿ /s

q ��WX� k- ÄWNI] 1.5 m�  �I] ÅÆ£BC 0.5 m g

HO Ç /s� È�É0 4���I] Á4�e Ê (1)� (2)I �`

N�ªR.

(1)

(2)

��-�� k-��� �­½I]� È�É Á4L È�Ë] (coppel

electronnics)! d1�e È�É Ì�! Á4�� �� XÍ� ��I

¦Î Ï�Ð! ÑH È�ÉC Ò4�ªR[3, 11].

��
b. Á4 ¥«! h` �­�� ÓÔI ÕÖ6/ ²�� .®

�×! ��� �­� ÓÔ� �� 5�±hI Ø¡�ªR. ��� �

­� \½I]� +[n �×Ù�� +[Á4L Iron-constantan J-type

εS εL+ 1.0=

P∆
L

-------– εSρS εLρL+( )g=

Fig. 1. Experimental apparatus.
1. Riser 11. Low-pass filter 
2. Dower comer 12. A/D convertor
3. Hopper 13. Computer
4. L/S separator 14. Distributor
5. Pressure tap 15. Liquid reservoir
6. Butterfly valve 16. Punp
7. Control valve 17. Power supply
8. Flowmeter 18. Temperature indicator
9. Resistivity probe 19. Heater
10. Amplifier 20. Thermocouple

Table 1. Physical and reological properties of liquid phase

           Property
            Liquid

Dynamic viscosity
(Pa·s×103)

Surface tension
(mN/m)

Density
(kg/m3)

K×103

(Pa·sn)
n

Diffusivity
(cm2/s)

water 0.961 72.9 1,000 0.1×10-5 1 2.22×10−5

CMC 0.1 wt% 11 73.2 1,001 21.69 0.882 0.48×10−5

CMC 0.2 wt% 24 73.3 1,002 43.82 0.847 0.26×10−5

CMC 0.3 wt% 38 73.6 1,003 71.69 0.825 0.19×10−5
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� ��J0 d1�ª�, ��-�� k-���� �­�I] \½�×

� ����� ��
b.
 �×I �`O ��(Q), �×Ù�� ��

��� Ï� +[É ∆T0 N�e] Ê (3)I �` N�ªR.

(3)

�­� \½I .®BC Ø¡¿ �×I �`/
 ��(Q)L �È!

^Ãm . G
 power supplyI �` p4�� �/F[Ú �ªB�,

���� �­� \½� +[
 ��� bulk¢�� +[0 Á4�e d

1�ª
Û, S /sL �×! ÓÜBC ��� k- ÄWNI]½¾

ÅÆ£BC 1, 1.5, 2 S6� 2.5 m� 4/s! Ý4�e µ /s+[�

Ï�Ð! ��� \½+[C �ªR[4].

3. �� 	 
�

��-�� k-���� �­�I] ���� ~i�
 ��WX


�*, 89w, 8.w, �9w, ��� >BC d1Þ . GBßC ��

� ���L ��-�� k-��� ��	� fà� 1�I ®�Aq

¢£! cá " # $%& ��	 \½I] ��
�U ���
 > �


��I[ ¨� ¢£! c¡ßC �� ��WX� ���! Á4�ª

R. ��-�� k-���� �­�I] MV�q ��� �V� ��

��WX� ���I c¡
 ¢£! Fig. 2I Uº\»R. � SâI]

ã . Gä� �­�I] ��WX� ���L ��� �V� ��å

I ¦& æ� çè�
 é! ê . GBU, ��WX� k-F/ ë


p�Aq ��-�� ���I]
 ��WX� ���� ���V� �

�I ¦& ¨� çè�
 ��� J^A�& m . GR[13-16]. ��-

�� k-���I]
 ���� WX� �­�� k- ÄW½I] r

h��� p4� ÄWF	 ��I ���V� ���e[ �����

� ¨� çè�/ ë
 é! ê . GR.

��-�� k-���� �­�I] ��WX� ¨	� ��WX�

���I c¡
 ¢£! Fig. 3I Uº\»R. � SâI] ã . Gä

� �� ���L ��WX� ¨	� ��åI ¦& ���
 ¯£!

Uº\»R. �� ��WX� ̈ 	� ��åI ¦& ��WX� xè�

� V[ (Ut)� ���	 ��I oL ���V� ^ìI] ��WX

� ¨	I ¦Î ���! �,�	 Hí�ßC �� ��WX� ��

��� �d2 ¯�I WX¨	� �� ���I c¡
 ¢£! îï

��X (UL-Ut)� �d2 ^ìI] S ¢£! Uº\»R. Fig. 3I]

ã . Gä� �� WX� ¨	� ��åI ¦& ��WXI _1�


Ó�I �2 ð� ���ßC �d2 ��  ^ìI] ���� WX

� ���L ��2R� m . GR.

��-�� k-���� �­�I] ��WX� k-V[� ��WX

� ���I c¡
 ¢£! Fig. 4I Uº\»R. ��k-½C½¾ r

h��� �­�I ÄWF
 �� ��WX� Â� ��åI ¦& �

­�� �� ���L ���
 éBC Øñm . GR. sf��C �

� F
 ��-�� k-���I] ��� s[� ��WX� ���

I c¡
 ¢£! Fig. 5I Uº\»R. � SâI] ã . Gä� �­

�I] ��� ���L ��� s[� ��åI ¦& æ� çè�


¯£! Uº\»R. STU � çè¯£L ��� k-�/ ë
 p�

Aq ��-�� k-���I] ��� s[� ��åI ¦& çè�


¯£I ��e *� _� UºòR. �óô sf��0 d12 ��-�

� k-���� �­�I] �� ��WX� ���L § MN� ¥

«õh\I] Ê (4)n o� ¥«�.� ��ÊBC Uºö . G»R. 

(4)

h Q

A T∆⋅
--------------=

εS 0.783UL
0.100– GS

0.164dp
0.302µL

0.036–
=

Fig. 2. Effects of liquid velocity on the solid holdup in the riser of liq-
uid-solid circulating fluidized beds (Gs=2 kg/m2s, µµµµL=0.024 Pa.s).

Fig. 3. Effects of particle diameter on the solid holdup in the riser of liq-
uid-solid circulating fluidized beds (Gs=2 kg/m2s, µµµµL=0.024 Pa.s).

Fig. 4. Effects of solid circulation rate on the solid holdup in the riser of
liquid-solid circulating fluidized beds (UL=0.24 m/s, dP=1.7 mm).
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Ê (4)� ��b.
 0.95C Fig. 6I] ã . Gä� ¥«Ò�n ÷

ø
 é! ê . GR. Ê (4)� A1õh
 0.17 m/sùULù0.42 m/s, 2

kg/m2sùGSù8 kg/m2s, 1ú10−3 mùdpù3ú10−3 m, 0.96ú10−3 Pa.sù

µLù38ú10−3 Pa.s �»R.

�óô sf��0 d12 ��-�� k-���� �­�I] \½

.®�×� �­��� ûü��
b.0 �� WX� ¨	ýC ��

� s[� � åI ¦& Fig. 7-8I Uº\»R. Fig. 7-8I] ã . G

ä�, �� ��WX� ¨	� 1.0-3.0 mm õhI] þÿ ¯�I ��

� s[� ��åI ¦& ��
b.
 çè�
 é! ê . GR. �


 ��� s[� ��åI ¦& �­� \½I] �­�
 �� WX

� ����� � F	 ��BC `�m . GR. ��-�� ���I

] ��WX
 ����] �­�
 �� f5�� \½�×� ��!

��] ����! �|�e ��
b.0 ����
 _1! �
 é

BC t� F� GR[1, 13-15]. "# $%&, �Ó��
 þ�[14, 15]I

���, ��� \½I ~i�
 .®�×� ÀhI sf��I �2

¯b�(boundary layer)� ²fF
Û � ¯b�� Ç�� ��� s[

� ��åI ¦& ���� FH �×Ù�I]� ��
! ¨� ��

�� ��� s[� ��åI ¦& ��
b.
 çè2R� m . G

R. �2, �� SâI] ã . Gä�, �­�I] ��
b.
 þÿ

¯� ��WX� k-V[(GS)� ��åI ¦& ���
 é! ê .

GR. �
 	I] Øñ�ªä� ��WX� k-V[� ��åI ¦&

�­� \½� �� ���� ���� FH(Fig. 4) \½�×� ��

WX�� ����! ���� ��
 ��� ��F	 ��BC `�

m . GR. ��-�� k-���I] ���V� ��
b.I c¡


 ¢£L Fig. 9I Uº\»R. Fig. 9I] t
 ¬n o�, �­�I]

Fig. 5. Effects of liquid viscosity on the solid holdup in the riser of liq-
uid-solid circulating fluidized beds (UL=0.4 m/s, dP=3 mm).

Fig. 6. Comparison of solid holdup between the experimental and the
calculated values in liquid-solid circulating fluidized beds.

Fig. 7. Effects of liquid viscosity on the heat transfer coeffocient in the
riser of liquid-solid circulating fluidized beds.

Fig. 8. Effects of liquid viscosity on the heat transfer coeffocient in the
riser of liquid-solid circulating fluidized beds.
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���V� ��
 \½�×� ����� ��
b.I ¨� ¢£!

c¡/ 
�
 é! ê . GR. �, Fig. 2I] ã . Gä� �­�I

] ���V� �V� ���� ��WX� ���L æ� çè�/#,

���V� ��I ¦& �­� \½I] �|F
 �� (turbulence)

��[ ���� F
Û � ����� ��
 \½�×� �����

��
 ��0 ����� FßC sf�� �V� ��I ¦& ��


I ]C ��F
 ��0 Uº\
 Ç Ìè� ��I ��
b.


¨� � �/ ë
R� Øñm . GR. ��-�� k-���� �­

�I] ��WX� ¨	� ûü ��
b.I c¡
 ¢£[ Fig. 9I

] �
� ã . G
Û, þÿ ¯�I ��WX� ¨	� ��åI ¦

& ��
b.ÐL ���
 é! ê . GR. ��WX� k-F/ ë


 p� ��-�� ���I][ �n oL ��L �d�� UºU


Û[1, 2, 13, 15, 17], �
 �� ��WX� ¨	� ��åI ¦& ��

�
 ��WX� �f� (inertia force)� ���� FH ��WX� �

�ABC �×� ���e �×ÀhI ²f¿ ¯b� (boundary layer)

� Ç�0 �� ̀ À	 ��I ��
b.� ��2R� Øñm . GR.

§ MN� ¥«õhI] �­�I]� ��
b.
 ¥«�.�� �

�ÊBC Ê (5)n o� Uºö . G
Û � Ê� ��b.
 0.95 �

»R. Ê (5)� A1õh
 0.17 m/sùULù0.42 m/s, 2 kg/m2sùGSù8

kg/m2s, 1ú10−3 mùdpù3ú10−3 m, 0.96ú10−3 Pa.sùµLù38ú10−3

Pa.s �»R.

(5)

�2, ��
b.
 ¥«�.�� �É×�BC Ê (6)� o� Uºö

. G
Û Ê (6)L ��b.� 0.99C Fig. 10I] t
 ¬n o� ¥

«Ò�n ÷ p¡�
 é! ê . GR.

(6)

Ê (6)� A1õh
 6.62ùCPµL/kLù167.72, 38.96ùGS/ULρSù3484.69,

0.02ùdp/Dù0.03 �»R.

 

4. � �

(1) sf��0 d12 ��-�� k-���� �­�I] �� ��

�L ��� �V� s[� ��åI ¦& çè�ªBU, ��WX� k-

�/ ë
 p� ��-�� ���I ��e ��� �V� ��åI ¦

& ��WX� ���L ¨� çè�/ ë�R. �­�I] �� ��

�L ��WX� ¨	n WX� k-V[� ��åI ¦& ���ªB

�, �­�I] �� ���L R�� o� ¥«�.�� ��ÊBC

Uºö . G»R. � ��Ê� A1õh
 0.17 m/sùULù0.42 m/s, 2

kg/m2sùGSù8 kg/m2s, 1ú10−3 mùdpù3ú10−3 m, 0.96ú10−3 Pa.sù

µLù38ú10−3 Pa.s �»R.

(2) sf�� ��-�� k-���� �­�I] \½ .®�×� û

ü��
b.
 �� WX� ¨	n ��k-V[� ��åI ¦& �

��ªB� ��� s[� ��åI ¦& çè�ªBU ���V� �

�åI ¦&]
 ¨� � �/ ë�R. �­�I]� ��
b.
 R

�� o� ¥«�.n �É×�� ��ÊBC Uºö . G»B�, A

1õh
 6.62ùCPµL/kLù167.72, 38.96ùGS/ULρSù3484.69, 0.02ùdp/D

ù0.03 �»R.

� 


§ MN
 2z��ir� MN�/× (R01-2002-000-00337-0)BC

.PF»B� � irI çd��%R.


���

A : surface area of heater [m2]

Cp : specific heat [J/kgK]

D : column diameter [m]

dp : particle size [mm]

GS : solid circulation rate [kg/m2s]

g : gravity acceleration [m/s2]

h : heat transfer coefficient [W/m2K]

h 4349.3UL
0.010GS

0.099dp
0.151µL

0.015–
=

hdp

kL

-------- 
  1259

cpµL

kL

----------- 
  0.018– GS

ULρS

------------ 
 0.078 dp

D
----- 

 
1.229

=

εS 0.783UL
0.100– GS

0.164dp
0.302µL

0.036–
=

h 4349.3UL
0.010GS

0.099dp
0.151µL

0.015–
=

hdp

kL

-------- 
  1259

cpµL

kL

----------- 
  0.018– GS

ULρS

------------ 
 0.078 dp

D
----- 

 
1.229

=

Fig. 9. Effects of UL on the heat transfer coefficient in the riser of liq-
uid-solid circulating fluidized beds (µµµµL=0.024 Pa.s, Gs=4 kg/m2s). 

Fig. 10. Comparison of heat transfer coefficient between the experi-
mental and calculated values in liquid-solid circulating fluid-
ized beds.
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 sta-

ar-

-

T.,

-

-

d

o,

-

to-

t-

 of

ee-

eat

d

nd

at
kL : thermal conductivity of liquid phase [W/mK]

L : bed height [m] 

Nu : Nusselt number [−], hdP/KL

∆P : pressure drop [Pa]

Q : heat flow rate [W]

∆T : temperature difference [K]

UL : liquid velocity [m/s]

Ut : minimum fluidizing velocity of particle [m/s]

���� ��

ε : phase holdup [−]

µ : liquid viscosity [Pa.s]

ρ : density [kg/m3]

��	�

L : liquid phase

S : solid phase
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