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Abstract 
 A suspension density influences thermal load in a circulating fluidized bed boiler (CFBB). This 
research studied the loop seal aeration affecting the cross-sectional average suspension density in the 
riser. The experiment in the riser had a cross-sectional area of 100 x 100 2mm  and 4500 mm  high above 
the distributor plate. A loop seal was constructed with the same cross-sectional area where the supply 
and recycle chambers were incorporated. The sand with an average diameter of 310 m  was used as the 

bed particle and a density of 2500 3/kg m . It was found that the suspension density in the dilute bed and 

dense bed zones increased with the superficial velocity within the loop seal, but it decreased along with 
the riser height. In the dense bed zone, the sensitivity of suspension density increased with the superficial 
velocity at 5 /m s and 6 /m s  but was constant at 7 /m s  and was inversely related to the superficial 
velocity. 
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1. Introduction  
 Circulating fluidized beds (CFB) are used for steam production (CFBB) in CFB boilers [22 , 7, 32, 
18] and a gasifier in CFB reactors (CFBR) [9, 33, 11, 35], which are popularly present due to many 
advantages, such as high combustion efficiency, using various fuels, and the simple structure. In addition, it 
also releases less pollution into the atmosphere (NOx and SOx) [2] compared to other generators.  
 The CFBB operates by burning fuel inside a riser to exchange thermal energy with the 
membrane water tubes installed on the inner walls. Both suspension density and solid circulation rate 
affect the heat transfer between particles and membrane tubes, so they are very essential factors for 
steam production rate.  
 The cross-sectional average suspension density, which causes by air supplied through a 
distributor plate at the bottom of a riser, decreases along with riser height [13, 14, 5, 8, 34] but slightly 
increases at the riser exit due to the influence of the reflection of particles [6], so the characteristics of 
riser exit affect the suspension density [23, 28, 4, 24]. The suspension density increases with the particle  
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size and density [12, 10] because of the influence of the solid circulation rate. In addition, the secondary 
aeration affects the suspension density along the riser height and the inflection point between the dilute 
bed zone and dense bed zone [3, 17].  
 The solid circulation rate in the CEB system is controlled by a loop seal that is a non-
mechanical valve because it can operate under high pressure and temperature and has an uncomplicated 
structure. A loop seal consists of a supply chamber and a recycle chamber, and it operates by the air 
supplied through a distributor plate at both chambers to drive solid particles from the return leg toward 
the riser [19]. The supply chamber connected to a return leg has a higher pressure than the recycle 
chamber connected to a riser because the solid particles accumulate in the supply chamber more 
amount than [1], so solid particles can continually move from a return leg through a loop seal toward a 
riser. The solid particles inside the loop seal behave like fluids, that are called fluidization behavior [27].  
 The air supplied on the loop seal drives the solid particles into a riser, so the solid circulation 
rate increases with the superficial velocity and air flow rate in the loop seal [30, 21]. The loop seal 
structures and the characteristic aerations also affect the solid circulation rate [20, 31, 26] because of the 
influence of the moving pattern of the solid particles inside the loop seal. The particle inertia resists the 
movement of solid particles in the CFB system [29], so the solid circulation rate decreases with the size 
and density of solid particles that increase. In addition, the solid circulation rate also increases with the 
bed inventory [25] because the solid particles circulate more in the system.  
 However, the heat transfer between the solid particles and the membrane water tubes in the 
riser increases with the cross-sectional average suspension density and the solid circulation rate. 
Therefore, air supplied on the loop seal affects the suspension density in the riser due to the influence of 
the solid circulation rate. This research studied the loop seal aerations affecting the cross-sectional 
average suspension density at the dense bed zone in the riser. 
 
2. Experimental setup 
 This research experimented with a circulating fluidized bed system, as shown in Fig. 1, in which 
the riser had a cross-sectional area of 100 x 100 2mm  and 4500 mm  high above the distributor plate. 
The solid particles inside the riser are carried by air supplied through a distributor plate to rise and  
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Fig. 1. Arrangement of this experimental apparatus. 

 
 distribute along with the riser height, in which the solid particles that leave the riser exit are 
trapped by the cyclone to fall toward the return leg and move into the loop seal. The ten pressure taps, 
which had an equal distance of 500 mm , were installed on the riser wall to find the suspension density 
on the riser. 
 The air supplied on the loop seal drives the solid particles from the return leg into the riser to 
continually circulate. Thus, the loop seal is a valve that controls a solid circulation rate in the CFB system. 
This experiment used the U-type loop seal that consisted of the supply chamber and the recycle 
chamber as 100 x 100 2mm ,  in which both chambers were connected by the horizontal passage as 100 
x 100 2mm  and 50 mm  lengths, as shown in Fig. 2. The pressure taps were installed on the wall of the 
recycle chamber located at 150 mm  and 450 mm  above the distributor plate. 
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Fig. 2. Loop-seal detail in this experiment. 
 
 The solid circulation rate ( sG ) is measured by opening and closing the butterfly valve installed 

inside a clear acrylic pipe to count the time of accumulative particles [15]. The acrylic pipe, which had a 
diameter of 1 inch, 500 mm  lengths, and a volumetric scale, was installed above the return leg, as shown 
in Fig. 1. The acrylic pipe in this experiment, which was the solid particles measuring section, had a small 
size because can collect the data accurately. 
    In this experiment, the superficial velocity ( gU ), which is the fast fluidized bed behavior of the 

solid particle inside the riser, was varied as 5 m s  - 7 m s . The superficial velocity within the loop seal 

(U ) in terms of the minimum fluidization velocity ( mfU ) ratio or the fluidization number ( / mfU U ) was 

tested in the range 3.12 – 6.53. The bed inventory ( M ) was kept at 50 kg  through the experiment. Sand, 

Geldart’s group B, having an average diameter ( pd ) of 315 m , density ( p ) of 2500 3/kg m , and 

minimum fluidization velocity (
mfU ) of 0.078 m s , was used as the bed particle. Each experimented case 

was repeated three times to find the average before analyzing the data for the accuracy of the results.      
 
3. Theoretical analysis 
      The cross-sectional average suspension density in the riser ( s ), which neglects the acceleration 

of solid particles and the effect of friction on the riser wall, can be estimated by the following Eq. (1).    
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 The superficial velocity within the riser (
gU ) , which is controlled by adjusting the bypass by 

valves installed at the air supply pipes, can calculate by the following Eq. (2) and Eq. (3). An air velocity is 
measured by a Pitot tube with a water manometer. The superficial velocity within the loop seal (U ) can 
find by the same method.    
 

           2 w
a

a

g h
v






=                                                           (2) 

     p a r gA v A U=                                                     (3) 

 
4. Results and discussion 
 The air supplied on a loop seal, which is a significant factor, drives solid particles from a return 
leg toward a riser. It is found that the solid circulation rate ( sG ) obtained from this research agrees with 

other researchers, and it increases with the fluidization number ( / mfU U ), as shown in Fig. 3. In addition, air 

supplied on the riser or the superficial velocity within a riser (
gU ) carries solid particles to rise in a riser 

height, so the solid circulation rate ( sG ) increases with the superficial velocity in a riser (
gU ), as shown in 

Fig. 4.    
 Air supplied through a distributor plate causes the fluidization behavior for solid particles inside 
the chamber, in which the pressure drop is constant. Thus, pressure drop in the recycle chamber ( rP ) 

stably trends with the fluidization number ( / mfU U ) and superficial velocity in a riser (
gU ) that increase, as 

shown in Fig. 5.   
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Fig. 3. Comparison of the solid circulation rate ( sG ). 
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Fig. 4. Effect of the fluidization number ( / mfU U ) on the solid circulation rate ( sG ). 

 
 The superficial velocity in the riser (

gU ) strongly influences the distribution of solid particles at 

the lower of the riser. Thus, the cross-sectional average suspension density ( s ) decreases with the riser 

height ( H ) and is divided into two zones clearly, which have a dilute bed and dense bed at the upper 
and lower inflection point, respectively, as shown in Fig. 6(a) – Fig. 6(c). The cross-sectional average 
suspension density ( s ) increases with the fluidization number ( / mfU U ) because the increasing loop seal 

aeration drives solid particles toward the riser with a large amount. However, the air increasingly supplied 
in a riser carries solid particles out of a riser with a large amount, so the cross-sectional average 
suspension density ( s ) decreases with the increasing superficial velocity (

gU ).  
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Fig. 5. Effect of the fluidization number ( / mfU U ) on the pressure drop on the recycle chamber ( rP ). 
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 Considering the dense bed zone in Fig. 6(a) – Fig. 6(c), the sensitivity of suspension density 
( sH  )  is defined by the riser height ( H ) in terms of the cross-sectional average suspension density ( s ) 

ratio. It was found that the sensitivity of suspension density ( sH  ) increases with the fluidization number 

( / mfU U ) for the superficial velocity (
gU ) as 5  /m s  and 6 /m s , as shown in Fig. 7 because the particle 

accumulation in the bottom of the riser increases with the increasing loop seal aeration.  
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Fig. 6 (a). Effect of the cross-sectional average suspension density ( s ) along the riser height ( H ) on the 

fluidization number ( / mfU U ) for the superficial velocity (
gU ) as 5 /m s . 
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Fig. 6 (b). Effect of the cross-sectional average suspension density ( s ) along the riser height ( H ) on the 

fluidization number ( / mfU U ) for the superficial velocity (
gU ) as 6 /m s . 
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Fig. 6 (c). Effect of the cross-sectional average suspension density ( s ) along the riser height ( H ) on the 

fluidization number ( / mfU U ) for the superficial velocity (
gU ) as 7 /m s . 

 
 However, the high superficial velocity (

gU )  that is fast enough can carry solid particles that 

accumulate in the riser bottom to rise along with the riser height and out of the riser quickly. Thus, the 
sensitivity of suspension density ( sH  ) constantly tends with the superficial velocity (

gU ) as 7 /m s . For 

the same reason, the sensitivity of suspension density ( sH  )  has the most value with the superficial 

velocity (
gU ) as 5 /m s , as shown in Fig. 7. In this experiment, the sensitivity of suspension density ( sH  ) 

had the coefficient of determinations (R2) as 0.82- 0.87.  
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Fig. 7. Effect of the fluidization number ( / mfU U ) on the sensitivity of suspension density ( sH  ). 
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5. Conclusion 
 The solid circulation rate ( sG ) increased with the fluidization number ( / mfU U ) and the superficial 

velocity in a riser (
gU ). Both the fluidization number ( / mfU U ) and the superficial velocity in a riser (

gU ) did 

not affect the pressure drop in the recycle chamber ( rP ). The cross-sectional average suspension density 

( s ) increased with the fluidization number ( / mfU U ), and it decreased with the riser height ( H ), which had 

the dilute bed at the upper and the dense bed at the lower inflection point. The sensitivity of suspension 
density ( sH  )  was inversely related to the superficial velocity (

gU )  and increased with the increasing 

fluidization number ( / mfU U ) for a superficial velocity (
gU ) as 5 /m s  and 6 /m s  but was constant with 

the high superficial velocity (
gU ) as 7 /m s . 

 The obtained information from this experiment can use to design the membrane water tubes 
installed on the inner walls of a riser and the immersed tubes inside the riser bottom to control thermal 
load in the CFB system. 
 Nomenclature 

pA    cross-sectional area of the pipe [ 2m ] 

rA    cross-sectional area of the riser [ 2m ] 

pd    average particle diameter [ m ] 

SG    solid circulation rate [ 2kg m s ] 

g    gravity acceleration [ 2m s ] 

H    riser height [ m ] 
H   distance of pressure taps on the riser [ m ] 

sH    sensitivity of suspension density [ 3/ ( )m kg m ] 

h    water level in the manometer [ m ] 
M    bed inventory [ kg ] 

RP   pressure drop in the riser [ Pa ] 

rP   pressure drop in the recycle chamber [ Pa ] 

U    superficial velocity within the loop seal [ m s ] 

gU    superficial velocity within the riser [ m s ] 

/ mfU U  fluidization number within the loop seal [ − ] 

mfU   minimum fluidization velocity [ m s ] 

av    air velocity [ m s ] 

a    air density [ 3kg m ] 

p   particle density [ 3kg m ] 
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s    cross-sectional average suspension density [ 3kg m ] 

w    water density [ 3kg m ] 

 
6. References  
A. Chinsuwan, J. Somjun. (2020). An investigation of performance of a conventional U type loop-seal 

for CFB reactors with side and bottom aerations. Chemical Engineering Research and Design. 
163: 58 – 66. 

Afsin Gungor, Nurdil Eskin. (2008). Effects of operational parameters on emission performance and 
combustion efficiency in small-scale CFBCs. Journal of the Chinese Institute of Chemical 
Engineers. 39: 541–556. 

Antonio Marzocchella, Umberto Arena. (1996).  Hydrodynamics of a circulating fluidized bed operated 
with different secondary air injection devices. Powder Technology. 87: 185-191. 

A. T. Harris, J. F. Davidson, R. B. Thorpe. (2003). The influence of the riser exit on the particle residence 
time distribution in a circulating fluidized bed riser. Chemical Engineering  

Aijie Yan, J.H. Parssinen, Jing-Xu Zhu. (2003). Flow properties in the entrance and exit regions of a high-
flux circulating fluidized bed riser. Powder Technology. 13: 256 – 263. 

Benjapon Chalermsinsuwana, Prapan Kuchontharaa, Pornpote Piumsomboona. (2010). CFD modeling  of 
tapered circulating fluidized bed reactor risers: Hydrodynamic descriptions and chemical 
reaction responses. Chemical Engineering and Processing. 49: 1144–1160. 

B. Xiong, X. Lu, R.S. Amano, H. Liu. (2010). Gas–solid flow in an integrated external heat exchanger for 
CFB boiler. Powder Technol. 202: 55 – 61.                              

David Pallares, Filip Johnsson. (2006).  Macroscopic modelling of fluid dynamics in large-scale 
circulating fluidized beds. Progress in Energy and Combustion Science. 32: 539 – 569. 

Guoqing Guana, Chihiro Fushimi, Atsushi Tsutsumi, Masanori Ishizukaa, Satoru Matsuda, Hiroyuki Hatano, 
Yoshizo Suzuki. (2010). High-density circulating fluidized bed gasifier for advanced 
IGCC/IGFC- Advantages and challenges. Particuology. 8: 602–606. 

Huili Zhang, Jan Degrève, Jan Baeyens, Raf Dewil. (2015). The voidage in a CFB riser as function of solids 
flux and gas velocity. Procedia Engineering. 102: 1112 – 1122. 

I. Petersen, J. Werther. (2005). Three-dimensional modeling of a circulating fluidized bed gasifier for 
sewage sludge. Chemical Engineering Science. 60: 4469 – 4484. 

Jeong-Hoo Choi, Joon-Min Suh, In-Yong Chang, Do-Won Shun, Chang-Keun Yi, Jae-Ek Son, Sang-Done Kim. 
(2001). The effect of fine particles on elutriation of coarse particles in a gas fluidized bed. 
Powder Technology. 121: 190–194. 

J.H. Kim, K. Shakourzadeh. (2000). Analysis and modelling of solid flow in a closed loop circulating 
fluidized bed with secondary air injection. Powder Technol. 111: 179 – 185. 

 



วารสารวิทยาลยับัณฑติเอเซยี 
 

____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

ปีท่ี 12 ฉบับท่ี 3 กรกฎาคม - กันยายน 2565 

   

215 

Johan SterneHus, Filip Johnsson, Bo Leckner. (2000). Gas mixing in circulating fluidized-bed risers. 
Chemical Engineering Science. 55: 129-148. 

J. Somjun, A. Chinsuwan. (2018). Effect of transverse rib on heat transfer between circulating fluidized 
bed and membrane fins of water wall membrane tubes. Power Technol. 332: 178 -187.     

L. Cheng, P. Basu. (1999). Effect of pressure on loop seal operation for a pressurized circulating 
fluidized bed. Powder Technol. 103: 203 – 211. 

M. KOKSAL, F. HAMDULLAHPUR. (2004). Gas Mixing in Circulating Fluidized Beds with Secondary Air 
Injection. Chemical Engineering Research and Design. 82: 979–992. 

P. Basu, J. Butler. (2009). Studies on the operation of loop-seal in circulating fluidized bed boilers. 
Applied Energy. 86: 1723 – 1731. 

P. Basu, L. Cheng. (2000). An Analysis of Loop Seal Operations in a Circulating Fluidized Bed. 
Institution of Chemical Engineers. 78: 991 – 998.                                                                                         

P. Basu., M. Chandel., J. Butler., A. Dutta. (2009). An Investigation Into the Operation of the Twin-Exit 
Loop-Seal of a Circulating Fluidized Bed Boiler in a Thermal Power Plant and Its  Design 
Implication. Journal of Energy Resources Technol. 131: 041401-1 – 041401-8.  

P. Wang, L. Junfu, X. Wenchong, Y. Hairui, Z. Man. (2014). Impact of loop seal structure on gas solid flow 
in a CFB system. Powder Technol. 246: 177 – 183. 

Q. Wang, Z. Luo, M. Fang, M. Ni, K. Cen. (2003). Development of a new external heat exchanger for a 
circulating fluidized bed boiler. Chemical Engineering and Processing. 42: 327 – 335.  

R. Mabrouk, J. Chaouki, C. Guy. (2008). Exit effect on hydrodynamics of the internal circulating 
fluidized bed riser. Powder Technology. 182: 406–414. 

Ruiqing Zhang, Hairui Yang, Yuxin Wu, Hai Zhang, Junfu Lu. (2013). Experimental study of exit effect on 
gas–solid flow and heat transfer inside CFB risers. Experimental Thermal and Fluid Science. 
51: 291–296. 

S.W. Kim, S.D. Kim. (2002). Effects of particle properties on solids recycle in loop-seal of a circulating 
fluidized bed. Powder Technol. 124: 6 – 84. 

S.W. Kim., S.D. Kim, D.H. Lee. (2002). Pressure Balance Model for Circulating Fluidized Beds with a 
Loop-seal. Industrial and Engineering Chemistry. 41: 4949 – 4956. 

S. Yang, H. Yang, H. Zhang, J. Li, G. Yue. (2009). Impact of operating conditions on the performance of 
the external loop in a CFB reactor. Chemical Engineering and Processing. 48: 921 – 926. 

Ulrike Lackermeier, Joachim Werther. (2002). Flow phenomena in the exit zone of a circulating  
fluidized bed. Chemical Engineering and Processing. 41: 771 – 783. Science. 58: 3669 – 3680. 

W. Namkung, M. Cho. (2002). Loop-seal Operation of Iron Ore Particles in Pneumatic Conveying. 
Korean J. Chem. Eng. 19: 1066 – 1071. 

W. Peining, Y. Xuan, Y. Hairui, Z. Man. (2014). Impact of particle properties on gas solid flow in the 
whole circulating fluidized bed system. Powder Technol. 267: 193 – 200. 



วารสารวิทยาลยับัณฑติเอเซยี 
 

_____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________ 

ปีท่ี 12 ฉบับท่ี 3 กรกฎาคม - กันยายน 2565 

 

216 

X. Han, Z. Cui, X. Jiang, J. Liu. (2007). Regulating characteristics of loop seal in a 65 t/h oil shale-fired 
circulating fluidized bed boiler. Powder Technol. 178: 114 – 118. 

X. Ji, X. Lu, X. Xue, H. He, Q. Wang, J. Li. (2012) . Development on a small scale industrial CFB boiler 
with an evaporating loop seal. Applied Thermal Engineering. 36: 464 – 471.                                                                                   

Y.S. Hong, K.S. Kang, C.S. Park, S.D. Kim, J.W. Bae, J.W. Nam, Y. Lee, D.H. Lee. (2013).  Solid mass flux in a 
chemical looping process for hydrogen production in a multistage circulating moving bed 
reactor. Hydrogen Energy. 38: 6052 – 6058. 

Yuegui Zhou, Jun Peng, Xian Zhu, Mingchuan Zhang. (2011). Hydrodynamics of gas–solid flow in the 
circulating fluidized bed reactor for dry flue gas desulfurization. Powder Technology. 205: 
208 – 216. 

Zhao-qiu Zhou, Long-long Ma, Xiu-li Yin, Chuang-zhi Wu, Li-cheng Huang, Chu Wang. (2009). Study on 
biomass circulation and gasification performance in a clapboard-type internal circulating 
fluidized bed gasifier. Biotechnology Advances. 27: 612–615. 

 


