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Abstract 

A cold-state spouted bed for oil shale semi-coke was designed and set up. The effect of different static bed height and 
particle size on the spouting pressure drop was studied. The results indicated that the spouted bed drop increased with 
increasing of static bed height and increasing of particle size at the same superficial air velocity. The experiential 
correlation equation of the minimum spouting velocity proposed by Mathur and Gishler was quoted for calculation 
with a correlation coefficient 0.983. The values obtained were in good agreement with the experimental data. 
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1. Introduction 

Oil shale, as a sedimentary rock, can generate shale oil and other pyrolysis products including dry 
distillation gas, semi-coke and shale ash after pyrolyzed. Shale oil has similar properties to the petroleum 
which can produce product oil by subsequent processing and also be used directly as fuel oil. The dry 
distillation gas is able to provide heat required for pyrolysis itself and a part of surplus dry distillation gas 
is utilized as by-product. The shale ash can be filled mines and be applied to make Building Materials like 
cement, brick, ceramisite, etc [1]. Oil shale is used as an auxiliary energy source of petroleum and most 
used for combustion for electric power generation and refining shale oil by retorting in industry [2-4]. 
Semi-coke of oil shale can be directly combusted to generate power, and the shale ash left is an ideal heat 
carrier for oil shale retort. Oil shale semi-coke owns high ash content and low heat value. According to 
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the requirement of solid heat carrier, How to burn semi-coke effectively and get hot ash are the key 
technologies to the design of oil shale retorting process. 

A spouted bed consists of relatively coarse solid particles partly filling a cylindrical vessel, which is 
provided with a small, centrally located inlet aperture in its (usually conical) base (Figure 1). A fluid 
injected through this inlet at velocities beyond a certain minimum value will cause a stream of particles to 
rise rapidly in a hollow central core (the “spout”) to form a fountain above the peripheral bed level. The 
particles rain back onto the annular region between the spout and the wall, and thereafter travel slowly 
under gravity in a dense phase with some countercurrent percolation of fluid, establishing a systematic 
cyclic pattern of particle movement (the spout, annulus and fountain have clearly different properties) [5-7]. 
The spouted bed developed from mid 1950s, which is suitable for handing coarse particles (particle size 
dp>1), belongs to the fluidization technology [8-10]. It was initially used to dry wheat, and it has attracted 
attention for a number of remarkably varied operations, like granulation, drying, smashing of solution, 
coating of strong coherent or massive particles, suspending liquid, coal combustion and gasification, oil 
cracking, etc. Compared with the random complex particle flow in most fluidized bed, the agitation of 
particles in the spouted bed is caused by a stable axial jet with more regularity. If bed temperature was 
higher than 870  and fines captured in primary cyclone were recycled to the bed, Lim et al. (1988) 
found that the spouted bed combustor efficiency could be over 90%, even for high ash solid fuels [11, 12]. 
Pressure drop and the minimum spouting velocity are the important parameters for the design and 
operation of spouted bed. The pressure drop determines power consumption serviceability and the 
minimum spouting velocity is the key parameter to operate. 

The oil shale semi-coke sample from Huadian was adopted to study the spouted bed flow 
characteristics. The relationships of the spouting pressure drop and particle size, as wel as and bed height 
are determined, which will provide the reference for the spouted bed combustion technics of oil shale 
semi-coke. 

 

Figure 1. Schematic diagram of a spouted bed (section) 



1742   Hong Qin et al.  /  Energy Procedia   17  ( 2012 )  1740 – 1746 

 

P

A/D

1

2 3 4

5
6

7

8

1 - Roots blower
2 - Bypass valve
3 - Control valve
4 - Anemometer
5 - Spouted bed
6 - Cyclone
7 - Differential pressure transmitter
8 - Personal computer

CAPTION

 

Figure 2. Schematic of spouted bed combustion system 

2. Experimental  

The experiments were carried out in the spouted bed device designed independently. The main part of 
the reactor is a carbon steel semi-cylindrical spouted bed with glass observation windows. The internal 
diameter of the cylindrical section is 0.15m and gas nozzle with diameter of 0.05m is used. The conical 
bases have an internal angle of 60°. The schematic diagram of the experimental set-up is shown in Fig.2. 
The experimental samples are Huadian oil shale semi-cokes with particle size of 1-3 and 3-5mm (density 
of 1630 kg/m3, sphericity of 0.55). Experiments conducted in normal temperature, atmospheric pressure. 

A certain amount of oil shale semi-coke particles sieved were added into the spouted bed as bed 
materials and the static bed height was measured by a ruler. Air, as spouting gas, provided from a Roots 
blower entered the bed through the nozzle at the bottom. It could make particles in the bed stably spout by 
adjusting air flow through changing the opening of control valve and bypass valve. Ultimately the air into 
the bed passed through cyclone and discharged into the atmosphere. Gas velocity obtained by digital 
anemometer and pressure drop (between the inlet of gas nozzle and outlet of gas out- flowing from the 
spouted bed) measured by differential pressure transmitter. Pressure signals were logged into a computer 
via an A/D converter with 12-bit resolution. 

3. Results and discussion 

3.1 Effect of different static bed height 

When the superficial air velocity increases from zero, jet zone is formed at the inlet first and particles 
begin circulating in it, that is to say, particles are carried to the top from the jet zone. The jet zone scales 
up with sustained increasing air velocity until it penetrates the fixed bed surface. Bed pressure drop is 
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from zero to maximum value accordingly in this process. The maximum pressure drop as changing from 
fixed bed to spouted bed is called Maximum Spouted Bed Pressure Drop. Since then, the pressure drop 
decreases with continuing to increase air velocity and the jet zone gradually formed a steady spouting 
zone. The spouted bed complete spouting, which has steady flow structure of three zones, is set up in the 
bed at last. Once the steady spouted bed forming, the pressure drop will not increase as continuing to 
increasing air velocity. Therefore, that is the operating pressure drop. Fig.3 shows the spouting pressure 
drop change versus superficial air velocity. It is seen that the spouting pressure drop increases with the 
increasing of the static bed height at the same superficial air velocity. This is because the bed resistance 
increases with the static bed increasing, leading to the increasing of the spouting pressure drop. In 
addition, the minimum spouting velocity is proportional to the bed height, which coincides with some 
related literatures reported when the bed height no more than the conical bottom height [13, 14]. 

 

Particle size: 1-3mm, H - static bed height 

Figure 3. Pressure drop variation with superficial velocity of air 
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H-static bed height 

Figure 4. Pressure drop variation with superficial velocity of air 

3.2 Effect of different particle size 

Fig.4 represents the relationship between the spouting pressure drop and superficial air velocity. Fig.4 
shows that the spouting pressure drop rises when the particle size is increased at the same superficial air 
velocity. This is because the resistance of the annular region decreases with the particle size increasing at 
the same static bed height. As a result, the amount of air entering into the spouting area decreases and the 
spouting pressure drop increases. It also can be concluded from experiment that the particle size has a 
great influence on the minimum spouting velocity, so that the effect of particle size on the minimum 
spouting velocity should be considered when wide screening particle size oil shale semi-cokes are used 
for burning in the spouted bed combustor. Meanwhile, it should consider the theoretical combustion air 
volume, residence time of material burning and other factors to obtain the best optimization of air 
velocity.  

3.3 The minimum spouting velocity correlation 

The minimum spouting velocity corresponds to the onset of spouting of particles in the spouted bed 
when particles start to be suspended and move upward in the spouting region. Researches have shown 
that the minimum spouting velocity is not only related to the characteristics of the fluid and solid, but also 
to the initial spouted bed height and to the spouted bed geometry. So far, it is lack of reliable general 
correlation to calculate the minimum spouting velocity because of complexity of the problem.  

In this study, the experiential correlation equation of the minimum spouting velocity derived from 
dimensional analysis in relatively deep beds with H/D 1.3 by Mathur and Gishler was quoted [15]:  
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Where, 
msU  is the minimum spouting velocity, m/s; 

pd  is the average particle diameter, m; D is the 
column diameter, m; 

iD is gas inlet diameter, m; H is the static spouted bed height, m; 
p

is the density of 
the solid, kg/m3;  is the density of the liquid, kg/m3. What is more, 

pd is geometric mean particle 
diameter for narrow screening spherical or nearly spherical particle, equivalent specific surface diameter 
for Materials of mixed mean particle, volume equivalent particle diameter for non-spherical particle and 
Ellipse minor axis for prolate ellipsoid particle. 

From Fig.5, it can be found that the values calculated by the correlation are in good agreement with the 
measured values. The correlation coefficient is 0.983 and the deviation is limited in ±10%. 

 

Figure 5. Comparison between measured values and correlation calculated values 

4. Conclusions 

(1) At the same superficial air velocity, the spouting pressure drop is increased with the increasing of 
the static bed height and particle size. 

(2) The values calculated by the empirical correlation has a good agreement with measured values with 
the correlation coefficient of 0.983 and the deviation less than±10%, therefore, they have high reliability 
and application value.  

Acknowledgment 

This work was carried out with the financial support of major projects of National Science and 
Technology (2008ZX05018-004), Department of Education of Jilin Province (200844) and the science & 
education research project of Jilin province education department during eleventh five-Year “Sulfur release 
and removal during oil shale low temperature pyrolysis”. The supports are gratefully acknowledged. The 
authors also acknowledge valuable suggestions and comments from reviewers. 



1746   Hong Qin et al.  /  Energy Procedia   17  ( 2012 )  1740 – 1746 

 

References 

[1]J. L. Qian, L. Yin, Oil Shale-the Supplement Energy of Petroleum. Beijing: China Petrochemical Press, 2008, pp. 207-354. 
[2]K. Brendow, "Global Oil Shale Issues and Perspectives," Oil Shale, 2003, vol. 20, pp. 81-92. 
[3]X. Ji, X. L. Xi, J. L. Qian, L. Li, "Discussion on China's Petroleum Security Strategy," Energy of China, 2004, vol. 26, pp. 

16-22. 
[4]G. Q. Shi, "A Realistic Energy Substitute for Petroleum - Oil Shale," Journal of Jilin University (Earth Science Edition), 2006, 

vol. 36, pp. 888-891. 
[5]G. A. Lefroy and J. F. Davidson, "The Mechanics of Spouted Beds, " Transactions of the Institution of Chemical Engineers, 

1969, vol. 47, pp. 120-128. 
[6]N. Epstein and K. B. Mathur, Spouted Beds. New York: Academic Press, 1974. 
[7]H. A. Arbib and A. Levy, "Combustion of Low Heating Value Fuels and Wastes in the Spouted Bed," Canadian Journal of 

Chemical Engineering, 1982, vol. 60, pp.528-531. 
[8]K. B. Mathur and N. Epstein, "Developments in Spouted Bed Techno- logy," Canadian Journal of Chemical Engineering, 

1974, vol. 52, pp. 129-144. 
[9]J. X. Zhu, J. Hong, "Development and Current Status of Research on Spouted Beds," Chemical Reaction Engineering and 

Technology, 1997, vol. 13, pp. 207-222. 
[10]K. B. Mathur and N. Epsteina, "Dynamics of Spouted Beds," Advances in Chemical Engineering, 1974, vol. 9, pp. 111-191. 
[11]C. J. Lim, A. P. Watkinson, G. K. Khoe, S. Low, N. Epstein and J. R. Grace, "Spouted, Fluidized and Spout-Fluid Bed 

Combustion of Bituminous Coals," Fuels, 1988, vol. 67, pp. 1211-1217. 
[12]Y. Jin, J. X. Zhu, Z. W. Wang, Z. Q. Yu, Fluidization Engineering Principles. Beijing: Tsinghua University Press, 2001, pp. 

360-396 
[13]C. J. Lim and J. R. Grace, "Spouted Bed Hydrodynamics in a 0.91m Diameter Vessel," Canadian Journal of Chemical 

Engineering, 1987, vol. 65, pp. 366-372. 
[14]M. Choi and A. Meisen," Hydrodynamics of Shallow, Conical Spouted Beds," Canadian Journal of Chemical Engineering, 

1992, vol. 70, pp. 916-924. 
[15]K. B. Mathur and P. E. Gishler, "A Technique for Contacting Gases with Coarse Solid Particles," AIChE Journal, 1955, vol. 

1, pp. 157-164. 
 


