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Abstract 

 

The purpose of this work is to develop a model for bed-to-surface heat transfer in 

Circulating Fluidized Bed (CFB) risers with secondary air (SA) injection. The heat 

transfer coefficient is correlated to cross-sectionally averaged solids hold-up. The 

average solids hold-up was correlated with the operating and design parameters of CFB 

risers with SA injection. The data used in developing the correlations cover a range of 

2.0 to 8.6 m/s for superficial gas velocity, 5 to 100 kg/m2s for solids circulation rate, 0-

0.6 for secondary to primary air ratio, and 60 to 300 µm for particle diameter (Groups A 

and B). The predictions obtained with the correlations show good agreement with the 

experimental data. Furthermore, an experimental correlation, developed in our previous 

work for prediction of wall-to-bed heat transfer coefficient was used in a parametric 

study to investigate the effects of design and operating parameters on heat transfer.  

 

Keywords: Circulating fluidised bed; Secondary air injection; Solids hold-up; Heat 

transfer. 

 

List of Symbols 

 

a constant in Eq. (8), - 

b constant in Eq. (8), - 

Ar Archimedes number, = dp
3ρg(ρp-ρg)g/µ2, - 

esus emissivity of suspension surface, - 

ew emissivity of wall/heat transfer surface, - 
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Dr riser diameter, m 

dp particle mean diameter, m 

htot overall heat transfer coefficient, W/m2K 

hrad radiative heat transfer coefficient, W/m2K 

hc total convective heat transfer coefficient, W/m2K 

hc,g gas convection heat transfer coefficient, W/m2K 

hc,p particle convective/conductive heat transfer coefficient, W/m2K 

HSA height of SA injection port, m 

Hr height of riser, m 

g gravitational acceleration, m2/s 

Gs solids circulation rate, kg/m2s 

n constant in Eq. (8), - 

Tb bulk temperature, K 

Tw Wall temperature, K 

U0 superficial gas velocity, m/s  

USA SA gas velocity, m/s 

εsus cross-sectional solids hold-up, - 

µ gas viscosity, kg/m s 

ρg gas density, kg/m3 

ρp particle density, kg/m3 

ρsus suspension density, kg/m3 

σ Stefan-Boltzmann’s constant, 5.67×10-8 W/m2K2 
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1.  Introduction 

 

Circulating fluidized beds (CFBs) have been successfully used in fossil fuel 

combustion, coal and biomass gasification, and fluid catalytic cracking. In combustion 

and gasification, CFB technology offers significant advantages such as fuel flexibility, 

in-bed sulfur capture, and relatively low NOx emissions with high efficiencies. In many 

fluidized bed applications it is necessary to add or extract heat in order to maintain the 

operating temperature at a desired value [1]. The design and scale-up of heat transfer 

surfaces require the knowledge of the bed hydrodynamics and heat transfer coefficient 

at the wall surfaces in contact with the fluidized mass. Suspension density – mass of the 

solids per unit volume of the flow - is generally recognized as a dominant parameter 

influencing the CFB heat transfer and the cross-sectional average suspension density 

has been found to correlate well with the bed-surface-heat transfer coefficient [1-6].  

In a CFB combustor, air staging or the so-called secondary air (SA) injection, in 

addition to a number of advantages, is mainly employed to control the nitrogen oxide 

(NOx) formation especially in combustion of highly volatile fuels. The total combustion 

air is split into primary and secondary streams, where the secondary air is injected to the 

riser at a certain height above the distributor plate. It is known that the introduction of 

SA jets has a profound impact on the axial variation of the solids hold-up [7-12]. For 

instance, SA injection increases the suspension density below the SA injection port due 

to decreased flow rate and cut off effect of the SA jets compared to non-SA operation at 

the same superficial gas velocity and solids circulation rate. Furthermore, the effect of 
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SA has been found to be dependent on the type of the injector, height of the injection 

port from the distributor plate, amount of SA injected, particle properties and riser 

geometry [9].  

Figure 1 shows the typical flow patterns induced by a radial and a tangential (swirl) 

injector. In case of the tangential injector, the flow enters the riser in a helical path 

whereas two opposing jets impinge on each other in radial injection. Generally, the 

tangential injector results in higher solids hold up compared with radial injector below 

and above the SA injector ports increasing the mean solids hold-up which in turn 

increases the bed-to-surface heat transfer coefficient significantly [6, 9]. This was 

attributed to the increased residence time of solids in the bed due to their helical motion. 

The effect of SA air also increases with increasing amount of SA.  

Despite the presence of these trends, there is still not a practical model that can be used 

to predict the bed-to-wall heat transfer coefficient in CFBs under SA injection 

conditions covering a wide range of operating conditions. Recently, Koksal et al. [6] 

showed that the bed-to-surface heat transfer coefficient in a CFB riser could be 

correlated with cross-sectionally averaged suspension density even when it is operated 

with SA injection. The problem is then to relate the average suspension density (or 

solids hold-up) to the operating and design conditions, which are summarized in Table 

1.  

Cho et al. [7] developed a correlation for the variation of solids hold-up in a CFB riser 

with SA injection based on the freeboard entrainment model of Kunii and Levenspiel 

[13]. The decay constants for the model were determined by the experimental data of 

the authors and the model did not consider the effect of the type of the injector. Kang et 
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al. (2000) proposed correlations for the mean solids hold-up below and above the SA 

injection ports for both tangential and radial SA injection based on the experiments 

carried out in a 0.102 m ID riser with FCC particles. Their correlations used the 

superficial gas velocity, solids circulation rate and secondary-to-primary air flow ratio 

as the model parameters. However, their correlations were also limited by the operating 

conditions used in their experimental study.  

In this study, we propose two general correlations for the mean solids volume fraction 

below and above the SA injection ports for both tangential and radial SA injectors. The 

correlations are based on a pool of data, which cover a wide range of operating and 

design conditions pertinent to CFB risers with air staging. Coupling these correlations 

with Koksal et al.’s [6] empirical correlation for bed-to-surface heat transfer enable the 

prediction of heat transfer coefficient in CFB risers with SA injection. 

 

2.  Experimental apparatus and material 

 

Figure 2 shows the schematics of the experimental CFB assembly. High-velocity 

fluidization up to 5.5 m/s can be maintained in a 0.23-m ID, 7.62-m high transparent 

column. Fluidization air is supplied from a roots-type blower. A bypass valve is used to 

control the amount of air into the riser before entering the plenum. The solids are fed 

into the vertical column from a rectangular Plexiglas return box, which is used as a 

solids reservoir. The flow of solids into the riser is controlled by pressurized air injected 

into the opposite side of the box. The solids leaving the riser are collected by a cyclone 

and a bag filter. The collected solids are returned to the solids reservoir via a return leg. 

SA is injected into the riser via two identical lines located symmetrically with respect to 
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the vertical axis of the riser as shown in Fig. 1. The modular SA injection unit is 

composed of a steel body and two injection nozzles. The detailed description of the unit 

was described elsewhere, see [9, 14].  

The operating conditions for the tests covered a range of secondary-to-primary air ratio 

(SA/PA) from 0.0 to 0.6, superficial gas velocity from 3 to 5 m/s, solids circulation rate 

from 5 to 33 kg/m2s, height of SA injection from 0.52 to 1.82 m above the distributor 

plate, for radial and tangential injectors. Two different types of bed material, namely, 

silica sand of mean diameter 300 µm and particle density of 2650 kg/m3 and FCC 

particles with mean diameter of 60 µm and particle density of 1600 kg/m3, were used in 

the experiments.  

 

2.  Development of the Solids Hold-Up Correlations  

 

In order to develop a general correlation for mean solids hold-up in CFB risers with SA 

injection, data from various investigators have been gathered along with the data 

produced in a pilot scale CFB riser as seen in Table 1.  

Figures 3 and 4 show the effect of radial and tangential SA injection on the axial solids 

hold-up distribution in the riser at the given conditions for different SA/PA ratio, 

respectively. As seen from the figures, below the SA injection port, regardless of the 

type of the injector, SA injection causes an increase in the suspension density due to 

decreased gas flow rate in the primary region and cut-off effect of the SA jets. Above 

the SA injection port tangential SA injector results in a higher suspension density 

compared with non-SA operation. The radial SA injector, on the other hand, does not 

significantly alter the suspension density. The effect of SA on suspension density 
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increases with increasing SA/PA. These results are typical of a CFB riser with air 

staging. It should also be noted that the suspension density increases with increasing 

solids circulation rate for both SA and non-SA operations at constant superficial gas 

velocity.  

In the development of the correlations, the data sets tabulated in Table 1 were used. The 

experimental data corresponded to design and operating conditions ranging 5 to 100 

kg/m2s for solids circulation rate, 2.0 to 8.6 m/s for superficial gas velocity, 0.09 to 0.56 

for USA/U0, 60 to 300 µm for particle mean diameter, 1600 kg/m3 to 2650 kg/m3 for 

particle density, 0.09 to 0.48 for HSA/Hr, and 0.10 to 0.23 m for riser diameter. A 

rigorous dimensionless analysis coupled with a comprehensive statistical analysis 

resulted in the following three non-dimensional parameters to be used in the empirical 

correlations for mean solids volume fraction with SA: 
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These three parameters describe and correlate the effects of solids circulation rate, the 

amount of SA, and SA injection height, respectively. Furthermore, the properties of the 

bed material and fluidization gas are also taken into account. The solids volume fraction 

correlations were developed using these three dimensionless parameters with least 

square analysis for two zones above and below the secondary air injection ports (also 

called secondary and primary zones). The mean solids hold-up, εsus for radial SA 

injection is determined as: 
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which represent the statistically best fits to the available data in Table 1. The maximum 

and mean deviations of the data from these equations are 60% and 28% for the primary 

zone and 57% and 27% for the secondary zone, respectively, as shown in Figure 5. 

 

The following correlations were obtained for the mean solids volume fraction with the 

tangential SA: 
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which again represent the statistically best fits to the available data in Table 1. The 

maximum and mean deviations of the data from these equations are 49% and 21% for 

the primary zone and 62% and 21% for the secondary zone, respectively, as shown in 

Figure 6.  
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It should be noted that the suspension density, ρs, is related to the solids volume fraction 

as: 

 

ρsus ≈ ρpεsus (5) 

 

and εsus is determined from Equations (1) to (4). 

 

3. Heat Transfer 

 

In general, the heat transfer between the riser wall and the bed material in a fluidized 

bed occurs by particle convection/conduction, gas convection and by radiation in the 

case of high temperature (>500). Thus: 

 

h h h htot c p c g rad= + +, ,  (6) 

 

where htot, hc,p, hc,g, and hrad are the overall effective heat transfer coefficient, particle 

convective/conductive heat transfer coefficient, gas convective heat transfer coefficient, 

and radiative heat transfer coefficient, respectively. It is usually assumed that the three 

heat transfer coefficients on the right-hand side above are independent. Golriz and 

Sunden (1994) correlated the overall bed-to-surface heat transfer coefficient as the sum 

of two uncoupled component in the form of  

 

h h htot c rad= +  (7) 
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where hc is the total convective heat transfer coefficient. This approach is also followed 

here. 

 

A number of researchers and operators of large CFB combustors [2, 3, 15, 16] and 

laboratory-scale CFB risers [4, 6] have found a clear relationship between overall heat 

transfer coefficient and suspension density, ρsus, correlating their heat transfer data by an 

equation of the general form: 

 

bah n
sustot += ρ  (8) 

 

Values of a, b and n are constants, fitted for a certain ranges of conditions. Koksal et al. 

[6] proposed the following correlation for the convective bed-to-surface heat transfer 

coefficient in a CFB with SA injection: 

 

hc sus=17 2 0 58. .ρ  (9) 

 

where hc is the total convective heat transfer coefficient in W/m2K and ρsus is suspension 

density in kg/m3.  

 

Radiation between the suspension and the riser wall can be estimated from the parallel 

surface expression,  
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where Tb and Tw are the bulk and wall/surface temperatures, while ew and esus are the 

wall and suspension emissivities. The latter is estimated from the Brewster [17] 

correlation. For most metallic surfaces operating at high temperatures, ew tends to be in 

the range of 0.7–1.0. Thus, a simple engineering estimate of the radiative heat transfer 

coefficient can be obtained. More comprehensive models are available e.g. [18-20] that 

adopt more rigorous approaches. In this work the radiation is neglected because all the 

correlated data are from cold (room temperature) CFB risers. 

 

While equations of this simple form may correlate data in a single unit held at relatively 

constant temperature, they clearly exclude key variables aside from suspension density 

that affect heat transfer, see Golriz and Grace [21], and Koksal et al. [6] among others. 

The dependency of heat transfer on the operating and design conditions in a CFB riser 

with SA can be somewhat taken into account by combining Equations (1) to (5) with 

Equations (7, 8, 10). These sets of equations specifically developed for CFBs with air 

staging can then be used to predict the bed-to-surface heat transfer coefficient and study 

the influence of various operating and design parameters on the total heat transfer 

coefficient. The model equations were applied to the operating conditions of the pilot 

scale CFB. The parameters used in the implementation of the model equations are given 

in Table 2.  

 



ACCEPTED MANUSCRIPT 
 

 13 

Figures 7 to 9 show the variation of the overall heat transfer coefficient with secondary-

to-primary air ratio, solids circulation rate, and secondary air injection port height-to-

bed height ratio, respectively for both radial and tangential injectors in primary and 

secondary air zones. As indicated before, the primary and secondary zones refer to 

regions below and above SA injection port in the riser, respectively.  

 

The figures indicate that the heat transfer coefficient in the primary zone is always 

higher than that in the secondary zone due to higher suspension density. Another 

common feature in these figures is the higher heat transfer coefficients obtained in case 

of tangential SA injection compared to radial injection. This is more pronounced at 

higher SA/PA and Gs values.  

 

The heat transfer coefficient shows increasing trends with SA/PA, Gs and HSA/Hr, which 

can be explained by the fact that increase in suspension density would increase the wall 

coverage and annulus wall layer, thereby increasing the conductive component of the 

overall heat transfer coefficient. This is consistent with the experimental results reported 

by [6, 22, 23]. Furthermore, as can be seen from Figure 9, the SA injector height-to-bed 

height ratio does not play a major role for the heat transfer coefficient in the secondary 

zone as well as it does for the primary zone. This is an important result since most of the 

heat transfer surfaces in CFBs are placed in the secondary zone.  

 

4. Conclusions 
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An empirical model for bed-to-surface heat transfer in circulating fluidized beds (CFB) 

with secondary air (SA) injection is presented. The model incorporates a correlation that 

relates the heat transfer coefficient to cross-sectionally averaged solids hold-up based on 

Koksal et al.’s (2005) work and a new set of empirical correlations for the average 

solids hold up in CFB risers operated with SA injection. This new set of correlations 

were developed using least square analysis for a wide range of data available in the 

literature as well as the data obtained in this study for both radial and tangential SA 

injector types. Given the complexity of the problem and the vast number of parameters 

affecting the solids hold-up, the maximum and mean deviations from the experimental 

values were found to be 62% and 24%, respectively.  

 

A parametric study of bed-to-wall heat transfer coefficient with SA injection shows that 

heat transfer coefficient increases with solids circulation rate, secondary to primary air 

ratio, and SA injection height for both radial and tangential injectors. Furthermore, the 

results indicate that higher heat transfer coefficients can be obtained with tangential SA 

injector compared to radial injector in both primary and secondary zones in the bed. 

These trends agree well with available experimental data.  
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Figure Captions 

Figure 1.  Tangential (a) and radial (b) secondary air injector. 

Figure 2.  Schematics of the circulating fluidized bed. P1-P8 indicate pressure taps 

positions. 

Figure 3.  Axial solids hold-up profiles for various radial- (a) and Tangential (b) 

injection of secondary air rates. Dashed line indicates the secondary air 

injection height. Conditions: (a) Silica sand particles, Gs=8 kg/m2s, U0 = 5.0 

m/s; (b) FCC particles, Gs = 18 kg/m2s, U0 = 3.0 m/s. 

Figure 4.  Experimental vs predicted mean solids volume fraction for radial SA 

injection, a) primary zone, b) secondary zone. ∆: Sun et al. [11]; ×: Brereton 

and Grace [12]; +: this study; ∗: Marzocchella and Arena [8]; Ο: Koksal and 

Hamdullahpur [14];  : Cho et al. [7]; �: Kang et al. [10]. 

Figure 5. Experimental vs predicted mean solids volume fraction for tangential SA 

injection, a) primary zone, b) secondary zone. ×: Brereton and Grace [12]; +: 

this study; ∗: Marzocchella and Arena [8]; Ο: Koksal and Hamdullahpur [14]; 

 : Cho et al. [7]; �: Kang et al. [10]. 

Figure 6. Variation of heat transfer coefficient with secondary-to-primary air. 

Figure 7. Variation of heat transfer coefficient with solids circulation rate. 

Figure 8. Variation of heat transfer coefficient with secondary air injection port 

height-to-riser height ratio  
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Figure 4.  
Koksal et al. 
 

0.000

0.004

0.008

0.012

0.016

0.020

0 1 2 3 4 5 6

Height above the distributor plate, m

S
o

lid
s 

h
ol

d
-u

p
, -    SA/PA = 0.00

   SA/PA = 0.25

   SA/PA = 0.50

SA  injection height



ACCEPTED MANUSCRIPT 
 

 
24 

 

 
 
 
 
 
 
 
 
Figure 5a.  
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Figure 5b.  
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Figure 6b.  
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Figure 7.  
Koksal et al. 
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Figure 8.  
Koksal et al. 
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Figure 9.  
Koksal et al. 
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Table 1.  Dimensions and operating conditions for solids hold-up data in CFBs with SA injection

 Cho et al. 

[7] 

Marzocchella 

and Arena [8] 

Ersoy et al. [9] Kang et al. [10] Sun et al. [11] Brereton & 

Grace [12] 

Koksal & 

Hamdullahpur [14] 

Bed diameter, m 0.10 0.12 0.23 0.102 0.186 0.152 0.23 

Bed height, m 5.3 5.75 7.6 3.5 14 9.3 7.6 

Type of injector rad & tan rad rad & tan rad & tan rad rad & tan rad & tan 

Number of streams 1 4 2 1 2 4 2 

Injector diameter, m 0.016 0.026 0.040 N/A 0.040 × 0.010 0.025 0.040 

Injection height, m 1.5, 2.0, 2.5 0.85 0.7, 1.2 1.2 4.5 0.99 1.2 

SA/PA 0, 0.42 0, 1 0, 0.25, 0.5 0,0.1,0.3,0.5 0.53 0, 0.71, 1.25 0, 0.2, 0.4 

U0, m/s 2.0 6.0 3.0, 5.0 2.7 3.48 8.6 5.0 

Gs, kg/m2s 15 35, 55 8, 10, 18, 33 20 100 45 8, 15 

Bed material FCC Balotoni FCC, Silica sand FCC FCC Ottawa sand Silica sand 

dp, µm 66 89 60, 300 74 56 148 251 

ρp, kg/m3  1720 2540 1600, 2650 1840 850* 2650 2650 



ACCEPTED MANUSCRIPT 
 

 
32

 
Table 2. Parameter values used for the simulations. 

Parameter Value 

Gas density, ρg 1.2 kg/m3 

Particle density, ρp 2600 kg/m3 

Particle diameter, dp 200 µm 

Superficial gas velocity, U0  5 m/s 

Secondary air gas velocity, USA 1.25 m/s 

Solids circulation rate, Gs  15 kg/m2s 

Riser length, Hr 7.6 m 

Riser diameter, Dr 0.23 m 

Height of secondary air port, HSA 1.2 m 

 

 
 


