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ABSTRACT  

The optimum distribution of solid phase in fluidized bed system is important thing 
among others to achieve the best performance. One of the parameter that influences the 
distribution of solid is air mass flow rate. In this study, simulations of Computational Fluid 
Dynamics (CFD) is done where Eulerian model is used for solid particle motions and k-ε 
turbulence model for fluid flows. The simulations were carried out using six different air 
mass flow rates based on the excess air of the reactions. The air mass flow rate 
influenced the distribution and the velocity of solid phase, and also the pressure 
difference of gas inside the boiler. The results showed that the excess air between 10 % 
– 20 % gave the optimum results.  
 
Keywords: Circulating fluidized bed boiler, distribution of solid, excess air, CFD 
simulations. 
 
1 INTRODUCTION  

Circulating Fluidized Bed boiler (CFB boiler) is used in many aplications, like 
steam turbine system, drying system, biomass combustion, etc. (Ngoh, 2012; Adamczyk 
et al., 2014; Bakshi et al., 2017). Some issues have been found in this boiler while 
diagnostic tools and technique for solutions are still limited (Bakshi et al., 2017). Solve 
issues trough simulations have many advantages, such as time saving and low cost 
compare to the experiment method (Daryus et al., 2016; Siswantara et al., 2016). 

Zhao et.al. has investigated the effect of exit geometry of high-density CFB risers 
using CFD. He concluded that the type of exit had the significant effects on the bed 
hydrodynamics while the cavity height of abrupt exit, the curvature-diameter of smooth 
exit and horizontal tube connecting the exit and the primary cyclone did not. The 
decrease of the diameter of abrupt exit tube increased the solids holdup significantly 
(Zhao, Zhou, Wang & Li, 2015).  Adamczyk et.al. In their researchs on air-fuel 
combustion process using simulations found that distribution of pressure and temperature 
were comparable to measured data (Adamczyk et al., 2015). While Zi et.al. found that the 
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distribution of solid influenced by slugging formation (Zi et al., 2017). Still many 
researches have been done regarding with fluidized bed or specifically fluidized bed 
boiler, such as done by Daryus et.al., Adamczyk et.al. Shi et.al., and others (Daryus et 
al., 2018; Adamczyx et al., 2018; Shi, Komkrakova & Nikrityuk, 2019). But there are still 
many subjects needed to be explored to understand more on the phenomena of flow in 
fluidized bed. 

This research aims to investigate the influences of air flow velocity and amount of 
excess air of CFB boiler on the solid particles dynamics for optimum performances using 
simulation methods.  

 
2 METHODS  
2.1 Combustion Model  

The Westbrook-Dryer one-step model is used for combustion. It gives a good 
estimation of indicator of the expected temperature levels. The Finite Rate and Eddy 
Dissipation model is used to model the process of the turbulent non-premixed 
combustion. In this model, the reaction rates are assumed to be controlled by the 
turbulence, avoid the complex Arrhenius chemical kinetic calculations.  
Coal is used in this CFB boiler. The chemical reaction of combustion is: 

   Cs + O2                  CO2                                                           (1) 
 
2.2 Turbulence model  

To simplify the complexity of the Navier Stokes equations for fluid flows, the 
Reynolds Average Navier Stokes (RANS) principle is developed and results 6 additional 
stresses to the Navier Stokes equations called Reynolds stresses. Some models are then 
developed for RANS equations to obtain the simpler calculations. 

One of the RANS turbulence models is k-ε., where it is simple (only needs the 
input of boundary condition only), stable, widely validated, and suitable for industrial 
problems solutions. This model uses the Boussinesq formula to find the Reynolds 
stresses, i.e. [12]: 

  

                                                            (2) 

Where ρ is the density, u’ and U is the fluctuating and mean velocity vector respectively, 
and μt is the turbulent or eddy viscosity. The turbulent viscosity determined by: 

  
                                                           (3) 

Where Cμ is constant, k is the transport of kinetic energy, and ε is the transport of 
dissipation. The transport equation of kinetic energy is formulated as (Versteeg, 
Malalasekara, 2007): 

      

                                         (4) 

While the transport equation of dissipation is: 

    

                                        (5) 

Where U is the velocity vector, Eij is the mean rate of deformation, if i or j = 1 corresponds 
to the x-direction, and i or j = 2 to the y-direction, Cμ, σk, σε, C1ε, and C2ε are constants. 
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Constants used in the numerical calculations are Cµ = 0.09; σk = 1.00; σε = 1.30; C1ε = 
1.44 dan C2ε = 1.92. 
 
2.3 Geometry and Meshing 

The geometry of CFB boiler and the 2D structured mesh model are shown on 
Figure 1. The mesh consists of 42x162 cells. 
 
2.4 Boundary Conditions 

In this geometry model, the primary air (inlet 1) is located on the bottom of the 
boiler, while the secondary air (inlet 2 and 3) are located in the right and the left of boiler. 
The rate of coal assumed to be 14.4 t h–1, equivalent to 25 MW power output of 
generator, driven by the steam produced by the boiler. Based on the stoichiometry 
calculations, the air mass flow needed for the combustion is 20.10 kg s–1. The velocity of 
air for the inlets for various value of excess air can be seen on Table 1. 

 
Figure 1: CFB Boiler geometry (left) and 2D mesh model of CFB Boiler (right). 

 
Table 1. The value of inlet velocities. 

 
Excess 

Air 
(%) 

 
Air Flow 
(kg s–1) 

Inlet 1 
(m s–1) 

Inlet 2 
(m s–1) 

Inlet 3 
(m s–1) 

V u v u v 

0 20.10 12.7 -12.4 -12.4 13.1 -13.1 

10 22.22 12.7 -14.5 -14.5 15.2 -15.2 

15 23.14 12.7 -15.5 -15.5 16.2 -16.2 

20 24.05 12.7 -16.5 -16.5 17.2 -17.2 

25 25.03 12.7 -17.5 -17.5 18.3 -18.3 

30 26.03 12.7 18.6 18.6 19.4 -19.4 

 
3  RESULTS AND DISCUSSION 

It has been conducted the fluid flow simulations in various excess air value, i.e. 0 
% (air mass flow 20.1 kg s–1), 10 % (air mass flow 22.22 kg s–1), 15 % (air mass flow 
23.14 kg s–1), 20 % (air mass flow 24.05 kg s–1), 25 % (air mass flow 25.03 kg s–1), and 30 
% (air mass flow 26.03 kg s–1). The results of simulations presented here are taken on 35 
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second of operation, because it is assumed that the flow of fluid at this time has reached 
the stable condition. 

To validate the model, the measured and simulation data will compared. The data 
compared is the pressure difference between inlet boiler (primary inlet) and outlet for 
various total air flow rate and the result is shown on Figure 2. It can be seen that the 
simulation results close to the field data. 

 
Figure 2: Pressure difference between inlet and outlet boiler. 

 
The contour of solid volume fraction for various excess air values is shown on 

Figure 3. It can be seen that for the low value of excess air (0 % of excess air), the solid 
particles are existing around the bottom of boiler, and for the higher value of excess air, 
the solid particles move upward, proportional with the value of excess air. This upward 
movement was driven by kinetic energy of air. For the value of excess air of 0 % to 15 %, 
the height of solid movement does not exceed the height of fire brick (sloping wall or 
elbow on the figure), but above of 20 % of excess air, its height exceed it. When the solid 
particle height exceeds the firebrick, it will hit the boiler tube and will cause abrasion and 
in the long term can create the leak. This situation is not preferable. Hence, the best 
results of solid particle height are found at 0 % to 20 % of excess air.  

Figure 4 shows the contour of solid velocity in various values of excess air. For 
the excess air below 20 %, the situations are safe, because the solid particle exists in the 
firebrick area. But for the excess air of 20 % and above, the situations began to worry 
because the solid particles reach the wall tube area and their velocity is more than 5 m s–

1, these conditions can cause the abrasion on the wall tubes. It is also shown that the flow 
of particles is deflected to the left side, resulting in the left wall tube will experience more 
abrasion than the right one. The optimum results are achieved by excess air below 20 %. 
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Figure 3: Contour of volume fraction at t=35 s for various excess air. (a) 0 %; 

(b) 10 %; (c) 15 %; (d) 20 %; (e) 25 %; and (f) 30 %. 
 

 
Figure 4: Contour of velocity of particle (m s–1) at t=35 s for various excess air. (a) 0 %; 

(b) 10 %; (c) 15 %; (d) 20 %; (e) 25 %; and (f) 30 %. 
 

Figure 5 shows the contour of solid particle temperature for various values of 
excess air. For small value of excess air, the distribution of high temperature 
concentrated on left wall and extended to the near of right wall. The right wall has lower 
temperature than that of left wall. When the value of excess air increased, the high 
temperature area moves from the right to the left and from the bottom to the top. But, as 
shown on Figure 4 and Figure 5, the most of the solid particles exist on the bottom area 
for all the value of excess air, resulting in the coal will be burnt efficiently (the white colour 
in the bottom area is the high speed solid particle zone, the contour or colour cannot be 
seen because its value exceed the limit of velocity scale). 

The simulation results for pressure difference between inlet (bottom) and outlet 
(top) is shown on Figure 6. These values are the average values of pressure difference 
for 30 s and 35 s. The pressure is constant for the value of excess air of 0 % to 10 % but 
then decrease and minimum on the value of excess air of 15 %. Above 15 %, its values 
increase and maximum on the value of the excess air of 20 % and then decrease slowly 
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afterwards. The best values of the pressure differences exist between the values of 
excess air of 0 % to 17 %. 

 
Figure 5: Contour of temperature of particle (K) at t=35 s for various excess air. (a) 0 %; 

(b) 10 %; (c) 15 %; (d) 20 %; (e) 25 %; dan (f) 30 %. 
 

 
Figure 6: Pressure difference curve in the boiler from simulation results. 

 
Meanwhile, the efficiency changes of wall tube heat absorbing is shown on Figure 

7. It measures efficiency changes of heat quantity absorbed by wall tube (negative sign 
means that the efficiency of heat absorbed by wall tube is drop). It can be seen that the 
efficiency decreases when the value of excess air increases, accept for the value of 
excess air below 10 %. But this efficiency drop is negligible since less than 1 %. 

We come to the conclusion. From the contour of the volume fraction, and the 
velocity of solid particles, the optimum value of excess air is 0 % to 20 %, while from the 
contour of the temperature is 0 % to 30 %. From the pressure difference in the boiler, the 
best results of excess air are found to be 10 % to 17 %, but from wall tube heat absorbing 
efficiency the results are negligible. The conclusion, the recommended value of excess 
air for this boiler is 10 % to 20 %. 
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Figure 7: Wall tube heat absorbing deefficiency. 

 
4  CONCLUSION 

The simulations of combustion and fluid flow in 25 MW Circulating Fluidized Bed 
(CFB) Boiler have been done to find the optimum value of excess air using CFD. The 
simulations were done using 2D geometry. The turbulence model used for fluid flow was 
k-ε, while for the combustion model was Eulerian. From the contour of the volume fraction 
and the velocity of solid particles, the contour of the temperature of air, the pressure 
difference of the air in the boiler and from the wall tube heat absorbing efficiency found 
that the optimum value of excess air was 10 % to 20 %. 
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