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Abstract

The focus of this work is to provide a coal combustion simulation in circulating fluidized bed 
combustor, which is easy and simple and enhances combustion efficiency, reduces 
operating and investment costs and air pollutant emissions of different fuels or mixture. Also, 
research data available on Pakistani coal is quite limited, the objective is to increase local 
coal utilization by using circulating fluidized bed technology. Computational Fluid Dynamics 
(CFD) is a robust, easy, cost effective and a comprehensive technique through which 
complex processes like combustion can be studied. It was finally concluded that the 
air/oxygen flow rate, coal feed rate, type of coal and particle size of coal have clear impact on 
the overall combustion characteristics. There is less than 5% error when the results of CFD 
model were compared with the experimental findings.   
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1. Introduction
Circulating fluidized bed combustor (CFBC) has gained considerable attention in industrial
applications such as drying, combustion, cracking, gasification, catalyst regeneration and
pyrolysis and for combustion of low-grade coal, natural waste, biomass and their blends
[1,2]. Industrial circulating fluidized bed combustor, have many  operational preferences,
including the fuel adaptation capacity, high content of sulfur capture efficiency,  a low
emission of NOx, SOx and the high level of ignition [3,4,5,6]. For multiphase flows,
computational fluid dynamics (CFD) simulation is helpful for the analysis of a circulated
fluidized bed combustor [7,8,9].

The purpose of the present work is to develop a real-time model to describe the dynamic 
behavior of the solids inventory in the riser section which being the main focus of this real-
time model [10, 11]. Several chemical, physical and dynamic phenomena are involved in the 
understanding of combustion [12]. These include turbulent mixing, devolatilization, 
homogeneous and heterogeneous reactions, and heat transfer by convection and radiation. 
Conservation laws of energy, mass and momentum represented by partial differential 
equations (PDE) are applied for flow of fluid.
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At present three numerical techniques are used for the understanding of the combustion 
in fluidized beds, these are Eulerian-Eulerian, Eulerian-Lagrangia and Discrete Element 
Method (DEM). The Most of studies for dense bed are focused on gasification and 
Eulerian-Eulerian (E-E) Two Fluid Model (TFM) approach was used for very simple 
geometries in literature. Few of them [13, 14, 15] used CFD for coal combustion in CFB 
and overlooked the effects for three-dimensional configuration. However, only two 
authors [16, 17] considered the three-dimensional or full-scale geometry of the unit to 
study the combustion in circulating fluidized bed combustor using Eulerian-Eulerian( E-
E) approach.  

2. Materials and Methods 
2.1 Computational Domain Development 

The lab scale CFB equipment has already discussed in our earlier work [18] along with 
experimental conditions. The most important part of the CFB is the fluidized bed column, 
the 3D model of fluidized bed column has been developed as shown in Figure- 1 using 
ANSYS Design Modeler®14, an inbuilt application of ANSYS Workbench environment. 
The diameter of column is 80 mm whereas the height of column is 3900 mm. The 
dimensions are similar to that of real CFB available at Laboratory. 

 
Figure 1: A view of meshed 3D Geometry modeled in Ansys Design Modeler 

The Navier-Stokes equations in the steady-state mode along with equations of 
conservations for mass and energy were solved. In energy equation, the first three terms 
on right hand side represent the viscous dissipative, diffusive and conductive heat 
transfer. Enthalpy formation from chemical reactions of the species is represented by 
Shas a source term. In the present study of modeling, standard k–ε turbulent model was 
applied. The turbulence kinetic energy Gk was generated by mean velocity gradients as 
shown in the equations of turbulent kinetic energy (k) and dissipation rate (ε). For 
modeling of mass and heat turbulent flux, coefficient of diffusion (Dt) and thermal 
conductivity (λt) were used.The P-1 radiation model was used to calculate the radiated 
flux at the inner walls of circulating fluidized bed and this is the simplest model applicable 
to different geometries and is also computationally more economical. The low 
temperature levels (heat sinks) and the radiated high temperature levels (heat source) 
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were calculated. The radiation flux (qr,w)on the walls is affected by the incident radiation 
(Gw) and was also calculated.  
In present research the combustion process was taken as a mixing problem with the 
help of PDF/mixture fraction technique for modeling the chemistry of gas phase 
combustion. The chemistry equilibrium model was applied with the assumption of fast 
chemistry so that chemical equilibrium was present to the molecular level and char and 
coal volatiles were considered as single fuel stream. The mixture fraction could be 
expressed in the form of atomic mass fraction. Elemental mass fraction is represented 
by Zifor element i. fuel and ox subscripts are used to give the values of fuel stream and 
oxidizer inlets respectively. The value of the mixture fraction which is a scalar was 
estimated at each control volume by getting the solution of the given transport equation 
for the (density-averaged) value of f. The source term, Sm, is due to the transfer of mass 
into the gas phase from reacting coal particles. In addition to the solution of the Favre 
mean mixture fractions, Fluent also solves a conservation equation for the mixture 
fraction variance, 2'f . 

Values for different constants are tabulated in Table 1 applied in the current modeling 
Table 1: Constants used in Turbulence Modeling 

Sr. No Constant Value 
01 C1ε 1.44 
02 C2ε 1.92 
03 Cμ 0.09 
04 σk 1.0 
05 σε 1.3 
06 Prt(Prandtl number for Turbulence) 0.85 
07 Sct(Schmidt number for Turbulence) 0.7 

2.2 Boundary Conditions and Case Set Up 

At the inlet, all velocities and temperatures are specified. Pressure is not specified at the 
inlet because of the incompressible gas phase assumption (relatively low pressure drop 
system). The solid and gas phase initial velocity was specified. In order to analyze best 
results, fine meshing was carried out after simple meshing for riser at inlet and exit 
sections. Under relaxation factors were tuned to achieve convergence. The set point of 
0.001 was given to convergence tolerance. Iteration procedure of calculation was 
adopted by ANSYS to check the parameters like flow into the system. Following 
important steps are involved in iterations like constants, physical conditions, initial guess 
or initial data values and boundary conditions, while in second step, momentum equation 
and velocity field are set to be calculated. 

 Pressure equation and mass balance are then solved.In the next step values of 
parameters are updated for solid and gas phases. The convergence criterion is then 
verified to see whether it is fixed or not. Final result is achieved when the convergence 
criterion is reached. If not, certain correction values are used to adjust the calculated 
values and the calculation started all over again and finally using these last corrected 
values of each parameter as initial data.  
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2.3 Grid Independency Test 

As per standard practice the developed meshed computational domain was tested for 
grid independence. Four meshes were created from coarse grid to fine grid range. The 
cell sizes are 13684 (coarse), 27368 (medium coarse), 51937(medium fine) and 352428 
(fine). The case 1 was converged on all these meshes and the temperature along central 
axis was plotted along the height of combustor. Figure 2 shows the comparison. It can 
be observed that the temperature profile for medium coarse grid (27368), medium fine 
(51937) and fine grid (352428) shows almost similar trend. It shows that the solution 
become independent from medium coarse size of grid. So that grid was selected for the 
solution of further cases. 

 
Figure 2: Grid independence test against various numbers of meshes for temperature  

3. Results and Discussion 
3.1 Model Validation 

For validation, five cases were simulated. The description of all the cases is given in 
Table 2. 

Table 2: Simulation Cases Description for Validation 

Case 
Velocity of 

Air 
Flow rate 
of air 

Flow rate 
of Coal 

Particle 
Size of Coal 

m/sec m3/hr Kg/hr µm 

1 0.84 15 2.6 250 

2 0.93 16.5 2.6 250 

3 0.97 17.3 2.6 250 

4 1.02 18.2 2.6 250 

5 1.11 19.7 2.6 250 

As can be seen in the Table 2, the coal feed rate and particle size were kept constant 
and the air flow rate increased from 15 m3/hr to 19.7 m3/hr.  

The temperature of exhaust gases is shown in Figure 3. The results show an increase in 
temperature with increasing air flow rate and the length of riser. This is due to the 
increase in air to fuel ratio in the combustor as per previous studies [ 19, 20]. 
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Figure 3: Contours of Flue Gas Exit Temperatures 

For validation, the exhaust temperatures measured from simulated cases are compared 
in Figure 4. The validation curves show a significant resemblance in outlet temperatures 
for all simulated cases and experimental values. Less than 5% error was observed on 
comparison of experimental and simulation results. This shows that the selected 
strategies for CFD modelling and the governing equations were suitable for the cases 
under consideration. All the numerical settings and discretization schemes fitted well to 
achieve the results having less than 5% error which is in most of previous cases [21, 22]. 
The model may therefore regard as validated.  

 
Figure 4: Comparison of flue gases outlet temperatures from experiments and all 
simulated cases 

3.2 Effect of Particle Size 

Particle size is an important parameter in combustion. Three different simulations were 
carried out with 250μm, 500μm and 750μm particle size. The rest of the parameters like 
coal and oxygen feeding rates, inlet temperatures and type of coal were kept constant. 
The effect on the conversion of coal, exit temperature and flue gas analysis was 
monitored. It can be seen from the figure 05 that the conversion of coal is maximum 
(93%) at 250μm particle size and gradually decreases with the increase in particle size. 
Similar effect can be observed in the exhaust gases outlet temperature, which is 
maximum (about 881 °C) for particle size of 250μm. It is a common fact that with the 
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decrease of particle size, the surface area would increase and the chance of reaction 
occurrence increases. Hence, with the particle size of 250μm, further the effects of 
particle size on char conversion from the same figure. 

 
Figure 5: Effect of Particle size on Coal Conversion and Temperature of Exhaust Gases 

Moreover, the effect of the particle size variation on temperature inside the combustor 
can be observed from the contours shown in Figure 06. 

 

Figure 6: Temperature contours at different particle sizes 

The effects of particle size could be verified from the flue gas analysis of all the three 
cases, as shown in Figure 7. The continuous decrease in CO2 and increase in O2 in 
exhaust gas analysis further confirms the less reactivity of coal on increase of coal 
particle size. The CO2 in exhaust gases was maximum 7.9% at 250μm particle size 
whereas the O2 was minimum (6.3 %), meaning thereby that maximum O2 had been 
utilized in the reaction. The minimum CO2 (4.2 %) was found at 750μm particle size 
where O2 was maximum (13.2%), which meant more O2 wastage.  
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Figure 7: Effect of Particle size on Flue Gas Analysis 

3.3 Effect of coal feeding rate 

At the time of validation, five different cases were simulated by varying the amount of air 
in terms of its velocity and volumetric flow rate (Table 3). To investigate the effect of coal 
feed rate on the performance of combustor, five more cases were simulated keeping the 
air feed rate and particle size constant and the only variation was that of coal feed rate. 
As the experimental work was carried out at 2.6 Kg/hr (coal feed rate) [25], so this was 
taken as the base and further cases were simulated by adding half of its amount, 1.3 
Kg/hr, each time. The details are tabulated in Table 3. 

Table 3:  Cases Description for Variation in Coal Feeding Rate 

Case 
Velocity of 

Air 
Flow rate 
of air 

Flow rate 
of Coal 

Particle 
Size of Coal 

m/sec m3/hr Kg/hr µm 

1 0.84 15 2.6 250 

2 0.84 15 3.9 250 

3 0.84 15 5.2 250 

4 0.84 15 6.5 250 

5 0.84 15 7.8 250 

The amount of coal has direct impact on the stoichiometric relation with the amount of 
oxygen. If amount of coal would be increased at constant oxygen/air rate then there will 
be imbalance in the stoichiometric rate of oxygen to the coal.  
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Figure 8: Effect of Coal Feeding Rate on Coal Conversion and Temperature of Exhaust 

Gases 

This effect can be verified from Figure 8 in which conversion is decreased from 93% to 
84.6% on increase of coal feeding rate from 2.6 Kg/hr to 7.8 Kg/hr. This effect is 
replicated in the exhaust temperature, as lower conversion means slightly lower 
temperature. The conversion goes to a maximum of 95.2% at 3.9 Kg/hr coal feed rate. At 
this maximum conversion, the temperature reaches 923 °C for the exhaust gases. 

4.  Conclusions 
CFD simulations results provided a fact that particle size has great impact on the overall 
combustion characteristics. It was observed that the conversion of coal in to gaseous 
products was maximum (93%) at 250μm particle size and gradually decreased with the 
increase in particle size. Similar effect was observed in the exhaust gases outlet that had 
a maximum temperature (881oC) for the same particle size (250 µm).On increasing 
oxygen, slight increase of CO in ppm was observed whereas the NOX and SOX formation 
decreased due to less reactivity and less temperature in the combustor. It was 
concluded that CFD is a robust, easy, cost effective and a comprehensive technique 
through which complex processes like combustion can be studied with acceptable level 
of confidence and there is less than 5% error when the results of CFD model were 
compared with the experimental findings. 
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