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Abstract 

The choice of a type of combustion technology to be used for heat or power generation depends on economic, 

technical, operational and fuel availability constraints. The benefits associated with the evolving market 

driven by the fluidized bed combustion (FBC) technology cannot be overlooked especially when gauged at 

65GWth of worldwide installed capacity alongside added benefits of handling fuel variation, low pollutant 

emissions and high combustion efficiency. Biomass or biomass waste will continue to have a vital role to 

play in the future FBC technology-based power generation. Biomass often contains high levels of inorganic 

species that can form sticky agglomerates posing a significant risk to boiler operation resulting in 

unscheduled outages. This added complexity of the behaviour of the fuel and bed material mix highlights 

the requirement for simulation models to identify agglomeration to help improve the overall performance 

and reliability of FBC technology. To resolve this problem, this research devised a simulation strategy for 

the detection of agglomeration using the Eulerian–Eulerian approach. The developed modeling strategy is 

validated with the experimental data available in literature for two-dimensional simplified geometry of a 
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pilot-scale fluidized bed combustor. The model results were found promising and robust to predict bed 

defluidization times and other parameters consistent with the experimental data. 
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Highlights: 

 Innovative FBC combustion & agglomeration modeling. 

 PBM-TFM framework predicts FBC agglomeration. 

 Validation proves model's real-world applicability. 

 Industrial significance: efficient biomass combustion. 

 Foundation for future biomass technology. 

 

 

 

 

 

 



Nomenclature 

FBC Fluidized Bed Combustor 
PBM Population Balance Model 
CFD Computational Fluid Dynamics 
TFM Two Fluid Model 
FVM Finite Volume Method 
KTGF Kinetic Theory of Granular Flow 
PDE Partial Differential Equation 
DEM Discrete Element Method 
ε Volume fraction 
ρ Density, kg.m-3 
U Instantaneous velocity, m.s-1 
S Source term 𝜙𝑔𝑠 Drag coefficient between the air and solid phases 𝑣⃗ Velocity, m.s-1 𝑔⃗ Gravitational force, m.s-2 𝜏 Stress tensor, Pa 𝜆𝑠 Solid bulk viscosity 𝜃𝑠 Granular temperature 𝑔𝑜 Radial distribution function 𝑒 Coefficient of restitution 
k Turbulence kinetic energy 𝜖 Rate of dissipation 

Gk Generation of turbulence kinetic energy due to mean velocity gradients 
Gb Generation of turbulence kinetic energy due to buoyancy 
YM Fluctuating dilatation in compressible turbulence to the overall dissipation rate 
σk Turbulent Prandtl numbers for k 
σe Turbulent Prandtl numbers for ε 
H Specific enthalpy 
α Thermal conductivity of mixture 
Q Heat exchange intensity between solid and gas phases 𝑠𝑠𝑔𝐻𝑠  Heat transfer between gas and solid. 𝐻𝑖 Enthalpy of each specie present in mixture 𝑅𝑠,𝑖 Heterogeneous reaction rate 𝐽𝑔,𝑖 diffusion flux of species 𝑖 in gas phase 𝑅𝑔,𝑖 net rate of production of homogeneous species 𝑖 

Bag,i Birth rate due to aggregation 
Dag,i Death rate due to aggregation 
Bbr,i Birth rate due to breakage 
Dbr,i Death rate due to breakage 𝑉′ Volume of aggregate particles Ωag(V𝑖 , V𝑗) Frequency of collisions  Pag(V𝑖 , V𝑗) Probability that the collision results in coalescence 𝑢̅𝑖𝑗 Characteristic collision of two particles 𝑛𝑖 ,𝑛𝑗 Number densities 𝑊𝑒𝑖𝑗 Weber number 

Subscripts and Superscripts 

g Gas Phase 
s Solid Phase 𝑖 Species i 
b Buoyancy  
M Fluctuation dilation 
k Turbulence kinetic energy 



𝜖 Rate of dissipation 

 

1. Introduction 

Worldwide fluctuations in the price of fuel coupled with strict emission regulations force power 

generation sectors to burn a diverse range of fuels including biomass under variable load conditions and this 

led to significant issues with plant efficiency, combustion stability, operation feasibility and emission 

control. Recent studies demonstrate the potential of fluidized bed biomass combustion for future energy 

systems from both a techno-economic and an environmental viewpoint. Fluidized bed biomass combustion 

systems have high flexibility of control, efficient mixing of solids and uniform distribution of heat within 

the furnace [1]. Besides of many advantages, these systems are still struggling due to different operational 

problems like corrosion, erosion, slagging, and bed agglomeration which subsequently leads to bed 

defluidization [2]. One of the significant issues related to the operation of the fluidized bed combustion 

(FBC) is the formation of agglomerates that is exacerbated due to high ash content present in agricultural 

leftovers [3]. Agglomeration occurs when particles of bed material stick together to form larger particles, or 

agglomerates [4]. Agglomerates can lead to several problems, including non-uniform heat distribution and 

reduced heat transfer rates, increased pressure drop, increased emissions of harmful pollutants. 

Agglomeration alters the fluidized bed flow regime by lowering mixing quality and defluidizing the bed, 

resulting in undesirable plant shutdowns [5].  

There are a number of ways to reduce agglomeration in fluidized bed combustors (FBCs). The 

combination of the bed material/additive being one where the transfer of alkali metals in biomass to the 

additive or minerals would affect the ash fusion temperature of complexes, and thus can control the 

agglomeration, fouling, slagging, and corrosion formations. An overdose or an inappropriate type of 

additives can though result in elevated quantities of alkali chlorides leading to chloride-based corrosion in 

the later sections of the furnace together with non-uniform heat distribution, and tube and wall deposit 

formations. Some other approaches include using fuels with low ash content, modifying operating 

conditions, removing alkali metals from the fuel, and using other bed materials [6–8]. Agglomeration is a 

complicated issue, and no single approach will work for all FBCs. Operators may help to ensure the safe and 

efficient operation of their FBCs by knowing the elements that lead to agglomeration and the strategies that 

can be taken to mitigate it [9]. Such strategies involve reducing the operating temperature, boosting gas 

velocity, and replacing the bed material. However, each choice has substantial drawbacks as well such as 

lower efficiency, more emissions, or higher costs [10]. Pilot or large-scale plants assist to study the 

phenomenon of bed agglomeration and its possible counter measures, but these are very expensive and time-

consuming process [11–16]. Furthermore, large scale FBC control is inherently multi-variable with high 

inertia, long delays and strong non-linearity due to its complexity hence computational techniques can be 

utilized to optimize the operational costs while improving performance of FBCs. 



Computational techniques are being increasingly used to study and counter agglomeration in fluidized 

bed combustors (FBCs). These techniques simulate the flow and behaviour of particles in a fluidized bed, 

which can help to identify the factors that contribute to agglomeration and to develop strategies for 

mitigation. Some of the most used computational techniques for studying agglomeration in FBCs include 

particle tracking methods, which track the motion of individual particles in a fluidized bed [17]. 

Computational fluid dynamics (CFD) methods can be used to model the flow of fluid and particles in a 

fluidized bed together with multiphase flow simulations used to study the interactions between different 

phases of matter, such as gas, liquid, and solid [18]. These computational tools help to investigate 

agglomeration in FBCs under various situations, including varied fuel types, ash compositions, and operating 

parameters [19]. This data can then be utilised to develop strategies for preventing agglomeration, using low-

ash fuels, adding bed additives, or changing operation settings [20]. The availability of the measurements 

and simulation data will allow the development of better predictive models for the process control and 

ultimately the whole combustion process optimisation.  

Plant operators can help to ensure the safe and effective operation of their FBCs by employing 

computational approaches yielding the following benefits to combat agglomeration in FBCs [21]: 

1. Lower operating expenses: Computational approaches can help to lower operating costs by 

minimizing the requirement for trial-and-error testing, ultimately leading to fewer unplanned outages. 

2. Increased safety: By identifying potential dangers and implementing mitigation mechanisms, 

computational tools can assist to increase the safety of an FBC. 

3. Improved efficiency: By optimizing the operating conditions, computational approaches can help to 

improve the efficiency of an FBC. 

In general, computational approaches are a useful tool for informing FBC operators. Operators can 

contribute to assure the safe, efficient, and cost-effective functioning of their FBCs by employing these 

approaches [22]. 

In such a scenario, numerical simulations are a useful tool for understanding the phenomena of 

agglomeration in fluidized beds [23] which may lead to adoption of preventative measures. In this study a 

unique approach is developed for the timely detection of the onset agglomeration by combining CFD with a 

population balance model for studying agglomeration formation [24]. There are numerous approaches for 

the onset of agglomeration, tracking the temperature, acoustic signals, or pressure in the reactor [25]. Bartels 

et al. [6] and Van Ommen et al. [26] presented extensive reviews related to detection of agglomeration due 

to the high temperatures and pressure fluctuations experimentally. The variation of experimental data can be 

observed after comparing these to the measurement when bed is fully fluidised. In actual tests, the detections 

are slightly delayed as the changes are not observable until major increase in temperature or drop in pressure 

has taken place. Current developments are focused to develop predictive tools or models to recognise 

agglomeration before de-fluidisation occurs. In continuation to the ongoing research, analysing pressure 



fluctuations to detect agglomeration processes in fluidized beds is still practically a potential strategy [27]. 

The current paper describes a strategy for detecting agglomeration prior leading to total defluidization of the 

bed with the help of CFD techniques that are being tested and compared with the well-established 

experimental results (emissions, temperatures, and pressure profiles). 

2. Biomass combustion in FBC 

Biomass combustion is a complex process that involves a variety of chemical reactions. The exact 

reactions that occur will vary depending on the type of biomass, the operating conditions, and the presence 

of other substances [28]. Controlling the temperature, oxygen content, and the presence of catalysts can 

reduce the generation of nitrogen oxides and sulphur dioxide. The volatiles in biomass are made up of various 

organic components, for example hydrocarbons, oxygenated compounds, and nitrogenous chemicals. These 

volatiles are typically burned in two stages: 

1. Primary combustion: In a fast, exothermic reaction, the volatiles are initially combusted. This 

reaction generates carbon monoxide, carbon dioxide, water vapour, and other combustion products. 

2. Secondary combustion: In a slower, more regulated reaction, the carbon monoxide and other fuel-

rich components in the combustion products are combusted. This process generates more carbon dioxide and 

water vapour. 

Table 1 summarises the list of chemical reactions simulated in this research. Biomass combustion 

processes are frequently nonlinear, which implies that the rate of reaction is not simply proportional to the 

concentration of the reactants. This can make precise modelling of the reactions difficult [29]. The 

complexity of biomass combustion reactions makes accurate modelling difficult using typical computer 

approaches. New computational approaches that account for the nonlinearity and sensitivity of the reactions 

are required [30]. In this study, a high-performance computer (HPC) is used, and the results are validated 

using experimental data. 

Agglomeration is a problem that can occur during the combustion of biomass in fluidized bed boilers. 

Agglomeration is the process of particles sticking together to form larger particles [31]. One of the major 

agglomeration processes that can occur in fluidized bed combustors are alkali-silicates reactions [32].The 

silica in the bed material combines with the alkali metals in the biomass ash to generate low-melting alkali 

silicates in these processes. The alkali silicates can then cluster together to create bigger particles [33]. The 

alkali-silicates reactions are considered in this study for better understanding of agglomeration in fluidized 

bed reactors [34]. 

SiO2(s) + CaO(s) → CaSiO3(s) 

K2SiO3(l) + CaO(s) →K-Ca-silicate(l) 

nSiO2(s) + K2O(s) → K2O.nSiO2(s)  



 

3. Experimental fluidized bed combustor 

The system used in this work is a pilot plant of FBC installed at Beighton, Sheffield UK operated at a 

thermal rating of 65 kWth with a heat exchanger and a cyclone separator to collect ash produced during 

combustion. The bed was initially heated during testing to 700 °C by utilization of the natural gas burners. 

Because of the heating of a bed and the incoming air, the bed became fluidized. Then, time was given to 

reach a steady state. The static bed height of 24 cm was used in all experiments. The height of combustor 

chamber is 4.75 meters and biomass inlet diameter are 0.02 meters with an outlet diameter of 0.60 meters. 

Seven thermocouples are installed at different positions to retrieve the bed temperature. The overview of 

pilot plant FBC at the University of Sheffield is shown in Fig. 1.Error! Reference source not found. 

4. Model description and modeling equations 

TFM and DEM are distinct CFD methods for simulating fluid and particle flow. The TFM is a 

macroscopic model that treats the fluid and the particles as two separate continua. The fluid is represented 

by a set of equations that describe its flow, and the particles are represented by a set of equations that describe 

their motion [36]. The TFM is a relatively simple model, but it can be used to simulate a wide range of fluid-

particle flows [37]. 

DEM is a microscopic model treating particles individually. Interactions involve force laws among 

particles and drag/lift forces with the fluid [38]. Table 2 that summarizes the key differences between the 

TFM and the DEM [39].  

In general, the TFM is a good choice for simulating large systems with many particles. In this research 

work population balance model (PBM) is used in conjunction with TFM because it can provide the detailed 

information that is needed to understand the behaviour of particles. The PBM can be used to predict the 

evolution of the particle size distribution, which is important for understanding the long-term behaviour of 

fluid-particle flows. The combination of the two models can provide more accurate results, a better 

understanding of the system.  

By combining the TFM and the PBM, we can get more accurate predictions of the evolution of the 

particle size distribution. The discrete model of the PBM is used in this research work because it can be used 

to simulate systems with a large number of particles [40]. This is not possible with the continuous model of 

the PBM, which is only valid for systems with a small number of particles [41]. The discrete model of the 

PBM is a powerful tool for understanding and predicting the behaviour of systems with many particles. It is 

a valuable tool for researchers and engineers who are working on systems such as fluidized beds, 

crystallizers, and spray dryers [42].  



Species transport model (STM) is adopted in this study to simulate biomass combustion reactions 

because it can be used to predict the distribution of different chemical species in the combustion chamber. 

This information can be used to optimize the combustion process and to reduce emissions. Eddy dissipation 

model of STM is a relatively simple model, but it is often used because it is relatively accurate and 

computationally efficient. The model has been used to simulate a wide variety of turbulent combustion 

systems, including flames, boilers, and engines. The significance of the EDM is that it provides a way to 

predict the rate of reaction in turbulent flows without having to know the details of the chemical kinetics 

[43]. This is important because the chemical kinetics of many combustion systems are complex and difficult 

to model. The EDM has been used to simulate a wide variety of turbulent combustion systems, and it has 

been shown to be a valuable tool for the design and optimization of these systems. Because the EDM model 

over predicts the temperature and is particularly valuable for design, the finite rate chemistry model (FRCM) 

is also employed to precisely predict the temperature profile in the combustor chamber [44].  

The governing equations and their constitutive relations are mentioned in  

 

  



Table 3. 

The source term S represent the mass exchange between phases due to heterogeneous reactions in 

equation (3-1). In this study, we operated under the assumption that particle breakage did not take place; 

instead, particles underwent collisions to create agglomerates. Consequently, Bbr,i and Dbr,i were excluded 

from the Particle Balance (PB) equation (3-18). The two aggregation terms are delineated in equations (3-

22) and (3-23), wherein particles of volume (V-V') aggregate with particles of volume V' to generate particles 

with a combined volume V. 

5. Simulation setup  

The commercial CFD software package, ANSYS Fluent is used for the computational studies of 

agglomeration in FBCs. The experimental setup is adapted from the work of Morris et al. [35]. The geometry 

of the system in all dimensions is represented in Fig 2. The FBC has a height of 4.75 metres, and its air and 

biomass inlet diameters are 0.39 metres and 0.02 metres, respectively. The constructed numerical grid is 

made up of 60200 hexahedral elements that provide the best accuracy for a fixed number of cells with a 
𝑑𝑐𝑒𝑙𝑙𝑑𝑝  

ratio of 10.  

5.1 Phases materials, properties and boundary conditions 

The phases and their important properties present in this simulation are given in   



Table 4. 

The composition of biomass (wheat straw) used in this simulation is given in   



Table 5.  

5.2 Closure models and restitution coefficients 

Closure models and restitution coefficients are tabulated in   



Table 6.  

5.3 Discretization scheme 

The velocity-pressure coupling is handled using the SIMPLE algorithm, which is phase-coupled. 

Finally, when considering the influence of viscosity, the k-𝜖  viscous model implements the effect of 

turbulence. The spatial discretization is performed using the Quadratic Upstream Interpolation for 

Convective Kinematics (QUICK) scheme, which is commonly employed in this type of simulation to 

determine momentum and volume fraction. The overall discretization strategy is listed in Table 7. 

5.4 Coupling technique 

The convergence of a hydrodynamic and reaction model is a difficult task that has not been fully 

investigated by the scientific community. This is because the two models are coupled, meaning that they 

interact with each other. This can make it difficult to solve the equations for both models simultaneously. 

Therefore, the simulation order is very important, and that the communication between all the model 

equations played a key role in convergence. A step-by-step procedure is necessary to converge each model 

equation to reach the final and better solution of the system. This is an important contribution to the field of 

fluidized bed combustion modeling. It provides valuable insights into the challenges of convergence in these 

models, and it offers a step-by-step procedure for achieving convergence. This procedure can be used by 

other researchers to improve the accuracy of their fluidized bed combustion models. An overall coupling 

strategy is shown in Fig. 3. 

6. Results and discussions 

This study is a combination of hydrodynamics and chemical reactions with PBM. Primarily, the 

findings on the hydrodynamics are discussed as under: 

6.1. Sand bed volume fraction 

Fig. 4 displays snapshots of a 2D contour plot of the solid volume fraction taken at various flow times 

to demonstrate the behaviour of a fluidized bed. The red colour denotes the maximum particle volume 

fraction while blue colour indicates the minimum value of zero. Air bubbles generate at the base of chamber 

and move upward with the increasing size of bubble. Due to the extensive breaking and coalescence, the 

shape of the bubbles does not remain spherical. When the solid particles reach the bed surface, they are 

pushed against the wall by the burst of large bubbles. Then, because of gravity, the particles descend along 

the walls. These contours and field observational data through site viewing ports signifies inherent mixing 

and recirculation zones within the sand bed. 



6.2 Agglomerate size distribution 

Fig. 5(a) represents the initial particle size of quartz sand and Fig. 5(b) shows the agglomerates retrieved 

from the bottom of the bed after the defluidization time is detected. Largest agglomerate formed is forty 

times more than that of initial particle size. Pellet shaped agglomerates are formed specially with wheat straw 

when used as fuel. Some are solid sand structures while others are hollow and contain non-combusted char 

core [51], an indicative feature attributed to the high sodium and potassium containing fuels following melt-

induced agglomeration mechanisms as observed in the case of wheat straw [51]. 

Clusters are formed in the system due to the collisions between the particles, PBM is used to determine 

the cluster size distribution in the system. The cluster formation is not very significant because chemical 

reactions trigger the agglomeration effect due to ash present in the biomass. But for the hydrodynamic study 

the particle size distribution can be seen from the Fig. 6. Diameters are normalized with the initial particle 

size, and it can be clearly seen that no significant clusters are present which disturb the Umf and when the 

average particle size is calculated using the histogram of particle size distribution. It is found to be 3 times 

to that of initial particle size, which means only three particles grouped together and formed cluster. But 

from the experimental observations the particle size should be large enough so that Umf requirement should 

be disturbed so significantly that the bed should not remain fluidized. So, from the above discussion it is 

revealed that clusters formed without chemical reactions but not large enough to defluidized the bed. 

When the simulations are performed by coupling of all the models including chemical reactions and 

simulations continued at the detection of fluidization then the bell-shaped or normal particle size distribution 

is obtained a shown in Fig. 7. This curve can be divided into three groups i.e., primary particles, tightly 

packed particles, loosely packed particles. Primary particles cannot be divided into smaller particles. They 

typically make up only a small percentage or more precisely only 9% of the whole bed and 91% of the bed 

consists of loosely and tightly packed agglomerates that are held together by van der Waals forces or other 

attractive forces. 

6.3 Temperature Profile of Fluidized Bed Combustor 

Fig. 8. illustrates the temperature profile along the height of the combustor chamber. Species transport 

model is used to initiate the combustion reactions and both eddy dissipation and finite chemistry model is 

simulated and compared with the experimental results. It is found that when eddy dissipation model is used 

to simulate the combustion reactions; the bottom of the combustion chamber matches with the experimental 

results, however, it over predicts the temperature by 25-50 °C along the axial direction when compared to 

the experimental results because eddy dissipation model removes the influence of the chemical interactions 

and is generally acceptable for fast reacting fuels. When the system is simulated using the finite rate 

chemistry in which reactions kinetics are considered then a good comparison between simulated and 

experimental results is observed. BFBs usually operates in a temperature range of around 800-950 °C with 

lower temperatures in the dense bed region and this trend is generally seen in commercial scale operations. 



Simulation results shows higher temperatures in the dense region which indicates better mixing and therefore 

uniformity of temperature. A sudden hike in temperature is seen above the dense region (i.e. 35 cm) liable 

due to the faster combustion reactions attributed to the burning of high volatile contents.  

6.4 Emissions 

Fig. 9 shows the CO2 and pollutants emissions at the 6 vol.% O2 standard reference. Biomass fuel 

(wheat straw) contains 0.9 wt.% Nitrogen contents which is the main reason for the formation of fuel NOx. 

In fluidized bed combustion technology temperatures are generally lower than the temperatures (around 

1300 °C) where thermal NOx mechanisms become operational and contribute to the green houses gases and 

pollute the environment. The European Union Industrial Emissions Directive (EUIED) specifies 300mg/m3 

to 200mg/m3 as the NOx emission limit for big biomass combustion plants with a capacity of 50MW to 

300MW. In this specific study the NOx control is not the main objective hence the values are relatively 

higher than the commercial scale permissible limits, nevertheless the air staging commercial configurational 

changes have proven to reduce the emissions closer to said targets. In our case only primary air is introduced 

and simulated using the eddy dissipation sub model of species transport model, so higher is the CO formation 

and less CO2 conversion in the free board region. The experimental work also lacks air-staging, only 

secondary air is introduced to avoid CO formation. In simulations only primary air is used which is the main 

reason of less CO conversion to CO2. A biomass with low bound nitrogen content can be used to avoid NOx 

formation as well. Literature [51] recommends the use of white wood as a fuel because it has low N2 contents 

generally in the range of 0.1-0.2 wt.%. 

6.5 Defluidization time 

Fig. 10. shows experimental evolution of differential pressure across the sand bed in case of wheat straw 

as a biomass fuel. The experimental result shows a defluidization time of about 22 min. When the whole 

process is simulated using the devised coupling strategy of Eulerian based reactive CFD modeling with PBM 

it gives a defluidization time of 23 min and 27 s as shown in  

 

 

 

 

 

 



 

Fig. 11. This simulation uses a high-performance computer (HPC) with 40 cores. Then the solution has 

stabilized around 2 min, there are oscillations around an average of 1000 Pa caused by the motion of the 

fluidized bed for nearly 18 min, indicating that no agglomeration has formed. After 18 min, the amplitude 

of the oscillations has significantly decreased, and the bed has begun to defluidize with formation of 

fluidizing air flow channels through the body of the bed. There is a sharp decrease in differential pressure at 

23 min and 27 s, indicating the defluidization of the bed followed by a decreasing trend. This is due to the 

formation and accumulation of CaSiO3 based agglomerates, in the chamber, which increased the average 

particle size. Nevertheless, the solid phases in the 750-850 °C range can equally comprise of calcium 

magnesium and sodium calcium silicates with a mixture of other minor phases such as sulphates and 

potassium silicates [54]. 

6.6 Agglomerates position 

The radial profile of agglomerate mean volume fraction at three different axial locations is shown in 

Fig. 12. The volume fraction of agglomerates is higher near the walls and at the center of the rig, indicating 

the position of agglomerates. 

The radial profile of the air mean volume fraction is depicted in Fig. 13. The air volume fraction is 

lower near the walls and at the centre of the rig, indicating that there is some strong hindrance that does not 

allow the air to pass through and, as a result, indicates the presence of agglomerates because the air does not 

overcome the adhesive forces between agglomerate particles and is no longer fluidizing the particles. The 

agglomerate samples retrieved from the defluidized bed, though not a direct measure, were found to be 

concentrated in the mid vertical and wall zonal strata as well. 

 

7. Conclusion 

In this research work, a CFD analysis of biomass combustion was performed, and the approach 

established for modeling combustion and agglomeration in a FBC has been outlined. The use of the 

population balance model (PBM) in conjunction with the Two-fluid model (TFM) for early prediction of 

agglomeration is adopted and the results are compared with the available experimental data. It is found that 

the use of PBM and TFM for early prediction of agglomeration is a promising approach and appropriate 

preventive measures can be initiated prior complete collapse of fluidizing bed. The findings of this study are 

important for the development of more efficient and sustainable biomass combustion technologies especially 

when the adopted strategies are implemented in large-scale industrial setups. Therefore, with continued 



research, it is likely that these models will become more accurate and reliable, and they will be able to play 

an important role in the design and operation of biomass combustion systems. 
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Fig. 1. (a) Pilot scale fluidized bed biomass combustor adapted from the work of Morris et al. [35], (b) 

Solid works drawing of the testing facility. 

[Cannot see 8 in the figure? Please check] 
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Fig. 2. Geometry of 65-kWth pilot scale FBC. 

[Words in the figure are not very clear, please improve. Thanks] 

 

 

 

Fig. 3. Coupling scheme to converge models. 

 



 

 

Fig. 4. Instantaneous contours of sand volume fraction. 

[Please revise sec to be s] [(sand) please add a space before ( ), also for other figures, thanks.] 

 

 

Fig. 5. (a) Sand bed particles (640 μm); (b) agglomerates of various sizes after defluidization. 

 



 

Fig. 6. Histogram of particle size distribution. 

[On axis please add a space before ( ), also for other figures, thanks.] 

 



 

Fig. 7. Histogram of agglomerates size distribution in the rig. 

 

 



 

Fig. 8. Temperature profile along the height of combustor. 

 

 

Fig. 9. Comparison of emissions between experimental and simulation results (using eddy dissipation 

model). 

[In the figure, please add year for the 2 Morris et al, thanks] 



 

Fig. 10. Experimental Evolution of Differential Pressure across the sand bed. Adapted from the work of 

Morris et al. [54]. 

[On the axis, please only keep the 1st letter of 1st word in capital letter, please revise all these figures, 

thanks] 

 

 

 

 

 

 

 

 

 

 

Fig. 11. Differential pressure fluctuations across the bed (Decline in DP corresponds to defluidization). 

 



 

 

Fig. 12. Radial Profile of agglomerate mean volume fraction. 

 

 

Fig. 13. Radial profile of air mean volume fraction. 

  



Tables: 

Table 1: List of chemical reactions. 

Process Reaction Type Temperature 

Drying H2O(l) → H2O(g) Endothermic Around 100 °C 

Devolatilization Volatiles +  
32O2 → CO2 + 2H2O Exothermic Around 500 °C 

Char Burnout 

C(s) +  
12O2 → CO(g) 

Exothermic Above 700 °C CO(g) +  
12O2 →  CO2(g) 

Nitrogen Reactions N2  + O2  →  2NO Exothermic Above 800 °C 

Sulfur Reactions S + O2  →  SO2 Exothermic Above 800 °C 

 

 

Table 2: Difference between TFM and DEM 

Feature Two-fluid model (TFM) Discrete element method (DEM) 

Accuracy Less accurate More accurate 

Computational 

efficiency 
More computationally efficient Less computationally efficient 

Application range 
Large systems with many 

particles 

Small systems with a small number of 

particles 

 

 

 

 

  



Table 3: Governing equations for simulation 

 
 

[The marked dots look lower, should be centered? Please check and revise.] 

 

Equation 

Name 
Expression Eq. No. 

Continuity 
Equation 
(k=s,g) 

𝜕𝜕𝑡 (𝜀𝑘𝜌𝑘) + ∇. (𝜀𝑘𝜌𝑘𝑣⃗𝑘) = 𝑆𝑘 (3-1) 
 𝜀𝑠 + 𝜀𝑔 = 1 (3-2) 
 

Momentum 
Equation 

(Gas phase) 

𝜕𝜕𝑡 (𝜀𝑔𝜌𝑔𝑣⃗𝑔) + ∇. (𝜀𝑔𝜌𝑔𝑣⃗𝑔𝑣⃗𝑔) = −𝜀𝑔∇𝑃 + ∇. 𝜏̿𝑔 + 𝜀𝑔𝜌𝑔𝑔⃗ + 𝐹⃗𝑘,𝑔 (3-3) 
 

Gas Phase 
Stress 

𝜏̿𝑔 = 𝜇1.𝑔(∇𝑣⃗𝑔 + ∇𝑣⃗𝑔𝑇) − 23𝜇1,𝑔∇. 𝑣⃗𝑔 (3-4) 
 

Momentum 
Equation 

(Solid phase) 

𝜕𝜕𝑡 (𝜀𝑠𝜌𝑠𝑣⃗𝑠) + ∇. (𝜀𝑠𝜌𝑠𝑣⃗𝑠𝑣⃗𝑠) = −𝜀𝑠∇𝑝 − ∇. 𝑃𝑠 + ∇. 𝜏̿𝑠 + 𝜀𝑠𝜌𝑠𝑔⃗ + 𝐹⃗𝑘,𝑠 (3-5) 
 

Solid phase 
Shear viscosity 

𝜇𝑠 = 𝜇𝑠,𝑐𝑜𝑙 + 𝜇𝑠,𝑘𝑖𝑛 + 𝜇𝑠,𝑓𝑟 (3-6) 
 

𝜇𝑠,𝑐𝑜𝑙 = 45 𝜀𝑠𝜌𝑠𝑑𝑠𝑔𝑜,𝑠𝑠(1 + 𝑒𝑠𝑠) (𝜃𝑠𝜋 )12 
(3-7) 

 𝜇𝑠,𝑘𝑖𝑛 = 𝜀𝑠𝜌𝑠𝑑𝑠√𝜃𝑠𝜋6(3 − 𝑒𝑠𝑠) [1 + 25 (1 + 𝑒𝑠𝑠)(3𝑒𝑠𝑠 − 1)𝜀𝑠𝑔𝑜,𝑠𝑠] (3-8) 
 𝜇𝑠,𝑓𝑟 = 𝑃𝑠 sin∅2√𝐼2𝐷  (3-9) 
 

Solid stress 
tensor 

𝜏̿𝑠 = 𝜇𝑠(∇𝑣⃗𝑠 + ∇𝑣⃗𝑠𝑇) + (𝜆𝑠 − 23𝜇1,𝑔)∇𝑣⃗𝑠 (3-10) 
 

 

Solid bulk 
viscosity 𝜆𝑠 = 43 𝜀𝑠𝜌𝑠𝑑𝑠𝑔𝑜,𝑠𝑠(1 + 𝑒𝑠𝑠) (𝜃𝑠𝜋 )12 

(3-11) 
 

Turbulence 
Model 

k-𝜖 Equations 
(Mixture) 

𝜕𝜕𝑡 (𝜌𝑘) + 𝜕𝜕𝑥𝑖 (𝜌𝑘𝑢𝑖)= 𝜕𝜕𝑥𝑗 [(𝜇 + 𝜇𝑡𝜎𝑘) 𝜕𝑘𝜕𝑥𝑗] + 𝐺𝑘 + 𝐺𝑏 − 𝜌ε − YM + 𝑆𝑘 

(3-12) 
 𝜕𝜕𝑡 (𝜌𝜖) + 𝜕𝜕𝑥𝑖 (𝜌𝜖𝑢𝑖)= 𝜕𝜕𝑥𝑗 [(𝜇 + 𝜇𝑡𝜎𝜀) 𝜕𝜖𝜕𝑥𝑗] + 𝐶1𝜀 𝜖𝑘 (𝐺𝑘 + 𝐶3𝜀𝐺𝑏)− 𝐶2𝜀𝜌 𝜖2𝑘 + 𝑆𝜀 

(3-13) 
 

Energy 
Equation 

𝜕𝜕𝑡 (𝜀𝑔𝜌𝑔𝐻𝑔) + ∇. (𝜀𝑔𝜌𝑔𝑢𝑔𝐻𝑔) = ∇(𝛼𝑔∇𝑇𝑔) + 𝑄𝑔𝑠 + 𝑆𝑔𝑠𝐻𝑠 (3-14) 
 𝜕𝜕𝑡 (𝜀𝑠𝜌𝑠𝐻𝑠) + ∇. (𝜀𝑠𝜌𝑠𝑢𝑠𝐻𝑠) = ∇(𝛼𝑠∇𝑇𝑠) + 𝑄𝑠𝑔 + 𝑠𝑠𝑔𝐻𝑠 (3-15) 
 𝐻 =∑𝑌𝑖𝐻𝑖𝑛

𝑖=1  
(3-16) 

 



  

Species 
Equation 

𝜕𝜕𝑡 (𝜀𝑔𝜌𝑔𝑌𝑔.𝑖) + ∇. (𝜀𝑔𝜌𝑔𝑢𝑔𝑌𝑔.𝑖) = −∇. 𝜀𝑔𝐽𝑔,𝑖 + 𝜀𝑔𝑅𝑔,𝑖 +𝑅𝑠,𝑖 (3-17) 
 

Population 
Balance Model 

Equation 

𝜕𝜕𝑡 (𝜌𝑠𝜀𝑖) + ∇(𝜌𝑠𝜇𝑖𝜀𝑖) + 𝜕𝜕𝑉 (𝐺𝑣𝜌𝑠𝜀𝑖𝑉 )= 𝜌𝑠𝑉𝑖(𝐵𝑎𝑔,𝑖 − 𝐷𝑎𝑔,𝑖 +𝐵𝑏𝑟 ,𝑖−𝐷𝑏𝑟,𝑖) + 0𝑖𝜌𝑠𝑉0𝑛̇0 (3-18) 
 𝜀i = NiVi   i = 0, 1, . . . , N (3-19) 
 𝑁𝑖(𝑡) = ∫ 𝑛(𝑉, 𝑡)𝑑𝑉𝑉𝑖+1𝑉𝑖  

(3-20) 
 𝜕𝜕𝑥 (𝐺𝑣𝜌𝑠𝜀𝑖𝑉 ) = 𝜌𝑠𝑉𝑖 [(𝐺𝑣,𝑖−1𝑁𝑖−1𝑉𝑖 − 𝑉𝑖−1 ) − ( 𝐺𝑣,𝑖𝑁𝑖𝑉𝑖+1 − 𝑉𝑖)] (3-21) 
 𝐵𝑎𝑔 = 12∫ 𝑎(𝑉 − 𝑉′, 𝑉′)𝑛(𝑉 − 𝑉′)𝑑𝑉′𝑉

0  
(3-22) 

 𝐷𝑎𝑔 = ∫ 𝑎(𝑉, 𝑉′)𝑛(𝑉)𝑛(𝑉′)𝑑𝑉′∞
0  

(3-23) 
 

Luo 
Aggregation 

Kernel 

Ωag(V𝑖 , V𝑗) =  ωag(V𝑖 , V𝑗) Pag(V𝑖 , V𝑗) (3-24) 
 ωag(V𝑖 , V𝑗) =  𝜋4 (d𝑖 + d𝑗)2𝑛𝑖𝑛𝑗  𝑢̅𝑖𝑗 (3-25) 
 𝑢̅𝑖𝑗 = (𝑢̅2𝑖 + 𝑢̅2𝑗)12 

(3-26) 
 𝑢̅𝑖 = 1.43(𝜀𝑑𝑖)1/3 (3-27) 
 

 Pag =  𝑒𝑥𝑝{  
   −c1 [0.75(1 + 𝑥𝑖𝑗2 )(1 + 𝑥𝑖𝑗3 )]12(𝜌𝑠𝜌𝑔 + 0.5)12 (1 + 𝑥𝑖𝑗)3  𝑊𝑒𝑖𝑗12}  

  
 

(3-28) 
 

𝑊𝑒𝑖𝑗  =  𝜌𝑙 𝑑𝑖(𝑢̅𝑖𝑗)2𝜎  (3-29) 
 



Table 4 Phase properties and boundary conditions 

Parameter Sand Fuel Air 

Particle/fluid density (kg m-3) 2650 800 1.225 

Particle diameter (μm) 640 5 - 

Thermal conductivity (Wm-1 K-1) 0.21 0.20 0.024 

Specific heat (J kg-1 K-1) 800 1336 1006 

Molecular weight (kg kmol-1) 60.08 26.25 28.996 

Viscosity (kg m-1 s-1) - - 1.8 × 10−5 

Static bed height (m) 0.24 - - 

Sand phase composition Mass fraction in percentage (%) 

SiO2 97.15   

Fe2O3 1.96   

CaO 0.20   

KaO 0.69   

Boundary Conditions 

Air inlet 117.6 kg/h 

Biomass inlet 10.2 kg/h 

Outlet Pressure outlet 

Wall No slip 
 

 

 

  



Table 5 Composition of biomass (wheat straw). 

Column title? Column title? Biomass composition (%) 

Ultimate analysis (wt.%) C 40.50 

 H 4.80 

 O 40.00 

 N 0.90 

 S 0.10 

Proximate analysis (wt.%) Moisture 7.12 

 Volatiles 68.38 

 Char 17.82 

 Ash 6.67 

 Biomass Formula C1.34H1.11N0.009 S0.001O 

Column title? Column title? Mass fraction as % of total ash 

Ash composition 

SiO2  

K2O  

P2O5  

MgO  

CaO  

Al2O3  

Na2O  

Fe2O3  

MnO  

TiO2 

38.4 

19.8 

4.8 

3.6 

21.1 

1.6 

6.3 

1.0 

0.1 

0.3 

 

[Please revise the numbers to be subscript] 

  



Table 6. Closure models 

Solid phase (sand) Gas phase (air) 

Granular temperature model Algebraic Density 1.225 kg/m3 

Granular viscosity Gidaspow [45] Viscosity 1.8×10-5 kg/m-s ?? 

Particle–particle restitution 

coefficient 

0.9 Gas-solid drag 

law 

Syamlal-Obrien [46] 

Granular frictional viscosity Schaeffer [47] Gas-solid heat 

transfer 

coefficient 

Gunn Model [48] 

Granular bulk viscosity Lun et al. [49] Solid-solid heat 

transfer 

coefficient 

Ranz-Marshal correlation [50] 

Max. packing limit 0.63   

 

 

Table 7. Discretization Scheme 

Equation Scheme 

Momentum QUICK 

Turbulent kinetic energy 1st order upwind 

Energy 2nd order upwind 

Volume Fraction QUICK 

Turbulent dissipation rate 2nd order upwind 

Sand Bin 2nd order upwind 

Physical time step size (s) 1 × 10-5 

Time implicit formulation 1st order 

 

 


