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The global population and energy consumption grow each year. Therefore, the 
tendency to use biofuels instead of fossil fuels assist the global requirement. Also, 
enhancing of the combustion efficiency and minimizing pollutant emissions during the 
combustion of municipal solid waste (MSW). The present study employed a CFD model 
to simulate solid fuel combustion in a grate combustion chamber which was commonly 
used in small-capacity boilers. computational fluid dynamics technique was used to 
simulate complex solid fuel reactions where 1 MW boiler was supposed for wood and 
coal combustion. The achievements found that 10%-dried MSW was used as fuel. The 
results of the study were related to the average gas flow temperatures and 
composition in the furnace outflow section, as well as the high combustion 
temperatures of fossil fuels. The results for the average temperature and average 
chemical molecular fractions (CO, O2, CO2, H2O, and N2) generated at the exit of the 
combustion process were positive. Thus, it was found that the thermal efficiency of the 
boiler was significantly affected by the amount of air supplied to the system at a 
temperature of 273 K and atmospheric pressure.  We observed variations in flame 
morphology, temperature profiles, and corresponding numerical values. 
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1. Introduction 
 

In contemporary times, the demand for energy leads to enhancing related applications such as 
boilers, condensers, and other related ones those have an effected role on the thermal power plants 
performance.  

Furthermore, the traditional energy sources such as coal, oil, and natural gas are the predominant 
means used to meet the energy requirements therefore the essential to improve the boilers 
performance make an efficient role to augment the overall thermal performance [1,2].  

The current status of solid biomass thermal disposal in the energy sector was widely recognized 
as an important contributor to power generation [3,4]. A number of technologies for thermal waste 
disposal are known: pyrolysis [5], gasification [6,7]. low-temperature thermolysis [8] etc., but they 
are all associated with the formation of a large amount of resins [9,10]. and therefore, direct 
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combustion remains the simplest and most effective method. The drawback of burning solid biomass 
is the formation of pollutants and the release of harmful gases [11,12]. Waste combustion is possible 
in the form of RDF fuel, which is dried and crushed material [13], and in the form of pressed 
briquettes or pellets [14]. In recent decades, a marked trend has been achieved among countries that 
are interested in utilizing solid biomass combustion via grate boilers. Therefore, this approach was 
considered as useful and more feasible, as it generates fewer pollutants harmful to the environment 
[15,16]. Furthermore, an exploration of efficient combustion processes was conducted at big scale 
to meet household energy demands and at a larger scale to cater to the requirements of furnaces 
and manufacturing industries [17]. Therefore, it is imperative for scientific investigations to 
continuously examine the factors that influence the combustion of wood residues and household 
wastes, as well as the production of pollutants within combustion chambers. Where, this was a 
crucial in order to devise efficient approaches for mitigating the release of these emissions and 
undesired substances [18]. Tanprasert et al., [19]  found a reduction in the emissions and 
environmental impact during combustion through computational fluid dynamics simulations. Also, 
the biomass mixing ratio increased the wood particles in the feed, which reduced oxide emissions. 
Qing et al., [20]  found numerically that food and paper waste typically produced a higher content of 
methane and carbon monoxide compared to yard waste. This was due to the high percentage of 
carbon in food waste and the high content of volatile matter in paper. While yard waste produced 
higher H2 content compared to food and paper waste resulting from higher amount of moisture 
content and lower volatiles that reduce carbon decomposition.  

To enhance the efficiency of combustion, it was crucial to ensure complete combustion. The 
achievement of full combustion relies on the existence of favorable circumstances. For optimal 
performance, a certain amount of fuel to air, turbulence, temperature and time [21]. Moreover, 
when combustion occurs, all fuel and air are completely consumed without any remaining surplus 
while burning refuse-derived fuels (RDF) was usually achieved by increasing the amount of air, 
atomizing the oxygen, or adding more fuel [22]. 

The lattice combustion of solid fuel was a widely used method for generating thermal and 
electrical energy due to its ability to effectively burn a wide variety of fuels, often requiring minimal 
or even neglectful fuel preparation [23]. Furthermore, the modeling and simulating of the lattice 
combustion processes in various combustion systems and mechanisms required numerous 
computational tools [24]. Grate-firing exhibits superior adaptability compared to other solid fuel 
thermal conversion technologies where this was considered as the prevailing choice for biomass 
firing [25]. It was found that the combustion of solid waste in high-temperature grate boilers played 
a significant role in the production of renewable energy [26]. Meanwhile, The predominant 
application of this process included the generation of heat through the combustion of solid waste 
(MSW) [27].  

The grid thermal boilers specialized in burning wood waste and solid household waste [28]. so as 
to assist the power generation or district heating [29,30]. The objective was attained the optimal 
combustion efficiency while minimizing the release of pollutants [31]. Furthermore, the thermal 
neutralization of wastes improved the almost complete destruction of organic harmful substances 
under the effect of high levels of temperature, as investigated in several studies [32]. Additionally, it 
was detected that the temperature requirement was elevated to a minimum of 1100 °C (1373 K) 
when the burning process included hazardous waste due to halogen organic compounds exceeding 
1%. Moreover, it was found that the determination of the boiler's efficiency relied on the amount of 
excess. Therefore, the evaluation of the ideal excess air coefficient was a critical technical parameter 
that requires ongoing monitoring [33]. 
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The combustion process employed in high-temperature process boilers and furnaces typically 
required the incorporation of a moderate quantity of surplus air [34]. Also, In order to create distinct 
interaction zones, it was investigated combustion processes and systems using diverse 
computational methods [35]. Where Insufficient air supply led to increased carbon monoxide (CO) 
emissions and reduced energy efficiency as a result of incomplete combustion of carbon [36]. 
Furthermore, it was observed that the co-ignition process occurring in various burners was a notable 
impact on the convection of the boiler walls, resulting in a discernible rise in emissions of carbon 
dioxide (CO2) and nitrogen oxides (NOx) [37].  

To investigate the effect of oxygen-enriched combustion on heat transfer and wall temperatures, 
where a thermodynamic model with zero and one-dimensional characteristics was conducted. This 
model was achieved to estimate the heat flux to a thermal load and the principal temperatures in 
both laboratory-scale and industrial-scale furnaces. Moreover, The numerical simulation method was 
employed to investigate the temperature distribution and NOx formation in a boiler under various air 
grades [38].  

The basic and most important method of burning solid fuel in boilers of low and medium capacity 
was primary combustion, in which fuel was fed to the grate from above and blown with blast air 
supplied from below. Furthermore, the rate of combustion of coal was highly dependent on the 
density of air supply due to the fact that the rate of combustion of coal is highly dependent on the 
density of air supply [39]. An empirical investigation was conducted to examine the combustion of 
individual coal particles under different atmospheric conditions, including air and various oxy-fuel 
compositions, at multiple time intervals. It was found  that the presence of water vapor into the oxy-
fuel environment led to an increase in particle temperature during the combustion of coal particles 
[40]. Also, it was conducted on the co-firing of biomass with coal in a tangentially fired boiler using 
oxy-fuel combustion where the outcomes referred to an augmentation of oxy-fuel conditions results 
in an elevation of flame temperature [41].  

The objective of this study tends to model the process of solid fuel combustion in a grate boiler 
and identify the potential strategies for enhancing the combustion efficiency of municipal solid waste 
(refuse-derived fuel) and reducing emissions of pollutants by using Ansys Fluent software. Moreover, 
it assesses the impact of various key parameters on the combustion efficiency such as altering the 
excess air coefficient, the temperature of the air supplied to combustion, the height of the furnace 
space, and the location and size of the outlet window. Furthermore, a comparative analysis must be 
examined to evaluate the combustion efficiency under different parameter configurations also 
addresses the challenges related to simulating the combustion phenomenon within a solid fuel. 
 
2. Computational Fluid Dynamic Analysis  
2.1. Model Description 
 

The study utilized a KVM-12 boiler which included a capacity of 1 MW it was built to combust 
both wood fuel and coal, as depicted in Figure 1. The boiler was equipped with an enormous furnace 
that features a grate. The outcome gaseous from the furnace directed into a dual-channel tube 
bundle to facilitate the heating of water where each one movement takes up half of the total width 
of the boiler.  
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Fig. 1. Boiler KVM-12: 1 – air inlet; 2 – solid fuel inlet; 3 – grate; 4 – layer of fuel; 5 – fire 
chamber; 6– combustion outlet 

 
It was tended to ascertain the levels of noxious chemicals and the gas temperature at its 

discharge. To optimize the combustion temperature, the possibility of utilizing a screen less furnace 
was taken into consideration. Also, it is postulated that the furnace walls are thermally insulated 
using fireclay material with a thickness of 0.2 units. 
 
2.2. Boundary and Initial Conditions 
 

The supposed domain should be provided with the boundary conditions so as to enhance the 
perfection of the outcome achievements and make those results more reliable to the real case [42]. 
the supposed domain of the present study that is shown in Figure 2. And Figure 3. includes 
rectangular walls where they are assumed to be adiabatic to prevent any heat loss from the core 
process to the out ambient. Also, the present domain includes an inlet air section that allow for a 
mass flow rate of air to be flowed with certain value Where the mass fuel flow rate is 0.03665 kg/s 

constant for each excess air flow rate . Moreover, the exit section is supposed on the corresponded 
region of the inlet wall to simulate make better flow for the combusted gases. The inlet air 
temperature is supposed according to the atmospheric conditions i.e. 25 C and 101.325 Kpa while 
the outlet temperature of the exhausted gases is determined according to the condition of the 
combustion process. Furthermore, the present study doesn’t have a time variation so that, the 
supposed solid fuel is assumed to be inserted within the domain under specified mass limit.  

 

 

 

 
Fig. 2. Longitudinal section of the supposed boiler 
(Domain) 

 Fig. 3. The dimensions of the 
studied domain 
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2.3. Composition of Solid Fuel 
 
There is a large range of variation in both the physical qualities of municipal solid waste (humidity, 

density, and size) and the chemical properties of MSW (elemental composition, heating value). 
Therefore, the fuels such as MSW and coal contain varying amounts of carbon, oxygen, hydrogen, 
nitrogen, Sulphur, moisture, and ash, accurate mass analysis is problematic. The primary components 
of used solid fuel are destructible blocks and ballast. Combustible mass refers to combustible 
materials, whereas ballast is composed of debris and slag [43].  

The composition of used RDF fuel is shown in Table 1. where these values are computed by 
depending on equation (1) below [44,45],  

 
Fixed carbon in Coal (wt.%) = 100-(M (wt.%) + AC (wt.%) + VM (wt.%))                                                  (1) 
 
where  
M = Moisture content analysis (%) 
AC = Ash content (%) 
VM = Volatile Matter (%) 
 

Table 1 
Composition of fuel 
Physical composition of MSW (wt.%) 

Food residue 30 
Paper 30 
Textiles 5 
Wood 5 
Ribbon, leather 1 
Plastics 15 
Non-combustibles 14 

Ultimate analysts as received 

C (%) 54.4 
H (%) 7.3 
O (%) 36.5 
N (%) 1.4 
S (%) 0.4 

Proximate analysis as received by weight 

Moisture content (%) 10.0 
Volatile nutter (%) 49.1 
Ash content (%) 26.9 
Fixed carbon (%) 14.0 
Net heat value (kJ/kg) 13 640 

 
The fuel simulations were subsequently established through the utilization of the Coal Calculator 

dialog. The Coal Calculator dialogue facilitates the automated computation and configuration of 
pertinent input parameters for the species, Discrete-Phase (DPM), and pollutant models linked to the 
process of solid fuel combustion. Moreover, the Species dialog of the Species Transfer Model offers 
the option to select either Eddy-Dissipation or rate-specific/eddy-dispersive disorder-chemistry as 
shown in the Figure 4.  

 The mass fraction values for the elements carbon (C), hydrogen (H), oxygen (O), nitrogen (N), 
and optionally sulfur (S) are inputted for the dry ash-free coal (DAF). The mass fractions in ANSYS 
FLUENT are normalized to ensure their aggregation into a unit Shown in Table 2. Subsequently, an 
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evaluation is conducted on the estimated coal, specifically focusing on the mass proportions of 
volatile and fixed carbon, ash, and moisture present in the coal. The ANSYS FLUENT software is 
employed to standardize these mass proportions and aggregate them within a unified measurement 
unit. Subsequently, the two-step chemical mechanism was selected. The two-step mechanism 
comprises the initial reaction involving the oxidation of carbon dioxide by volatile substances, 
followed by the subsequent reaction involving the oxidation of carbon dioxide to carbon dioxide. 
 

 
Fig. 4. Fuel characteristics 

Table 2 
Composition of the studied fuel 

Name Fuel composition (MSF), wt. % 

Combustible 
elemental mass 

 

Carbon Cg 54,7 

Oxygen Og 36,6 
Hydrogen Hg 7,3 
Nitrogen Ng 1,4 
Sulfur Sg 0 
Sum 100 
Components  
Ash content Ap 26,9 
Humidity Wр 10 
Fixed carbon 13,5 
Volatiles 49,6 
Sum 100 

       
 

 
2.4. Modeling the Combustion of a Layer of Solid Fuel on a Grate 
 

The combustion of solid fuels is a heterogeneous reaction where combustion occurs in a 
diffusion-dependent region during lattice stratification combustion. This is supported by the strong 
relationship between the rate of combustion of solid fuels and the rate of oxygen supply to the 
particle surface. Also, the incineration is regarded as a thermal process that involves the oxidation of 
combustible waste components. 

The Figure 5 shows the schematic diagram of the studied boiler where flames are achieved from 
the fuel under the effect of air flow with the standard contents of oxygen and nitrogen in the 
atmospheric. 

  



Journal of Advanced Research in Numerical Heat Transfer 

Volume 23, Issue 1 (2024) 66-87 

72 
 

 
Fig. 5. Diagram showing the fuel combustion process 

 
3. Meshing Process  
 

It is well known that the applying of the numerical analysis upon any studied domain become 
essential to get on a solution of the governed equations. Moreover, the numerical solution requires 
subdivision of the geometry for fine elements to get on more accurate achievements. Therefore, the 
meshing process of the present CFD model involves the use of tetrahedral elements for increasing 
the connecting among the corresponded elements. 

The subdivisions of the geometry for fine elements may be changed according to the total 
number of those items where the higher mesh number presets accurate results but it requires more 
time for the analysis. Thus, the mesh independency should be processed to get on the best choice of 
mesh number that reaches the highest accuracy and lowest processing time. The table below shows 
the grid independency of the present geometry where the best element number is approached to 
1,060,690. 

The next major stage involves segmenting the initial 3D geometric model to create a finite 
element network. Aerodynamics, gases and process flow modeling (CFD modeling) is implemented 
in the Ansys Fluent software package by using the finite element method. The initial approach 
involved adopting an adaptive network model, which is mainly composed of polyhedral elements as 
shown in Figure 6. 
 

 
Fig. 6. General view of the domain under the mesh case 
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To achieve comparability among various simulations, the computational specification of 
modeling in a network structured with polyhedral cells (polyhedrons) was utilized, and similar 
settings were employed for each calculation. Nevertheless, it is imperative to modify the 
configurations to gain access to the affinity. Additional information pertaining to the spatial 
estimation of gradients, quantities, and hypo-relaxation factors identified in the simulation can be 
found in Table 3, Table 4 and Table 5. 
 

Table 3 
Mesh independency 
No Mesh number Value of Co2 at Excess air ratio at 1.6 The best choice 

1 765,876 7.65 × 
2 799,800 10.23 × 
3 865,390 10.98 × 
4 976,543 11.1 × 
5 1,060,269 11.51 √ 
6 1,100,653 11.5 × 

 
Table 4 
Settings for spatial discretization 
Spatial Discretization Realizable k-ε and DO 

models 
Spatial Discretization Realizable k-ε and DO 

models 

 Gradient Least Squares Cell Based Vol Second Order 
 Pressure PRESTO O2 Second Order 
 Momentum Second Order CO2 Second Order 
 Density Second Order H2O Second Order 
 Turbulent Kinetic Energy Second Order CO Second Order 
 Turbulent Dissipation Rate Second Order Pollutant NO Second Order 
 Energy Second Order Pollutant HCN Second Order 
 Discrete First Order Pollutant NH3 Second Order 

 
Table 5 
Under-Relaxation factors in CFD 
Under Relaxation Factors Realizable k-ε and DO 

models 
Under Relaxation Factors Realizable k-ε and DO 

models 

Pressure 0.5 Vol 0.75 
Momentum 0.5 O2 0.75 

Density 0.5 CO2 0.75 
Body Forces 1 H2o 0.75 

Turbulent Kinetic Energy 0.75 CO 0.75 
Turbulent Dissipation Rate 0.75 Pollutant NO 0.75 
Turbulent Viscosity 1 Pollutant HCN 0.75 
Energy 0.75 Pollutant NH3 0.75 

Discrete Ordinates 1 Discrete Phase Sources 0.5 

 
4. Results and Discussion  
4.1. Investigation of Combustion with a Change in The Coefficient of Excess Air 
 

The study of combustion initially involved the examination of combustion processes under 
different excess air ratios. Table 6. provides the prescribed values for the surplus air coefficient, the 
composition of the combustion products, the flow rates of air and combustion products, and the 
combustion temperature. 
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Table 6 
Composition of fuel combustion products 

 
Excess air coefficient  

1,2 1,3 1,4 1,6 1,8 2,0 2,5 3,0 

Specific air consumption, m3/kg              
theoretical 3.10 3.10 3.10 3.10 3.10 3.10 3.10 3.10 
valid 3.72 4.03 4.34 4.96 5.58 6.20 7.75 9.30 
Specific volume of combustion products, 
m3/kg, 
including 4.35 4.66 4.97 5.59 6.21 6.83 8.38 9.93 
CO2 (vol. %) 14.7 13.8 12.9 11.5 10.3 9.4 7.7 6.5 
S2O (vol. %) 0.05 0.05 0.04 0.04 0.03 0.03 0.03 0.02 
H2O (vol. %) 14.6 13.6 12.8 11.3 10.2 9.3 7.6 6.4 
N2 (vol. %) 67.7 68.4 69.1 70.2 71.1 71.8 73.1 74.0 
O2 (vol. %) 3.0 4.2 5.2 7.0 8.4 9.5 11.6 13.1 
the flow              
fuel, kg/s 0.073

3 
0.073
3 

0.073
3 

0.073
3 

0.073
3 

0.073
3 

0.073
3 

0.073
3 

air, kg/s 0.352
6 

0.382
0 

0.411
3 

0.470
1 

0.528
9 

0.587
6 

0.734
5 

0.881
4 

air, m3/s (at 0°C) 0.27 0.30 0.32 0.36 0.41 0.45 0.57 0.68 
combustion products, kg/s 0.41 0.44 0.47 0.53 0.59 0.65 0.79 0.94 
Calorimetric combustion temperature, °C 1838 1750 1668 1522 1398 1291 1082 1562 

 
The modeling study yielded findings regarding the maximum combustion temperatures of 

organic fuels, average temperatures and composition of the gas flow in the outlet section of the 
furnace was illustrated in Table 7 and Figure 7. These results align with the theoretically calculated 
values. Additionally, favorable outcomes were observed for the average temperatures and average 
chemical molecular fractions (O2, CO2, H2O, N2, and CO) generated during combustion at the outlet. 
Furthermore, the radial temperature at different excess air proportions introduced to the grate heat 
boiler was also investigated, yielding satisfactory results.  

In addition, as an option to improve efficiency, a mode with an excess air coefficient of = 1.4 was 
selected, in which a significant proportion of unburned fuel and a high CO concentration were 
present in the exhaust gases. A search was made for the possibility of increasing the efficiency of 
combustion not by increasing the excess air coefficient, at which the combustion temperature 
decreases, but by altering the geometry of the furnace. 
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Table 7 
Parameters in the exit section 
Parameters Excess air ratio ()  

1.2 1.3 1.4 1.6 1.8 2.0 2.5 3.0 

The amount of unburned fuel         
Mass fraction on vol  0.0256 0.0190 0.0114 0.0049 0.0000 0.0000 0.0000 0.000 
Consumption share, % 14 12 7 4 0 0 0 0 
The content of harmful 
components 
a) ppm 

        

NOx 10.6 29.2 57.4 132.8 152.9 151.2 117.7 57.5 
CO 4769 3438 2253 1114 448 38.6 1.2 0.012 

SO2 563 549 540 505 489 445 361 310 
b) flow rate, mg/s         

NOx 4.5 13.4 28.0 72.9 93.3 101.5 96.9 56.1 
CO 1901 1468 1026 571 255 24.2 0.9 0.0 
SO2 526 548 575 606 652 652 649 660 

Temperature, K         
average on outlet 1513 1538 1556 1540 1486 1374 1173 1036 

maximum in burner 1969 1973 1976 1960 1943 1905 1848 1825 
Velocity, m/s 17.7 19.3 20.8 23.1 24.8 25.2 26.4 27.6 

 

  



Journal of Advanced Research in Numerical Heat Transfer 

Volume 23, Issue 1 (2024) 66-87 

76 
 

  

  

  
Fig. 7. Temperatures of the gas flow in the boiler section at various coefficients of excess air (base 

variant) 
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4.2. Investigation of Combustion with a Change in The Height of the Furnace and The Location of The 
Exit Window 

 
To investigate the geometric characteristics of the furnace space with regards to combustion 

efficiency, several options were taken into consideration  
Option A (refer to Figure 8). The exit window is situated in the upper plane of the furnace rather 

than the side wall, while retaining its dimensions of 0.25 x 0.4 meters. The placement of the tube 
bundle in this design can either be situated above the furnace or connected to it through a flue.  

Option B involves the act of increasing the furnace's height from 1.87 m to 3 m, while also 
preserving the proportions of the exit window at 0.25 x 0.4 m.  

Option C. The location of the exit window on the side wall with its width increasing to the width 
of the wall and located in its upper part (0.715 x 0.4 m). One stroke of the tube bundle must be.  

Option D. An additional increase in the height of the exit window by 1.5 times (0.715 x 0.6 m). 
The air flow rate corresponding to α = 1.40 was established in the computation. 
 

 
Fig. 8. Scheme of the boiler plant 

 
Table 8 presents the primary outcomes derived from the modeling of four alternative designs for 

the furnace, while Figure 9 illustrates the temperature distributions within the gas flow. 
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Table 8 
Parameters in the exit section (base variant) 
Parameters Option Basic option of 

geometry ( = 1,4)  А B C  D 

The amount of unburned fuel      
Mass fraction on vol.  0.0099 0.0103 0.0101 0.0091 0.0114 
Consumption share, % 6.4% 6.6% 6.5% 5.9% 7.4% 
The content of harmful 
components 
a) ppm 

     

NOx 27.5 35.8 54.4 69.8 57.4 
CO 2696 2351 1992 1798 2253 
SO2 544 552 544 535 540 
b) flow rate, mg/s      
NOx 13.5 17.5 26.5 34.1 28.0 
CO 1228 1071 907 819 1026 
SO2 580 589 580 570 575 
Temperature, K      
Average on outlet 1563 1558 1558 1525 1556 
Maximum in burner 1937 1950 1966 1979 1976 
Velocity, m/s 20.9 20.8 7.27 4.75 20.8 

 

 
(a) 

 

 
(b) 
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(c) 

 

 
(d) 

 

 
(e) 

Fig. 9. Temperature and velocity fields in the boiler section (four design options), (a) Basic option, (b) 
Option A, (c) Option B, (d) Option C, (e) Option D  
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4.3. Investigation of Combustion with a Change in Air Temperature 
 
In conclusion, this study examined the impact of air temperature on combustion efficiency in a 

furnace operating at an air flow rate corresponding to α = 1.4. The experimental setup employed the 
Option D design, with the air temperature fed to the boiler being set at 200 and 400 °C (473 and 673 
K). The computation results are displayed in Table 9 and Figure 10. 

 

 
(a) 

 

 
(b) 

Fig. 10. Fields of temperatures and velocities in the boiler section (when the air temperature changes), (a) 
tair = 473К (200°C), (b) tair = 673К (400°C) 
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Table 9 
 Parameters in the exit section 

Parameters 
Air temperature tair Option D,  = 1.4, tair = 273К) 

673К 473К 

The amount of unburned fuel    
Mass fraction on vol.  0.0115 0.0117 0.0091 
Consumption share, % 7.4% 7.6% 5.9% 
The content of harmful components    
NOx 266.4 72.2 69.8 
CO 1909 2750 1798 
SO2 540 562 535 
b) flow rate, mg/s    
NOx 130.1 35.3 34.1 
CO 869 1252 819 
SO2 575 599 570 
Temperature, K    
average on outlet 1779 1630 1525 
maximum in burner 2196 2063 1979 
Velocity, m/s 5.5 5.1 4.7 

 

The primary determinant of combustion is the ratio of un-combusted fuel present at the output 
of the furnace. In the context of Ansys Fluent, the term used to denote this quantity is "mass fraction 
on volume" (expressed in kilograms per kilogram). The proportion of unburned fuel (Fuf) can be deter-
mined by utilizing the value of Mfv along with the given fuel consumption data: 

 
Fuf = Mfv Mcp / Mf·100%                                                                                                                                      (2) 

 
The amount of unburned fuel at the outflow of the furnace drops as the excess air coefficient in-

creases, reaching zero at an excess air coefficient of α = 1.8, as shown in Figure 11. The alteration of 
the furnace dimensions, as well as the dimensions and placement of the exit cone, does not exert 
any influence on the ratio of un combusted fuel, irrespective of the air temperature. Here Mcp and 
Mf are the mass flow rates of combustion products and fuel, kg/s Table 4. 
 

 
Fig. 11. The proportion of unburned fuel at various excess air ratios 

 
The carbon monoxide (CO) concentration at the furnace outlet is indicative of the degree to which 

fuel combustion has been achieved. The combustion efficiency is observed to increase as the extra 
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air ratio is increased, resulting in a decrease in its content, as illustrated in Figure 12. The carbon 
monoxide (CO) concentration reaches zero when the value of the parameter α = 2. 

The sulfur dioxide (SO2) concentration is contingent upon the specific composition of the fuel 
utilized. Hence, it can be shown that the mass flow rate of sulfur dioxide (SO2), expressed in 
milligrams per second (mg/s), is only contingent upon the mass flow rate of the fuel being combusted 
(as depicted in Figure 12). As the fraction of unburned fuel decreases, there is an observed increase 
in the mass flow rate of SO2. Once the proportion of unburned fuel reaches Fuf = 0%, the mass flow 
rate of SO2 stabilizes and remains constant. 

The impact of an excessive amount of air on the generation of nitrogen oxides is characterized by 
a significant correlation, reaching its peak at α values ranging from 1.15 to 1.25 for oil-gas boilers and 
α values ranging from 1.4 to 1.5 for pulverized coal boilers. The specific values are contingent upon 
the burner design and the condition of the combustion chamber [46,47]. It can be postulated that in 
the case of lower-quality solid fuel, the peak value of nitrogen oxide generation will occur at a higher 
value of α. The modeling analysis indicated that the highest production of nitrogen oxides during the 
process of trash incineration will occur at an alpha value ranging from 1.8 to 2.0, as depicted in Figure 
12. As the value of α continues to rise, the production of nitrogen oxides starts to decline because of 
a reduction in the temperature of combustion. It can be concluded that the obtained simulation 
results are consistent with the main theoretical provisions in the field of fuel combustion. 

 

  
Fig. 12. Average content of NOx, CO and SO2 in the furnace outlet window (basic option) 

 
During the simulation, two values of temperatures were determined: 
 

i) is the average temperature of the gases in the cross section of the exit window. 
ii) is the maximum temperature in the furnace. 

 
Figure 13 displays the temperatures acquired by modeling, while also presenting the adiabatic 

flame temperature at varying α values, as depicted in Table 4. The temperature of the combustion 
products (Tout) is expected to drop with complete combustion of the fuel. However, due to 
incomplete combustion, the average temperature of the gases at the output of the furnace remains 
rather stable until the value α =1.6. Once the combustion process reaches its completion, the 
temperature of the resulting products experiences a decline that mirrors the magnitude of the 
adiabatic flame temperature (Tad). The dissimilarity between Tad and Tout values can be elucidated 
by the heat losses that occur through the boiler furnace wall. Outlet temperature (Tout) is the 
average temperature in the output window; maximum temperature (Tmax) is the utmost furnace 
temperature; "Tad" is the adiabatic combustion temperature. 
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Fig. 13. Temperatures in the boiler when changing the coefficient of 
excess air 

 
As shown in Figure 14 the temperature within the furnace exceeds the fuel layer in the 

combustion zone. The result is dependent on the rate of combustion chemical reaction, as well as 
the pace at which oxygen is supplied to the combustion zone. Hence, in juxtaposition to the adiabatic 
flame temperature and the mean temperature at the furnace output, its dependence on the surplus 
air coefficient is minimal. As the value of α increases, the combustion products after the zone of 
maximum temperature experience a dilution effect due to the presence of surplus air, resulting in a 
reduction in the average temperature of the gases. 

 

 
Fig. 14. The position of the maximum 

temperatures in the furnace ( = 1,2) 

 
The increase of the air temperature provided for combustion results in a corresponding rise in 

both the maximum temperature within the furnace and the average temperature of the gases at the 
furnace output see Figure 15. The elevation of air temperature by 200K results in a corresponding 
rise of approximately 100K in both the maximum and average temperatures seen at the exit of the 
furnace. The rise in Tout and Tad exhibits comparable characteristics. 
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Fig. 15. Temperatures in the boiler when the air temperature changes: 
"Tout" is the average    temperature in the output window; "Tmax" is 
the utmost furnace temperature; "Tad" is the adiabatic combustion 
temperature 

 
The temperature at which complete combustion of dangerous substances is attained is indicated 

by the green line in Figures 12 and 14, corresponding to a value of 850°C (1123K). The temperature 
of the gases at the exit of the furnace lowers under this limit when α ≥ 2.35. 

Based on the simulation results, the following conclusions can be drawn. 
 

i) The outcomes obtained from the computation of the combustion of a solid fuel layer on 
a grate align with the theoretical principles governing the combustion process, hence 
indicating the suitability of the created model. 

ii) A range of values, specifically α = 2…2.35, has been determined to guarantee the 
achievement of complete combustion of the fuel, as well as the minimal emission of NOx, 
SO2, and CO. This range is applicable while the temperature of the gases exiting the 
furnace remains above 850°C. 

iii) Modifications such as enlarging the furnace, altering the size and placement of the exit 
window, and elevating the temperature of the air provided for combustion do not exert 
any influence on the efficiency of the combustion process. However, a rise in atmospheric 
temperature facilitates an elevation in the temperature of gases. 

 

5. Conclusion 
 

A comprehensive computational fluid dynamics (CFD) model was utilized to conduct 
microcomputer simulations and modeling of biomass combustion plants in boilers. The simulations 
were carried out using Ansys Fluent software, along with theoretical calculations, to assess the 
combustion performance, temperatures, and emission characteristics that arise from the combustion 
of solid fuels within the thermal boiler and at the outlet port. The present study involved the 
examination of a unique three-dimensional model in order to comprehensively evaluate various flow 
and mixing phenomena. Displacement gases, which possess combustion and generation 
temperatures that are pertinent to the biomass grid, are produced by considering the eight varied 
ratios of surplus air that are fed into the convection boiler via the input. Under the experimental 
settings of atmospheric pressure and a temperature of 273 K, it was discovered that varying 
percentages of air introduced into the system had a discernible impact on the thermal efficiency of 
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the boiler. This resulted in noticeable alterations in flame morphology, temperature profiles, and 
corresponding numerical values.  

The present study presents a proposed model for the combustion process of a solid fuel layer 
over a grate, commonly employed in boilers with limited capacity. The analysis of the acquired 
outcomes indicates a congruence with the theoretical rules governing the combustion process. It has 
been determined that the combustion efficiency is only influenced by the value of the excess air 
coefficient α. The establishment of a specific interval, denoted as α, is necessary for the purpose of 
waste incineration. This interval is crucial in guaranteeing the thorough burning of waste materials 
and ensuring that the gas temperatures at the boiler outlet meet the necessary environmental 
standards. 
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