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Abstract—Incineration of municipal solid waste (MSW) is one of 

the key scopes in the global clean energy strategy. A computational 

fluid dynamics (CFD) model was established in order to reveal these 

features of the combustion process in a fixed porous bed of MSW. 

Transporting equations and process rate equations of the waste bed 

were modeled and set up to describe the incineration process, 

according to the local thermal conditions and waste property 

characters. Gas phase turbulence was modeled using k-ε turbulent 

model and the particle phase was modeled using the kinetic theory of 

granular flow. The heterogeneous reaction rates were determined 

using Arrhenius eddy dissipation and the Arrhenius-diffusion 

reaction rates. The effects of primary air flow rate and temperature in 

the burning process of simulated MSW are investigated 

experimentally and numerically. The simulation results in bed are 

accordant with experimental data well. The model provides detailed 

information on burning processes in the fixed bed, which is otherwise 

very difficult to obtain by conventional experimental techniques. 

 

Keywords—Computational Fluid Dynamics (CFD) model, Waste 

Incineration, Municipal Solid Waste (MSW), Fixed Bed, Primary air. 

I. INTRODUCTION 

ASTE incineration power generation is one of the best 

waste disposal methods. Mechanical grate incinerator in 

new large-scale domestic waste incineration plants has been 

widely used. Relative to conventional coal-fired boilers, the 

physical and chemical reaction process waste incineration 

furnace is more complex [1].  

Numerous theoretical studies on modeling MSW 

incineration have been published literature, based on many 

parameters. These simulations, helping in recognizing the 

behavior of gas and solid flow within the fixed bed [2], [3] and 

also the chemical process reactions [4], [5]. Yang et al. [6] for 

example, investigated the effects of fixed bed primary air 

proportion and fuel moisture content in the combustion 

process. They used biomasses and simulated MSW as fuels to 

investigate the variation of the moisture evaporation rate, 

volatile release, char combustion experimentally and 

numerically.  

Yang et al. [7] performed experiments on fixed bed, 

investigating the effects of ignition time, burning rate, 

thickness of reaction area, temperature of flame fronts and gas 
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species released at the top of the bed on devolatization rate 

and moisture content.  

Ryu et al. [8] and Saastanainen et al. [9] investigated the 

propagation process of reaction fronts in fixed bed using wood 

as fuel, and also investigated air flow rate, moisture, particle 

size, density, and the effects of wood on flame reaction rate 

and the highest temperatures in fixed bed, and thus found out 

that the highest propagation speed can be observed depending 

on the relation between air and speed. But on the other hand, 

they didn’t investigate the characteristic variations of fuel and 

temperature in fixed bed. Goh et al. [10], [11] also measured 

the temperature of MSW burning fuel at the top of the fixed 

bed and the gas component distribution. Zakaria et al. [12] 

investigated how to decrease the NOx production in MSW 

incinerator. Rönnbäck et al. [13] also investigated the effects 

of primary air and fuel characteristics on bed biomass ignition 

fronts, temperature and gas components of the fixed bed. 

Sharifi [14], Thunman et al. [15] carried out deliberate 

experiments and numerical researches on waste 

characteristics, bed temperature and gas components in 

middle- sized and large scale moving beds. 

Discrete element method (DEM) and the continuum 

description model are the two different models applied to key 

out the gas-solid flow [16]. Discrete element method is the 

most popular model used, merely due to the increasing in the 

particle number the model becomes more expensive 

computationally because it requires high memory resources to 

overcome these calculations [17], [18]. On the other hand, the 

continuum model that based on kinetic theory of granular flow 

(KTGF) becomes a more general method employed in 

identifying the two phase model, particularly its use little CPU 

and less memory resources [19], [20]. 

Because above researches provide very few investigations 

for fuel and NO in the fixed bed, more deep and thorough 

researches are needed to investigate the effects of the 

combustion process on waste layers. A mathematical model of 

the fixed bed in the present work will be simulated using a 

new development code, namely COMMENT-Code 

(Combustion Mathematics and Energy Transport) to simulate 

the processes rate and combustion process within the bed, 

based on previous work [19], [20]. 

The present study provides a deliberate numerical and 

experimental investigation for the variation of temperature 

distribution, gas concentration, and mass in the fixed bed 

versus time during the combustion process, and this is done 

according to the variations of primary air, primary air 

temperature, and characteristics of simulated MSW, in order 

to understand the effects of primary air, primary air 
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temperature, and characteristics of simulated MSW on waste 

combustion process in the fixed-bed, which will provide 

references for engineering applications that can be useful fo

optimizing numerical models for MSW incineration and 

layered waste combustion. 

II. EXPERIMENTAL TEST R

A fixed-bed reactor was employed to burn simulated solid 

wastes. The reactor shown in Fig. 1 is a vertical cylindrical 

combustion chamber suspended from a weighing scale. The 

height of the chamber is 1.3 m with an inner diameter of 180 

mm. The experimental combustor is axially symmetric and 

thermally insulated by a 50mm refractory wall. It consists of 

an interior tube surrounded by a thick layer of insulat

material and an external casing. The grate is installed at the 

bottom of the chamber and consists of a perforated plate made 

from stainless steel, with approximately 95 holes of 7 mm 

diameter, representing 15% open area. Thermocouples were 

used to monitor the temperature of primary airflow, 

temperature inside the bed at different height levels (T1, T2 to 

T11). This system has been described in [21].

 

Fig. 1 Experimental one-dimensional fixed bed combus

for simulated MSW 

III. MATHEMATICAL MODELING OF 

The mathematical model presented in the current work will 

be developed to simulate the processes rate and combustion 

process within the bed combustion. The model

into two parts: firstly the process rate models and then the 

conservation (transport) equation model for gas and solid 

phases. 

A. Process Rate Equations 
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dimensional fixed bed combustion test rig 

ING OF FIXED BED 

The mathematical model presented in the current work will 

be developed to simulate the processes rate and combustion 

process within the bed combustion. The model will be divided 

firstly the process rate models and then the 

conservation (transport) equation model for gas and solid 
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For temperatures between 730 and 1170 K
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5. NOx Formation and Reduction in the Bed

By assuming the volatile nitrogen 

HCN precipitates release rate which is proportional to the rate

of release of volatiles, The rate of HCN formation from 

devolatilized nitrogen is calculated by 

 }q � 4~,�c�,�c �~⁄   
 

where, 4���� is the concentration of waste nitrogen volatile

for waste incineration process volatile precipitation rate

atomic weight of nitrogen.  

The overall reaction rates of the major nitrogenous species 

proposed by [23] are  
 }X � 5q @ �ih~ @ �ef/ @ 678&
}Z � 5X @ �ih~ @ �~e @ 678&

� � � 0                      
0.35 
 0.1 @ 1��ef
3.95 
 0.9 @ 1��ef   

 

where: A1, A2 for the reaction constant,

energy of the reaction, the values of these constant taken from 

[24], XHCN, XO2 mole concentration of HCN and O

respectively, and b is the model coeffic

and value of the concentration of oxygen related to reaction 

atmosphere. 

of Volatiles [20] 
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Formation and Reduction in the Bed 

By assuming the volatile nitrogen contained in the form of 

release rate which is proportional to the rate 

of release of volatiles, The rate of HCN formation from 

devolatilized nitrogen is calculated by }q: 

(16)

is the concentration of waste nitrogen volatile, �,�c  
process volatile precipitation rate, �~ 

The overall reaction rates of the major nitrogenous species 

&
 Dq +l⁄ ) (17)&
 DX +l⁄ ) (18)           �ef � 0.03
f        0.03 � �ef � 0.0111    0.0111 � �ef � 0.0041� 

for the reaction constant, E1, E2 is the activation 

energy of the reaction, the values of these constant taken from 

mole concentration of HCN and O2, 

is the model coefficients, related to the size 

and value of the concentration of oxygen related to reaction 



International Journal of Mechanical, Industrial and Aerospace Sciences

ISSN: 2517-9950

Vol:9, No:4, 2015

625

 

 

For char nitrogen, assuming that directly generate NO, or is 

reduced to N2, NO char nitrogen generation reaction rate is: 

 }( � 4~y��z�y��z �~⁄  (19)
 

The heterogeneous NO reduction rate as described by [25] 

is: 
 }� � 5Z @ 678&
 DZ +l⁄ ) @ 59 @ m~e @ � (20)

 

AE is the specific surface area of char in m
2
/kg, PNO for the 

partial pressure of the gas phase NO in atmospheric pressure, 

and � is the changes in the surface area of the reaction of char 

correlation coefficient due to swelling and fracturing during 

the reaction process. 

B. Transport Equations for Gas and Solid Phases 

1. Continuity Equation  

Gas Phase: 
 �	�����3 # �	W-S�S� � d.S  (21)

 

Solid Phase: 
 �	&1 
 W)-.��� # �	&1 
 W)-.�.� � 
d.S (22) ϕ is the void fraction in the bed: 

 W � W� ���   (23)��� � 1 
  q	+0z¡� 
 +0z¡� 
  X&+,� 
 +,) 
  Z&+y� 
 +y) (24) �o is the initial volume, � is the volume of the particle,  q,  X,  Z are coefficients equal to 1 or 0 according to the 

appearance of moisture, devolatilization, and char burnout 

respectively. 

Ssg is the conversion rate from solid to gases due to 

evaporation, devolatilization and char burning Ssg is the 

conversion rate from solid to gases due to evaporation, 

devolatilization and char burning 

 d.S � +b,\ # +, # +y (25)

2. Continuity Equation  

Gas Phase: 
 £	¤��a���3 # �	W-S�S�S� � 
ϕ�m� # W-S� 
 β	�S 
 �.� # �W¦S  (26)

 

The gas–solid inter-phase drag coefficient, β, is calculated 

as [26], [27]: 

 

§ � 150 &1 
 W)X¨<W[\X # 1.75 -S&1 
 W)©ªS 
 ª.©[\  (27)

 

The gas phase stress tensor determined as: 

 ¦S � ¨S«��S # ��S<¬ 
 XZ ¨<	��S�  (28)

¨< � ¨S # ¨3 (29)¨3 � -SR­ Lf
®   (30)

 R­ is the constant, set as 0.09. 

The governing transport equations for k and ε respectively 

are: 

 ��� 	W-S¯� # �	W-S�S¯� � #� vW ¨3°L �¯w # W±L 
 W-S² (31)

��� 	W-S³� # �	W-S�S³� # � vW ¨3°® �³w # W	R®q±L
R®X-S²� (32)

 

where ±L represents the generation of turbulence kinetic 

energy due to the mean velocity gradients and is expressed as: 

 

±L � ¨3��S. «��S # ��S<¬ 
 23 ��S	¨3��S # -S¯� (33)

 R®q= 1.44 and R®X = 1.92, the turbulent Prandtl numbers for k 

and  are °L  = 1 and °L  = 1.3, respectively [28]. 

Solid Phase: 

 ∂	&1 
 ϕ)-.�.��� # �	&1 
 ϕ)ρ�u�u��� 
&1 
 ϕ)�P� # &1 
 ϕ)ρ�g
 β	u� 
 u�� # �&1 
 ϕ)τ� 

(34)

 

where the stress tensor of the solid phase (¦.) and the bulk 

viscosity (¨/) is expressed as follows: 

 

¦. � v¨/ 
 23 ¨.w ��. # ¨.&��. # �.<) (35)

¨/ � 43 &1 
 W)-.[\�� (36)

 

Gidaspow, 1994 [29] described the equation of the solid 

shear viscosity,¨., as: 

 

¨. � (� &1 
 W)-.[\��&1 # 6)ºΘ»
π

# qn�»0¼½¾Θ»¿�&qÀb)ÁSÂ Ã1 #
(� ��&1 
 W)&1 # 6)ÄX

  

(37)

 

The solid pressure Ps is: 

 m. � &1 
 W)-.Θ. # 2&1 # 6)&1 
 W)X��-.Θ.  (38)

 

For the radial distribution function of solid phase, �� is 

expressed as [30], [31]: 

 

�� � 35 Å1 
 v &1 
 W)&1 
 W)O�PwqZÆ
xq

 (39)

 

The granular temperature Θ. is a pseudo-temperature, 

which can be defined as: 

 ZX Θ. � qX Ç�., �., È  (40)
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The �.,  is the fluctuating velocity of the particles and can be 

determined by turbulence kinetic energy as: 

 �., � É"2¯ 3B *n.�
,  

 

where É is a random number that obeys the Gauss distribution, 

0Ê É �1. 

3. Energy Equation  

Gas Phase:  

 �	&qx�)�»y¼»<»��3 # �	W-S�SË\SlS�  � �	ÌS. �lS� #5.Í., 	lS 
 l.� # d<�  
(41)

 

Solid Phase: 
 �"&qx�)�»y¼»<»*�3 # � "&1 
 W)-.�.Ë\.l.* � �	¯b``. �l.� #&�Îz) 
 5.Í., 	lS 
 l.� # d<»  

(42)

 

Rosseland, 1936 [32] gives the radiative flux density as: 

 

�Îz � 
 16°lXG &�l)X # 16°lZ3G &�Xl) (43)

 

The thermal dispersion coefficient ÌS can be expressed as: 

 ÌS � ¯b``,n #  0.5 @ [\ @ ªS @ -S @ R\S (44)¯6ÏÏ,n � W	 `̄ # Íz,∆�� # &qx�)∆c
q/&ÑÒÓ2 À�Ô»)Àc»/L»  (45)

 

where �. � X0¼Z , ¯. is the thermal conductivity of the pure 

solid,�,,Íz,,Íz., and ∆�are written as: 

 

�, � 0.151912∆� o `̄¯�Mz� (46)

Íz, � 0.1952 o1 # W&1 
 ²)2&1 
 W)²�xq v l.100wN
 (47)

Íz. � 0.1952 @ [\ " ²2 
 ²* v l.100wN
 (48)

∆� � 0.96795 [\&1 
 W)xq/Z (49)

 

kair is the air thermal conductivity,  

 ¯�Mz&lS) � 5.66 @ 10x�lS # 1.1 @ 10xX  (50)

 

(n) is an empirical parameter related to the fuel packing 

conditions. In this model,  

 J � 1.93 # 0.67 exp "
 &O�. xn.Z¿)n.n�( *  (51)

 

Source term of the energy equation for both gas and solid is 

calculated as: 

 d<S � 
+b,\ @ Í`,he  (52)

d<. � 
+b,\ @ �he�y @ «Í`,heX 
 Í`,he¬ @ {4he2 
 1| (53)

4. Species Equation  

Gas Phase: �	W-S4MS��� # �	W-S�S4MS� � � "VMS�	W-S4MS�* # d1� (54)

 

Solid Phase: 
 �&&1 
 W)-.4M.)�� # �&&1 
 W)-.�.4M.) � d1» (55)

IV. NUMERICAL METHOD AND BOUNDARY CONDITIONS 

The whole geometrical domain of the bed is divided into a 

number of small cells, which is discretized over each cell and 

solved numerically using the SIMPLE algorithm [33], [34]. The 

computational grid was adapted in each time step to the height of 

the bed. The staggered grid was utilized, which set vectors at the 

boundaries of cells and scalars at the center. The partial differential 

equations were discretized by the finite volume method (FVM) 

using the Upwind Difference Scheme. 

The used material sample weight is 2kg, and its main 

components are analyzed in Tables I and II. The average 

height of the bed is 530mm, and bulk density of original 

material is 148.29 kg/m
3
, while the void ratio is 0.6. This 

experiment was carried out below room temperature, as the 

primary air temperature was 20°C, using a different primary 

air quantity entering from the grate to the bed layers; 

parameters of primary air flow are shown in Table III. 
 

TABLE I 

PROPORTION OF SIMULATED MSW 

MSW sample Cardboard Vegetables Ash 

Proportion 50 30 20 

 

TABLE II 

ANALYSIS OF SIMULATED MSW 

Proximate 

analysis 
Moisture Volatile 

Fixed 

carbon 
Ash 

Low calorific 

value 

% 26.5 38.25 4.55 30.7 6.56 

Ultimate 
analysis 

C H O N S 

% 19.81 2.47 20.37 0.06 0.09 

 
TABLE III 

PRIMARY AIR FLOW RATES OF TESTS (PRIMARY AIR TEMPERATURE: 20�) 

case 1 2 3 4 5 6 7 

flow rate 

(L/min) 

25 33 70 95 105 160 200 

V. RESULTS AND DISCUSSION 

According to the simulation results, the temperature 

distribution contour is shown in Fig. 2. It is shown that MSW 

incineration process undergoes four stages: moisture 

evaporation, pyrolysis, combustion, and after-combustion. The 

first stage is drying, where moisture in waste material will be 

vaporized entirely when reaching 100°C or above. Moisture 

evaporation in waste takes a long time, taking up most of the 

time needed for material incineration, so it is the main 

principle that determines the time taken for incineration. When 

the evaporation temperature of moisture in material gets closer 
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to 100�, material combustion fronts absorb a lot of heat, and 

that is the reason why moisture amount decreases. The next 

processes are pyrolysis and ignition. Pyrolysis temperature is 

usually 260� [23]. When the temperature of material gets 

close to 260�, the distance between pyrolysis starting 

temperature curve and evaporation curve is very slight, and in 

this area material drying temperature increases very rapidly.

When starting temperature curve of pyrolysis is formed, 

temperature gradient increases, this is mainly because large 

amount of heat devolatilize, and rapidly ignites and burns, 

making combustion fronts propagate downwards (temperature 

of 300� is considered the time when volatile compone

simulated waste start to burn). Flame fronts are formed after 

ignition, fixed bed height points move together towards the 

fire grate according to the flame fronts. There are two distinct 

high-temperature areas near the surface of the fixed bed; the 

first is caused by the common function of both the upper layer 

and hot gas combustion radiation; the second appears when 

the height of the bed is approximately 200mm, mainly because 

after the material ignites and burns, by the end of combustion 

a large amount of unburned coke accumulates, also oxygen 

concentration near fire grates increases, air disturbance 

becomes greater, coke and air mix better, and coke burns 

rapidly forming high temperature area. This is similar to the 

results of the simulations held by [35] and [8].

As primary air flow increases, the height of high 

temperature areas also increases, but after reaching a specific 

extent no further changes may occur; the highest reaction 

temperature increases first then decreases, as shown in F

This is mainly determined by the heat transfer nature of both 

gas and solid in the fixed bed. When the primary air flow 

increases, bed material cooling speed increases, and after 

reaching a certain value, the bed temperature may decrease. 

The numerical simulation and analysis were made, and good 

agreement was indicated between the current model and the 

experimental work.  

 

Fig. 2 Contour of temperature (K) inside the fuel bed versus time 

(flow rate: 95L/min) 

 

It is shown in Fig. 4 that during stable combustio

speed of flame propagation is fixed, and speed of material 

combustion is constant, also propagation speed of flame fronts 

is conserved, and this is due to the conservation of moisture 

evaporation speed in the combustion process and lightness of 
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inside the fuel bed versus time 

It is shown in Fig. 4 that during stable combustion, the 

speed of flame propagation is fixed, and speed of material 

combustion is constant, also propagation speed of flame fronts 

is conserved, and this is due to the conservation of moisture 

evaporation speed in the combustion process and lightness of 

combustion fronts; with the increase of the primary air flow 

rate, flame propagation speed increases firstly, then decreases 

till it reaches a certain extent then it keeps constant, which is a 

conclusion is similar to that of [36]. When the primary air 

flow rate reaches a certain value it continues to increase 

afterwards, excess primary air (cool air) decreases the 

temperature of ignition fronts and combustion chamber.

Fig. 3 Comparison between experimental and theoretical results of 

bed maximum temperature (K) with different primary air flow rate

Fig. 4 Contour of velocity of flame ignition front (m/s) in bed at 

different primary air flow rate; (a) 35 L/min, (b) 70 L/min, (c) 105 

L/min

 

It is shown in Fig. 5 that at the beginning CH

in measuring point 1 is higher than in measuring points 2 and 

ustion fronts; with the increase of the primary air flow 

rate, flame propagation speed increases firstly, then decreases 

till it reaches a certain extent then it keeps constant, which is a 

conclusion is similar to that of [36]. When the primary air 

te reaches a certain value it continues to increase 

afterwards, excess primary air (cool air) decreases the 

temperature of ignition fronts and combustion chamber. 
 

 

Fig. 3 Comparison between experimental and theoretical results of 

(K) with different primary air flow rate 

 

 

flame ignition front (m/s) in bed at 

different primary air flow rate; (a) 35 L/min, (b) 70 L/min, (c) 105 

L/min 

It is shown in Fig. 5 that at the beginning CH4 concentration 

uring point 1 is higher than in measuring points 2 and 
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3, this is mainly because flame fronts propagate from the top 

layers of the fixed bed to the bottom layers; thus materials at 

the top of the fixed bed start to burn, leading to a large amount 

of devolatization, then after a certain time combustion fronts 

start to propagate downwards. 

When t = 1860s, CH4 concentration in measuring point 1 is 

lower than in point 2, this is mainly because CH

burn when flue gas increases, causing CH

measuring point 1 to decrease. Whilst at t = 2900s, 

devolatization is completed. When t=3000s, char combustion 

is completed, thus the whole combustion process is completed, 

and temperature in measuring points decreases rapidly.

However, when the primary air flow rate is low, material 

combustion speed is low too, at this moment N and the oxygen 

reaction speed decreases accordingly, and oxygen 

concentration around material decreases; thus, NO 

concentration is low too, reactions at this moment are main

restricted by oxygen concentration, causing N/ NO conversion 

rate to decrease. As the primary air flow rate increases, 

combustion speed of material increases, and NO concentration 

increases significantly for a certain period.

The conversion ratio also has been compared in the present 

study experimentally and theoretically as shown in Fig. 6. The 

comparison is very proficient and the consequences of the 

present model having the same approximately values.

After primary air flow rate reaches a certain exten

starts to increase, carbon content in ash residue is increased, 

and incomplete combustion resulted, this is mainly because of 

the following; as primary air flow rate increases, primary air 

cooling effect on the lower layers of material increases and 

reaction speed is decreased. When primary air flow rate 

decreases, combustion speed decreases, and ash residue also 

contain a large amount of unburned carbon. The good 

agreement between the experimental and the pres

can be observed from Fig. 7.  

The experiment is also carried out in the bottom area for 

different primary air temperature when 

reaches 35L/min (20, 60 and 80°C) and 130L/min (20, 50, 70 

and 100°C), to investigate the effect of primary air 

temperature on the combustion process for MSW.

The simulation results show that as primary air temperature 

increases, temperature in high temperature areas increases 

very slightly. It is shown in Fig. 8 that there are slight changes 

in areas of high temperature regions. Primary air

the bottom of the combustion chamber heats up 

the bottom areas, causing the moisture content

materials to decrease. 

When these materials reach combustion temperature, heat 

absorbed is decreased, also these materials re

amount of heat; as a result, and there is a slight increase in the 

temperature of high temperature areas. 

It is shown in Fig. 9 that as the primary air temperature

increases, CO average emission concentration increases 

gradually. This is mainly because propagation of combustion 

in the fixed bed is increased, also combustion reactions are 

vigorous, and release of volatile component separation is 

increased, causing the concentration of CO to increase in a 

 

3, this is mainly because flame fronts propagate from the top 

layers of the fixed bed to the bottom layers; thus materials at 

start to burn, leading to a large amount 

tization, then after a certain time combustion fronts 

concentration in measuring point 1 is 

lower than in point 2, this is mainly because CH4 continues to 

burn when flue gas increases, causing CH4 concentration in 

measuring point 1 to decrease. Whilst at t = 2900s, 

devolatization is completed. When t=3000s, char combustion 

is completed, thus the whole combustion process is completed, 

and temperature in measuring points decreases rapidly. 

imary air flow rate is low, material 

combustion speed is low too, at this moment N and the oxygen 

reaction speed decreases accordingly, and oxygen 

concentration around material decreases; thus, NO 

concentration is low too, reactions at this moment are mainly 

restricted by oxygen concentration, causing N/ NO conversion 

rate to decrease. As the primary air flow rate increases, 

combustion speed of material increases, and NO concentration 

increases significantly for a certain period. 

as been compared in the present 

study experimentally and theoretically as shown in Fig. 6. The 

comparison is very proficient and the consequences of the 

present model having the same approximately values. 

After primary air flow rate reaches a certain extent and 

starts to increase, carbon content in ash residue is increased, 

and incomplete combustion resulted, this is mainly because of 

the following; as primary air flow rate increases, primary air 

lower layers of material increases and 

reaction speed is decreased. When primary air flow rate 

decreases, combustion speed decreases, and ash residue also 

contain a large amount of unburned carbon. The good 

agreement between the experimental and the present model 

carried out in the bottom area for the 

when the air flow rate 

130L/min (20, 50, 70 

and 100°C), to investigate the effect of primary air 

for MSW. 

The simulation results show that as primary air temperature 

increases, temperature in high temperature areas increases 

8 that there are slight changes 

eas of high temperature regions. Primary air supplied to 

the bottom of the combustion chamber heats up the material at 

the moisture content in these 

When these materials reach combustion temperature, heat 

absorbed is decreased, also these materials release a large 

amount of heat; as a result, and there is a slight increase in the 

the primary air temperature 

increases, CO average emission concentration increases 

ly because propagation of combustion 

in the fixed bed is increased, also combustion reactions are 

vigorous, and release of volatile component separation is 

increased, causing the concentration of CO to increase in a 

very short time. Fig. 9 also proves that

concentration peak is slightly affected by primary air 

temperature. 

 

Fig. 5 Contour of CH4 with time at different primary air flow rate (1 

Sampling position); (a) 35 L/min, (b) 70 L/min, (c) 105 L/min

Fig. 6 Comparison between experimental

conversion ratio (%) of N to NO and C to CO with different primary 

 

This is because char combustion propagate in the latest 

stage is close to combustion of volatile, thus their peaks are 

very close. It is shown in Fig. 10 th

temperature increases, NO average emission concentration 

increases gradually. 

very short time. Fig. 9 also proves that NO highest 

concentration peak is slightly affected by primary air 

 

with time at different primary air flow rate (1 

Sampling position); (a) 35 L/min, (b) 70 L/min, (c) 105 L/min 

 

 

Fig. 6 Comparison between experimental and theoretical results of 

conversion ratio (%) of N to NO and C to CO with different primary 

air 

This is because char combustion propagate in the latest 

stage is close to combustion of volatile, thus their peaks are 

very close. It is shown in Fig. 10 that as the primary air 

temperature increases, NO average emission concentration 
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This is mainly because when the primary air temperature 

increases, material combustion speed also increases, and 

during combustion average temperature is hi

devolatization is faster, also carbon reaction speed increases

therefore, NO average emission concentration increases 

gradually during the whole process of material combustion.

 

Fig. 7 Unburned carbon in ash with different primary air flow rate

experimentally and numerically

 

Fig. 8 Contour of temperature (K) inside the fuel bed versus time; (a) 

primary air temperature primary air 60°C, (b) primary air temperature 

80°C, at flow rate: 35L/min

Fig. 9 Average emission concentration of NO and 

primary air temperature; flow rate: 130L/min

 

 

This is mainly because when the primary air temperature 

increases, material combustion speed also increases, and 

during combustion average temperature is higher and 

also carbon reaction speed increases; 

therefore, NO average emission concentration increases 

gradually during the whole process of material combustion. 

 

Fig. 7 Unburned carbon in ash with different primary air flow rate, 

experimentally and numerically. 

 

8 Contour of temperature (K) inside the fuel bed versus time; (a) 

) primary air temperature 

rate: 35L/min 

 

9 Average emission concentration of NO and CO with different 

primary air temperature; flow rate: 130L/min 

Fig. 10 Contour of NO concentration (% vol) with time at different 

primary air temperature; (a) 20°C, (b) 50°C, (c) 70°C, 

L/min

It is shown in Fig. 11 that when the primary ai

increases, there appears to be no any significant changes in 

CH4 highest concentration peak, which proves that CH

highest concentration peak is slightly affected by primary air 

temperature. This is because the char combustion speed in the 

latest stage is close to volatile release, thus their peaks are 

very close. As primary air temperature increases, there is a 

very slight increase in char burning; the concurrence between 

the experimental and the present model can be show

Fig. 12. 

VI. CONCL

The simulation results are compared with experimental 

data, which shows that the incineration process of waste in the 

fixed bed is reasonably simulated.

Eulerian-Eulerian CFD model incorporating the kinetic 

theory of granular flow was applied, by dev

mathematical model in the form of COMMENT code 

applicable for predicting combustion process of solid fuel 

under different parameters, giving a promise way in its 

capability and sensitivity for the parameter effects that 

influence the incineration process. The model provides 

information concerning temperature, front propagation, 

 

10 Contour of NO concentration (% vol) with time at different 

; (a) 20°C, (b) 50°C, (c) 70°C, flow rate 130 

L/min 

 

It is shown in Fig. 11 that when the primary air temperature 

increases, there appears to be no any significant changes in 

highest concentration peak, which proves that CH4 

highest concentration peak is slightly affected by primary air 

temperature. This is because the char combustion speed in the 

test stage is close to volatile release, thus their peaks are 

very close. As primary air temperature increases, there is a 

very slight increase in char burning; the concurrence between 

the experimental and the present model can be shown from 

ONCLUSION 

The simulation results are compared with experimental 

data, which shows that the incineration process of waste in the 

fixed bed is reasonably simulated. 

Eulerian CFD model incorporating the kinetic 

theory of granular flow was applied, by developing a novel 

mathematical model in the form of COMMENT code 

applicable for predicting combustion process of solid fuel 

under different parameters, giving a promise way in its 

capability and sensitivity for the parameter effects that 

ration process. The model provides 

information concerning temperature, front propagation, 
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reaction front rate, as well as remaining gas species 

composition in bed. 

 

Fig. 11 Contour of CH4 concentration (% vol) with time at different 

primary air temperature; (a) 20°C, (b) 60°C, (c) 80°C, at 

L/min, (1 Sampling position, 1—

Fig. 12 Unburned carbon in ash with different primary air 

temperature, experimentally and numerically, at 

 

It is found that the average concentrat

conversion ratio of C to CO are inversely proportional to 

primary air flow rate; the conversion ratio of N to NO rises as 

the primary air flow increases and reaches a peak point at the 

critical air flow rate, after that the conversion rat

declines as the air flow further increases; with the increase of 

primary air temperature, the average concentration of CO

NO, but the highest concentration of NO changes hardly.

 

reaction front rate, as well as remaining gas species 

 

concentration (% vol) with time at different 

; (a) 20°C, (b) 60°C, (c) 80°C, at flow rate: 30 

—388mm) 

 

Fig. 12 Unburned carbon in ash with different primary air 

experimentally and numerically, at flow rate: 30L/min 

average concentration of CO and the 

conversion ratio of C to CO are inversely proportional to 

primary air flow rate; the conversion ratio of N to NO rises as 

the primary air flow increases and reaches a peak point at the 

critical air flow rate, after that the conversion ratio of N to NO 

declines as the air flow further increases; with the increase of 

average concentration of CO and 

NO, but the highest concentration of NO changes hardly. 

When the primary air temperature

average flame front increases only a little, but the flame front 

increases faster near the grate; the total mass loss rate and 

moisture evaporation rate increase only a little with the 

increase of primary air temperature; with the increase of 

moisture and ash content, the flame propagation speed and the 

burning rate decrease. 

NOMENCLATURE

A pre-exponent factor, particle surface area

Cp specific heat capacity J/kg K

Cmix mixing rate constant 

Cw,g moisture concentration in the gas phase kg/m³

Cw,s moisture concentration at the solid phase kg/m³

Dg mass diffusion coefficient of gas m²/s

DO2 mass diffusion coefficient of oxygen m²/s

dp particle diameter m 

E activation energy kJ/mol 

e coefficient of restitution for particle collisions�� radial distribution function

Hevp evaporation heat of the solid material J/kg

hf enthalpy of formation J/kgÍz. radiation heat transfer coefficient m/sÍz, effective radiation heat transfer coefficient of the voids m/s

hs convective mass transfer coefficient 

hs' convection heat transfer coefficient W/m² K

I radiative intensity W 

K extinction coefficient 

K turbulent kinetic energy m²/s²

kd diffusion rates kg/atm m² s

kf thermal conductivity of the fluid W/mK

ks thermal conductivity of the pure W/mK

keff effective thermal conductivity

keff,0 thermal conductivity for no fluid flow�. equivalent thickness a layer of solid m

M molecular weight kg/kmol

Qcr heat absorbed by the solid Wq! radiative flux density W 

R gas universal constant J/kmol K

Revp moisture evaporation rate kg/s

Rc char consumption rate kg/s

Rv volatile matter in solid rate kg/s

Rwg water gas shift reaction kg/sd× Source term 

Tenv environment temperature K

Tg gas temperature K 

Ts solid temperature K 

X species generation 

Yv mass fraction of volatile matter

U velocity component m/s 

Greek Letters s absorption coefficient 

Β drag coefficient ¨ dynamic viscosity kg/m sΦ void fraction in bed ³ dissipation rate of turbulent kinetic energy$ Emissivity σ� scattering coefficient Ú Stephane-Boltzmann constant W/m² K- density kg/m³ 

the primary air temperature is lower than 100°C, the 

erage flame front increases only a little, but the flame front 

increases faster near the grate; the total mass loss rate and 

moisture evaporation rate increase only a little with the 

increase of primary air temperature; with the increase of 

h content, the flame propagation speed and the 

OMENCLATURE 

exponent factor, particle surface area 1/s, m² 

specific heat capacity J/kg K 

moisture concentration in the gas phase kg/m³ 

oisture concentration at the solid phase kg/m³ 

mass diffusion coefficient of gas m²/s 

mass diffusion coefficient of oxygen m²/s 

 

coefficient of restitution for particle collisions 

tribution function 

evaporation heat of the solid material J/kg 

enthalpy of formation J/kg 

radiation heat transfer coefficient m/s 

effective radiation heat transfer coefficient of the voids m/s 

convective mass transfer coefficient  

convection heat transfer coefficient W/m² K 

m²/s² 

diffusion rates kg/atm m² s 

thermal conductivity of the fluid W/mK 

thermal conductivity of the pure W/mK 

ctive thermal conductivity W/mK 

thermal conductivity for no fluid flow W/mK 

equivalent thickness a layer of solid m 

molecular weight kg/kmol 

heat absorbed by the solid W 

 

gas universal constant J/kmol K 

moisture evaporation rate kg/s 

char consumption rate kg/s 

volatile matter in solid rate kg/s 

kg/s 

environment temperature K 

mass fraction of volatile matter 

 

dynamic viscosity kg/m s  

dissipation rate of turbulent kinetic energy m-2s-3 

Boltzmann constant W/m² K4 
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ÌS thermal dispersion coefficient  ÌOMP effective dispersion coefficient Φ dependent variable τ� stress tensor Pa 

Subscripts 

b Bulk 

C char burnout 

eff Effective 

f Fluid 

g Gas 

p Particle 

s Solid 

sg solid to gas 
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