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Abstract - Combustion and Gasification are commercial 

processes of coal utilization, and therefore continuous 

improvement is needed for these applications. The difference 

between these processes is the reaction mechanism, in the case 

of combustion the reaction products are CO2 and H2O, whereas 

in the case of gasification the products are CO, H2 and CH4. In 

order to investigate these processes further, a single coal particle 

model has been developed. The definition of the chemical 

reactions for each process is key for model development. The 

developed numerical model simulation uses CFD 

(Computational Fluid Dynamic) techniques with an Eddy Break 

Up (EBU) model and a kinetics parameter for controlling the 

process reaction. The combustion model has been validated and 

extended to model the gasification process by inclusion of an 

additional chemical reaction. Finally, it is shown that the single 

coal particle model could describe single coal particle 

combustion and gasification. From the result, the difference 

between single coal particle combustion and gasification can 

clearly be seen. This simulation model can be considered for 

further investigation of coal combustion and gasification 

application processes.      

 

Keywords: Combustion, gasification, numerical model, 

kinetics model. 

I. INTRODUCTION 

Coal continues to be the largest fuel used for electricity 

generation worldwide based on the IEO (International Energy 

Outlook) 2016, which accounted for 40% of total world 

electricity generation in 2012, will decline to 29% of the total 

in 2040, despite a continued increase in total coal-fired 

electricity generation from 8.6 trillion kWh in 2012 to 9.7 

trillion kWh in 2020 and 10.6 trillion kWh in 2040 [1]. Total 

electricity generation from coal in 2040 is predicted 23% 

above the 2012 in total. Otherwise, coal also has been 

developed through gasification process either for electricity 

generation or chemical stocks and other utilization, which is 

expected the future potency of coal utilization could be more 

promising.  
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Since combustion and gasification are dominating in the 

coal utilization, the development of research and application 

for these processes are keep growing. In combustion, the 

developments are mostly on the optimization process, while 

in the gasification they at on the better mechanisms to achieve 

the end products. To support this, the single coal particle 

simulation model has been developed in this research. This 

modelling process is commonly used for simulating either 

combustion or gasification, and the result could be considered 

as initial identification before they are used in further 

application. In this research, the combustion simulation result 

has been validated with the experimental data, and the 

gasification has been modelled by defining more chemical 

reactions. The objective of this paper is giving the description 

of coal combustion and gasification through a single coal 

particle model investigation. This understanding is important 

to be used for further development.    

II. SIMULATION MODEL DEVELOPMENT 

The single coal particle combustion and gasification 

processes occur in the drop tube furnace (DTF). 

Computational physical geometry of the furnace is illustrated 

in Fig. 1 [2]. 

The DTF is represented by a cylindrical shape geometry as 

illustrated in Fig. 1(a), with the inlet diameter of 7 cm, and 

the hot wall furnace length of 25 cm from the inlet. The coal 

particle injection starts from the centre of the inlet. The axi-

symmetric model with grid distribution used for the 

simulation can be seen in Fig. 1(b).  

 

 
Fig. 1.  An illustration of the geometry model, (a) cylindrical shape and (b) 
axi-symmetric model with grid 
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TABLE I. 

COAL COMBUSTION AND GASIFICATION REACTIONS 

Mechanism Reaction no Kinetic parameter Ref 
A (vary) 𝑬𝒂 (j/kmol) β 

Rawcoal YY Coal volatile + (1 –YY) 

Char 

R1 3.12 E+05 7.4 E+07 0 [3] 

C + O2  CO2 R2 2 E+1 7.9 E+07 0 [4] 
C + 0.5O2  CO R3 1 E+3 1.33 E+08 1 [4] 

C + CO2  2CO R4 4.4 1.62 E+08 1 [5] 
C + H2O  CO + H2 R5 1.33 1.47 E+08 1 [5] 

C + 2H2  CH4 R6 1 E+3 1.131 E+08 0 [6] 

Coal Volatile + O2  CO2 +H2O + N2 R7 2.119 

E+11 

2.027 E+08 0 [3] 
CO + 0.5O2  CO2 R8 1.3 E+11 1.26 E+08 0 [7] 

H2 + 0.5O2  H2O R9 1.5 E+13 2.85 E+08 0 [6] 
CO + H2O CO2 + H2 R10 4.2 E+07 1.383 E+08 0 [6] 

CH4 + H2O  CO + 3H2 R11 4.4 E+11 1.68 E+08 0 [6] 
CH4 + 0.5O2  CO + 2H2 R12 3 E+08 1.26 E+08 -1 [6] 

CH4 + CO2  2CO + 2H2 R13 4.6 E+11 3.124 E+08 0.3 [8] 

In the simulation, seven reactions are used for representing 

the coal combustion process and thirteen reactions for 

representing the gasification reaction mechanism. Those 

reactions are presented in TABLE I.[9]. The combustion 

reactions consist of R1, R2, R3, R4, R5, R7, and R8, and the 

gasification reactions are defined in TABLE I. Eddy Break Up 

(EBU) with a kinetic parameter model is used for controlling 

the chemical reaction mechanism. For the particle transport 

and transformation, a Lagrangian approach with multi-phase 

method is used, as the coal particle consists of several 

components.  

The mechanisms of the coal particle conversion are 

described through the several equations as follows.  

The continuity of mass of the coal particle p is described as 
𝑑𝑚𝑝

𝑑𝑡
= −𝑟𝑝   (1) 

where, the net rate for raw coal consumption is given by 

 

𝑟𝑝 = 𝑘1𝛼𝑝𝑚𝑝 (2) 

 

And the rate of production for coal volatile is described as 

 

𝑟𝑣𝑚 = 𝑘1𝑌𝑌𝛼𝑝𝑚𝑝 (3) 

 

Then, the reaction rate coefficient is the Arrhenius form 

given by 

 

𝑘1 = 𝐴𝑇𝛽𝑒𝑥𝑝 (
−𝐸𝑎

𝑅𝑇
) 

(4) 

Particle and gas reactions begin after the volatile fraction 

of raw coal particle completely evolved. This heterogeneous 

reaction rate is determined by combining the effect of the 

Arrhenius rate and diffusion coefficient, and for this case the 

constant diffusion coefficient is assigned as 4.5E-5 m2/s. The 

model of particle rate consumption is then determined by 

 

𝑟 =
𝑑𝑚𝑖

𝑑𝑡
= −

𝑘𝑚𝑘

𝑘 + 𝑘𝑚

∅𝐶𝑔𝑀𝑤𝐴𝑝 (5) 

where, 

𝑘𝑚 =
(𝑆ℎ)(𝐷𝑚)

𝑑
 (6) 

 

The reaction rate of each gas and gas (homogeneous) 

reactions (R7 to R13) is a function of the composition and 

rate constant, given by the expression: 

𝑅𝑗 = 𝑅𝑖,𝑘𝑖𝑛 = −𝑘𝑗 ∏ (
𝜌𝑌𝑖

𝑀𝑖

)
𝑝𝑖𝑗

𝑎𝑙𝑙 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠

 
(7) 

The equation of motion for the particle is defined as, 

𝑚𝑝

𝑑𝑢𝑖,𝑗,𝑘
𝑝̅̅ ̅̅ ̅̅

𝑑𝑡
= ∑ �̅� (8) 

Since the particle size in this simulation is small, so the lift 

force of the particle is neglected. In the meanwhile, the effect 

of drag and gravity force has been used in this simulation 

since these forces could have influenced the parameter of 

investigation. 

A. Governing equation 

In homogenous reacting flow, the change of pressure, 

temperature, velocity, and concentration of species are the 

results of fluid flow, molecular transport, radiation and 

chemical reaction. In order to consider these effect on the 

simulation model, a set of mathematical modelling defined, 

which consist of Navier–Stokes equation (conservation of 

mass, momentum, and stress tensor), species mass 

conservation, and energy conservation equation. These 

equations are developed by considering a control volume as 

a system.  

The law of mass conservation results in the mass continuity 

equation as shown below:  
𝜕𝜌

𝜕𝑡
+

𝜕(𝜌𝑢𝑖)

𝜕𝑥𝑖

= 0          (9) 

 

The equation for the conservation of momentum is 

represented by [10]: 
𝜕(𝜌𝑢𝑖)

𝜕𝑡
+

𝜕(𝜌𝑢𝑖𝑢𝑗)

𝜕𝑥𝑗

=
𝜕𝑝

𝜕𝑥𝑖

+
𝜕𝜏𝑖𝑗

𝜕𝑥𝑗

+ 𝜌𝑔𝑖  (10) 

 

where 𝑝 is the static pressure, 𝜏𝑖𝑗 is the stress tensor, 𝜌𝑔𝑖 is 

the gravitational body force. The stress tensor 𝜏𝑖𝑗 for a 

Newtonian fluid is defined by [10]: 

𝜏𝑖𝑗 = [𝜇 (
𝜕𝑢𝑖

𝜕𝑥𝑗

+
𝜕𝑢𝑗

𝜕𝑥𝑖

)] −
2

3
𝜇

𝜕𝑢𝑙

𝜕𝑥𝑙

𝛿𝑖𝑗 (11) 

 

The concentration of each species can be expressed in 

terms of the mass fraction 𝑚𝑖(𝑥, 𝑡), or the concentration of 

Proceedings of the World Congress on Engineering 2017 Vol II 
WCE 2017, July 5-7, 2017, London, U.K.

ISBN: 978-988-14048-3-1 
ISSN: 2078-0958 (Print); ISSN: 2078-0966 (Online)

WCE 2017



species 𝐶𝑖 = 𝑚𝑖𝜌,  which is defined as the mass of species 

per unit volume.  

The conservation law of chemical species is represented as, 
𝜕

𝜕𝑡
(𝜌𝑚𝑖) + ∇ ∙ (𝜌𝑚𝑖𝑉 + 𝐽𝑖) = 𝑅𝑖 (12) 

Where 𝑅𝑖 is the account for the production or consumption 

of the species by chemical reactions. 

The energy equation  in this simulation may be written as 

[10]: 

𝜕(𝜌ℎ)

𝜕𝑡
+

𝜕(𝜌𝑢𝑖ℎ)

𝜕𝑥𝑖

=  
𝜕

𝜕𝑥𝑖

𝜆
𝜕𝑇

𝜕𝑥𝑖

−
𝜕 ∑ ℎ𝑗𝐽𝑗𝑗

𝜕𝑥𝑖

+
𝐷𝑝

𝐷𝑡
+ (𝜏𝑖𝑘)

𝜕𝑢𝑖

𝜕𝑥𝑘

+ ℎ𝑠 
(13) 

In this equation h is the enthalpy and hs includes heat of 

chemical reaction, any inter-phase exchange of heat, and any 

other user defined volumetric heat sources.  

In this simulation, the equation state of gas in the reaction 

is treated as ideal gas. This equation is needed to connect the 

thermodynamic variables such as, 𝑝, 𝜌, and 𝑇. The ideal gas 

equation is expressed as 
𝑝

𝜌
= 𝑅𝑇 

(14) 

𝑅 is universal gas constant. 

In turbulent flows, all transport processes are enhanced by 

turbulent fluctuations. When the interaction of a flame and a 

turbulent flow occurs, the turbulence is modified by the 

combustion due to the strong flow accelerations through the 

flame front induced by the release of heat and due to the large 

kinematic viscosity changes associated with the temperature 

changes. Turbulence causes large fluctuations of mass 

fractions, temperature and density and moreover extinction 

can occur when turbulence effects are strong. Turbulent flows 

are characterized by the presence of a wide range of time and 

scales at which motion and fluctuations take place. 

In this simulation, the RANS (Reynolds-Averaged Navier-

Stokes) approach is used for solving the turbulence effect on 

the species transport. These equations describe the behaviour 

of the time-averaged flow quantities instead of the exact 

instantaneous values. In this approach, RANS equations arise 

when the Reynolds decomposition is implemented into the 

Navier-Stokes equations. 

The RANS equation is represented as, 

𝜕(𝑢𝑖)

𝜕𝑡
+ 𝜌

𝜕((𝑢𝑖𝑢𝑗))

𝜕𝑥𝑗

=  −
𝜕(𝑝)

𝜕𝑥𝑖

+
𝜕

𝜕𝑥𝑗

[𝜇 (
𝜕

𝜕𝑥𝑗

𝑢𝑖 +
𝜕

𝜕𝑥𝑖

𝑢𝑗

−
2𝜕

3𝜕𝑥𝑘

𝑢𝑘𝛿𝑖,𝑗)] −
𝜕𝜏𝑖𝑗

𝜕𝑥𝑗

 

  

(15) 

The equations above are not closed because the component 

Reynold stress tensor 𝜏𝑖𝑗 , is unknown and cannot be 

expressed as function of   (𝑢) and (𝑝). In order to solve this 

equation, so the transport equation model is needed, and this 

simulation uses the realizable 𝑘 − 휀 model. The 𝑘 model is 

transport equation for turbulent kinetic energy, and may be 

represented as 

𝜌
𝜕𝑘

𝜕𝑡
+ 𝜌(𝑢𝑗)

𝜕𝑘

𝜕𝑥𝑗

= 2𝜇(𝑆𝑖𝑗)
𝜕(𝑢𝑖)

𝜕𝑥𝑗

− 𝜌휀

+
𝜕

𝜕𝑥𝑗

[(𝜇 +
𝜇𝑡

𝜎𝑘

)
𝜕𝑘

𝜕𝑥𝑗

] 
(16) 

 while, the 휀 model is transport equation for viscous 

dissipation (the rate at which the kinetic energy of small scale 

fluctuation is converted into heat by viscous friction, and it 

represented as, 

𝜌
𝜕휀

𝜕𝑡
+ 𝜌(𝑢𝑗)

𝜕휀

𝜕𝑥𝑗

= 𝐶𝜀1𝑃𝑘

휀

𝑘
− 𝐶𝜀2𝜌

휀2

𝑘

+
𝜕

𝜕𝑥𝑗

[(𝜇 +
𝜇𝑡

𝜎𝜀

)
𝜕휀

𝜕𝑥𝑗

] (17) 

In this simulation the constant used for the equation above 

are: 𝐶𝜀1 = 1.44  ;  𝐶𝜀2 = 1.9 ;   𝜎𝑘 = 1  ;  𝜎𝜀 = 1.2  
 

B. Simulation Procedures and Boundary conditions 

The initial boundary conditions are taken from an 

experimental study [2]. The furnace was heated up with hot 

air before the injection of the coal particle. The inlet condition 

was set as a velocity inlet, with an initial temperature of hot 

air of 1200K, and at the same time the furnace wall 

temperature was at 1400K. The inlet air with a velocity of 

0.045 m/s was injected through the furnace’s inlet until the 

flow becomes fully developed and steady-state. Moreover, in 

order to accommodate the fully development region, the 

furnace wall was extended to 75 cm and it set as an isolator.  

In the simulations, a type of coal namely PSOC 1451 is 

used, and identified as bituminous coal. The chemical 

properties of these coals are taken from the proximate and 

ultimate analyses and presented in TABLE II. [2]. 

  
TABLE II.  

COAL CHEMICAL COMPOSITIONS 

 PSOC 1451 

Proximate Analysis as receives  

Moisture ( % ) 2.5 

Volatile matter ( % ) 33.6 

Fixed Carbon ( % ) 50.6 

Ash ( % ) 13.3 

Ultimate Analysis  (dry basis)  

Carbon ( % ) 71.9 

Hydrogen ( % ) 4.9 

Oxygen (%) (by diff.) 6.9 

Nitrogen (%) 1.4 

Sulfur (%) 1.4 

Sodium (%) 0.06 

Ash (%) 13.7 

Heating value dry fuel (MJ/kg) 31.5 

 

In this simulation it is needed to define raw coal particle 

and coal volatile composition, and based on the proximate 

and ultimate correlations, the coal volatile composition for 

PSOC 1451 is defined as CH2.7O0.248N0.058 or the YY value of 

0.29 as stated in the reaction balance equation R1[11].  
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III. VALIDATION AND COMPARISON RESULT 

The simulation is developed based on the experimental 

procedures of as mentioned in previous section. In this 

section, the simulation results of coal particle combustion are 

compared with the experimental result for validation 

purposes. The validation process is necessary to be described 

for giving understanding on mechanism behaviour of both 

processes. The valid model is then applied on the coal particle 

gasification process.  

A. Single coal particle combustion model validation 

This single coal particle combustion simulation model has 

been validated by comparing the results with the existing 

experimental data from an experiment of coal combustion [2]. 

The temperature profile of the coal particle after ignition from 

the simulation and experimental are shown in Fig. 2. 

 
Fig. 2.  Validation result of coal particle combustion 

 

The numerical temperature profile of the coal particle is in 

good agreement with the experimental data. The trend is 

captured reasonably well and the burn-out time (better seen 

by the profile of char mass fraction) is almost exactly the 

same as in the experimental. Further, the maximum 

temperature attained by the simulated coal volatile 

combustion (~2250K) and simulated char combustion 

(~1910K) are also in good agreement with the experimental 

values, which are (~2200K) and (~1870K), respectively. 

These differences can be tolerated since the particle burn-out 

time obtained from the simulation of 160ms agrees very well 

with the actual burn-out time from the experiment. Thus, 

overall, the combustion model is capturing the real behaviour 

well.  

Now that the combustion process has been validated, the 

model is extended to simulate the gasification process. The 

key difference of this process is in the reaction mechanism as 

mentioned in the previous section. As an aim of this paper for 

obtaining the comparison process between the combustion 

and gasification mechanisms, so the comparison result of a 

single coal particle combustion and gasification are described 

on the next section.  

B. Comparison Result  

The results of both processes are compared in order to 

describe and identify each process mechanism. The 

parameters that will be compared are the particle temperature 

and coal volatile fraction, the gas products CO and CO2, and 

gas products H2 and H2O. 

 

Particle temperature and coal volatile comparison 

By using the same type of coal for each process, the particle 

temperature and coal volatile fraction of a single coal particle 

combustion and gasification comparison can be seen in the 

Fig. 3.    

 
Fig. 3.  The temperature and coal volatile mole fraction comparison 

 

From Fig. 3, it can be seen that during the devolatilization 

process which occurs between times 20 and 40ms after the 

coal is injected, the coal particle combustion temperature is 

higher than in the case of gasification, but after this process 

particle temperature is relatively the same for both cases. 

Furthermore the burn out time of the gasification process is 

slightly longer than that of the combustion process. 

The coal volatile reaction in the case of the combustion 

process is slightly faster than in the case of the gasification 

process. This is because, the coal volatile during the 

gasification process is reacting not only with oxygen 

(oxidation) but also with other gas species (pyrolysis). After 

coal volatile reaction process completed, the both reactions of 

coal volatile stop since there is no more coal volatile there.  

 

CO and CO2 comparison 

As defined in both reactions of TABLE I, the single coal 

particle combustion and gasification produce CO and CO2. 

The comparison of these gaseous productions of each process 

can be seen in the Fig. 4. 

From Fig. 4, it can be seen that, overall, the CO production 

during the gasification process is higher than in the 

combustion case. The overhead occurs because of the char 

reaction. As defined in the reaction, CO potentially produced 

when the char reacted with O2, CO2, or H2O. After the char 

burn out, the CO production stop. At ~180ms, the CO2 

production of the two processes stabilizes but since more CO 

is converted into CO2 in the gasification, the CO2 is higher 

than in the combustion.  

For the CO2 formation, it can be seen the gap of each 

process occurs after devolatilization stage, and as identified 

above, the CO2 production comes from the CO and O2 

reaction. In this single coal particle model, the supply of O2 

is not limited in order to see the reactivity of reaction 

mechanism.  
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Fig. 4.  The comparison for CO and CO2 

 

The understanding of the CO and CO2 formation in this 

section is important and can be considered for further 

gasification process. In the gasification process, the more O2 

at some point of reaction could cause more CO2 production 

rather than CO which is more preferable.      

 

H2 and H2O comparison 

H2 and H2O formation are defined in the reaction 

mechanism as in TABLE I. In order to investigate the formation 

mechanism through the single coal particle model, so the 

comparison of these gas production will be compared in this 

section. The comparison of H2 and H2O formation on a single 

coal particle combustion and gasification, can be seen in the 

Fig. 5. 

 

 
Fig. 5.  The comparison for H2 and H2O 

 

From Fig. 5, it can be seen that the H2 production of the 

gasification process is higher than the combustion, and it is 

produced in the devolatilization stage. It is known that in the 

coal volatile oxidation, the H2O is produced as seen in the R7 

and it seems to occur simultaneously with the H2. Comparing 

Fig. 5 and Fig. 3 it can be seen that the increasing trend of 

coal volatile and H2 are similar, but in the decreasing trend 

are slightly different. The decreasing of H2 is slower than coal 

volatile. For the combustion process, the H2 production from 

the single coal particle combustion model is very low and 

almost couldn’t be identified in Fig. 5. 

For the H2O production, it can be seen the overhead of H2O 

production occurs in the time 20 to 40ms, during which the 

devolatilization reaction occurs. After this stage, the H2O in 

both processes stabilizes. From this phenomenon it can be 

considered that the H2O formation in the gasification process 

occurs because of oxidation of H2 in the devolatilization 

stage. During the char reaction, the mole fraction of H2O is 

stable but H2 is decreasing since it reacted more with char to 

produce CH4; this is because, the H2 is decreasing without 

affecting the production of H2O. In the comparison, this paper 

does not consider the CH4 formation is not considered since 

it’s reaction is not defined in the combustion process.  

 

From the H2 and H2O formation as described in this 

section, it is important to be consider to add more H2O for 

increasing H2 production in coal gasification process, and 

also to keep char appear in the reaction in order to for the 

products such as H2 and CH4.   

IV. CONCLUSION 

The single coal particle model of combustion and 

gasification has been developed and considered for 

developing better process of coal combustion and 

gasification. For combustion application, this model could be 

used for estimating burn out time of pulveriser coal 

combustion, which affects the design and optimization of a 

burner. For the gasification, this model can be used as a 

consideration for developing better gas products formation by 

identifying the control parameter that affects the process. 

From the simulation of a single coal particle combustion 

and gasification, it can be seen the process comparison of the 

reaction mechanism and how it affects the gas products 

formation for each process. It also could be understood if the 

H2 products come from the H2O that is produced in the 

reaction and this information could be the main reason of 

increasing H2O fraction for producing more H2.  

The correlation of char appearance in the coal particle 

combustion and gasification also can be observed through 

this simulation result. In the gasification, the appearance of 

char give beneficiary for producing the CO as an expected 

products. The simulation result shows after this char burn-

out, and at the condition of O2 exceeding the stoichiometric 

reaction demand, it potentially reacts with CO into CO2.    

Since this model used a single coal particle which it’s mole 

fraction far below the O2 mole fraction, so the excess of O2 

occur in the reaction. Because of it, the further reaction 

between the gas products (such as CO, H2) and the O2 is 

potentially occurs to produce the CO2 and H2O. The 

gasification process expecting lower CO2, and based on the 

result it can be considered about the effect of O2 excess in the 

gasification process. The more O2 on the gasification process 

could potentially forming the more CO2. In order to avoid 

these conditions, controlling the sufficient of O2 supply for 

gasification process is important.  

Those thus results above are initial information based on 

the model simulation development. These information are 

considerably to be applied to get better application on 

combustion and gasification processes. And finally, this 
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model is expected could be applied for further development 

of coal combustion and gasification. 

 NOMENCLATURE 

Roman Symbol 

hs Heat source (W/m2 K) 

A Pre- exponential factor (unit vary) 

Ap Surface area of particle (m2) 

Cg Reactant gas concentration (kmol/kg) 

Dm Diffusion coefficient (m2/s) 

Ea Activation Energy (J/kmol) 

F External force (N) 

Mi Molecular weight of species i 

Mw Molecular weight of solid reactant 

R Gas universal constant (J/kmol K) 

Yi Mass fraction of species i 

ki Reaction rate coefficient for i 

km Mass transfer coefficient 

mi Mass fraction 

pij Rate exponent of reacting species 

h Enthalpy (kJ/kg) 

Ji The flux of species i 

Sm Source of mass (kg) 

Sh Sherwood number 

T Temperature (K) 

YY Mass stoichiometric coefficient 

M Mass of particle (kg) 

p Pressure (Pa) 

r Rate consumption of reactant (kg/s) 

𝐶𝜀1;  𝐶𝜀2 Model constant 

t Time (s) 

x Distance/displacement (m) 

u Velocity (m/s) 

Greek Symbol 

𝛼𝑖 Particle volume fraction 

𝛽 Temperature exponent 

𝜏𝑖𝑗 Stress tensor 

∅ Ratio of stoichiometric of solid and gas 

reactant 
𝜌 Density (kg/m3) 

𝜌𝑔𝑖 Gravitational body force 

𝜇 Viscosity (kg/m.s)  

𝜎 Turbulent Prandtl number 

𝛿 Kronecker delta 

Subscript  

p Particle 

i, j Species or phase 

vm Volatile matter 

k Turbulent kinetic energy (m2/s2) 

ԑ Turbulent dissipation rate (m2/s3) 
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