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This study uses a numerical simulation for coal gasification operation in a drop 
tube gasifier to investigate the effects of wall temperature and oxygen-to-coal ra-
tios on gasification. Coal gasification is an efficient approach to electricity gener-
ation, offering a cleaner alternative to conventional coal combustion methods. A 
2-D CFD model of the gasifier was employed to perform grid sensitivity analysis 
and subsequently compute the influences of varying wall temperatures (1000 K, 
1250 K, and 1500 K) and oxygen-to-coal ratios (0.6, 0.8, 1, and 1.2) on the tem-
perature profile, syngas composition, and velocity within the gasifier. Temperature 
profiling within the furnace defined a spectrum of maximum and minimum temper-
atures, with apex values recorded at 2100 K and lowest values at 1300 K for Cases 
12 and 1, respectively. High oxygen-to-coal ratios favored the production of CO2 
due to enhanced combustion reactions, whereas lower oxygen-to-coal ratios were 
conducive to higher yields of CO and H2, essential syngas components. Velocity 
profiles of particles within the gasifier increased with higher temperatures and 
oxygen-to-coal ratios, and the maximum velocity was 9 m per second. In conclu-
sion, this study offers valuable insights into optimizing operational parameters 
such as wall temperatures and oxygen-to-coal ratios to enhance the performance 
and efficiency of coal gasification processes in lab-scale gasifiers. 
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Introduction 

Coal gasification is a process that converts coal into a versatile gas called syngas, 

which can be used to generate electricity and manufacture a range of chemical products. This 

approach taps into coal potential more efficiently [1]. The escalating electricity demand has 

historically been met predominantly by oil. However, there has been a noticeable shift towards 

exploring coal usage in recent research due to depleting oil reserves and the prevalent availa-

bility of coal in China [2]. Gasification technology has emerged as a potential avenue for max-

imizing energy conversion into electricity with minimal hazardous impacts. Researchers' main 
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aim is to develop sophisticated gasifiers that exhibit enhanced performance and reduced emis-

sions of pollutants [3-6]. Studies have been conducted to understand the chemical and physical 

changes occurring during the gasification process to optimize the transformation of coal into 

gas. Alongside experimental analyses, CFD simulations offer a cost-efficient method to exam-

ine factors such as reaction rates, temperature variations, turbulent intensity, the proportions of 

oxygen and coal, and coal retention time, among others. Nevertheless, CFD modeling of gasi-

fication necessitates distinctive mathematical models to analyze and decipher the complexities 

associated with turbulence, temperature variations, and reaction rates to yield meaningful out-

comes.  

Numerous researchers have recently undertaken several studies involving CFD simu-

lations in entrained flow coal gasifiers [7-14]. Kim et al. [15] used steam as a gasifying agent, 

evaluated the performance of the IGCC coal gasifier, and also revealed that tangential inflow 

influences the particle motion. A study by Du et al. [16] on the simulation of mixing coal with 

PET in co-gasification within a fluidized bed discovered that larger particle sizes impede heat 

flow. Kim et al. [17] ran a simulation and found that for coal gasification in a 300 MW IGCC, 

an oxygen-to-coal (O/C) ratio of 0.7 is ideal. Diba et al. [18] found that the optimum airflow 

for char conversion was 17 kg per hour and that calcination resulted in a higher concentration 

of CO2. Sun et al. [19] investigate the impact of immersed tubes on gas-particle interactions in 

fluidization dynamics using CFD simulation, which plays a crucial role in the efficiency and 

efficacy of biomass gasification. Safeanov et al. [20] developed an enhanced analytical model 

to predict heat transfer in entrained-flow gasifiers. This model specifically accounts for the flow 

and heat transfer characteristics of the slug layer wall in the reactor during dry-feed coal gasi-

fication. 

Researchers have experimented with mixed gasification agents with syngas, attaining 

temperatures of more than 1550 °C through a numerical approach [21]. Wang et al. [22] em-

ployed discrete-phase and solidification models to perform computational simulations to re-

cover heat from molten slugs and syngas. Euler-Euler [23, 24] and Euler-Lagrangian methods 

[9, 25-27] have also been applied by researchers to delineate gas and solid flows. Commonly, 

FR/ED and probability density functions (PDF) have been employed to analyze the chemistry 

of gasification reactions, with various mediums like air/steam being used for gasification [28-

30]. Watanabe and Kurase [31] studied the modeling and simulation of coal gasification in an 

entrained flow coal gasifier, reviewed the three chemical processes, and discussed the accuracy 

of the model. In diverse CFD simulations, parameters like gasification reactions, nozzle design, 

and particle size have been explored [12, 32-36]. A study by Imran et al. [37] examines the 

gasification process for multi-injectors at different O/C ratios, revealing hydrogen composition 

up to 28% and CO at 52%, indicating that pure oxygen leads to elevated temperatures and 

enhanced carbon conversion efficiencies.  

In our research, a 2-D drop tube gasifier is analyzed, initially focusing on grid sensi-

tivity analysis, followed by an assessment of wall temperature effects at 1000 K, 1250 K, and 

1500 K with various O2/coal ratios (0.6, 0.8, 1, and 1.2). This approach allows the computation 

of temperature profiles, syngas compositions, and velocity profiles. The gasification process 

has been successfully modeled, showing that finite rates significantly influence global chemical 

reactions. 
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Simulation model 

Gasifier mesh and design 

Figure 1 displays the 2-D gasifier drawing: the gasifier operates as a downflow reactor 

and consists of two parts, with a throat between them, with a height of 3.83 m. The inner diam-

eters of the first and second stages are 0.250 m each. Two levels of injection are incorporated 

into the gasifier. The upper level has three coal inlets 

and two oxygen inlets, as illustrated in fig. 1. Con-

versely, the lower level contains two opposing coal 

injections. The gasifier operates at a total dry coal 

feeding rate of 50 kg per hour, with the lower inlet 

featuring a surface-type injection situated at 1.910 m. 

Detailed proximate and ultimate analyses of the coal 

are presented in tab. 1. Particle size corresponds to 

the Rosin-Rammler method, with the maximum, 

minimum, and mean diameters of 0.125 mm, 0.004 

mm, and 0.0456 mm, respectively. In the upper 

stage, pulverized coal undergoes an exothermic reac-

tion with oxygen, resulting in a temperature increase 

through the devolatilization of coal into char and 

CO2. Following this, the second injection stage lev-

erages the generated heat to facilitate an endothermic 

reaction, primarily yielding carbon monoxide and 

hydrogen, with a minor CO2 production. Calcula-

tions for the required oxygen can be based on the O/C ratio of the fixed carbon feeding. While 

the oxygen injection remains constant at the upper level, coal distribution is evenly split, with 

50% at the upper and 50% at the lower. 

Table 1. Ultimate and proximate analyses of coal 

Proximate [% ad] Qnet,ad [Jg–1] Ultimate [% ad] 

Ash 
(A) 

Moisture 
(M) 

Fix 
carbon (FC) 

Volatile 
(V) 

Hydrogen Carbon Oxygen Sulfur Nitrogen 

10.30 13.84 47.09 28.77 24,237 3.27 62.03 9.49 0.37 0.70 

Note: Qnet,ad is the lower heating value, M – the moisture content, FC – the fixed carbon,  
ad – the air-dry basis, A – the ash content, V – the volatile content.  

Governing equation 

The numerical analysis in this study involves a 2-D structure and considers both ho-

mogeneous and heterogeneous reactions operating under steady and incompressible turbulence 

conditions. Consequently, species, time-averaged steady-state pressure-based Navier-Stokes, 

mass momentum, and energy equations have been resolved. The equations that govern the nu-

merical simulation are provided in the following manner [13]: 

( )ij m
i

u S
x







 (1) 

Figure 1. Illustrating the drop tube  

gasifier furnace
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The Reynolds stress is denoted by 
_____

,i ju u   and symmetric stress tensor is τij. The equa-

tion governing turbulent flow was resolved by employing realizable k-ε, and the kinematic tur-

bulence viscosity was calculated based on eq. (5). The dissipation rate is denoted as ɛ, while k 

symbolizes the turbulence kinetic energy, and the viscosity constant is represented as Cµ. These 

values can be determined using the subsequent standards k-ε transport equations [38]: 
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In the provided model, the turbulence kinetic energy represents the Gk resulting from 

the mean velocity gradients. The turbulent Prandtl numbers related to the turbulent kinetic en-

ergy, k, and its dissipation rate, ɛ, are symbolically represented by σk and σε, respectively. Con-

stants such as C1ɛ = 1.44, Cµ = 0.009, σk = 1.0, C2ɛ = 1.92, and σε = 1.3 in Launder and Spalding’s 

work [39] were utilized in eqs. (6)-(7). Additionally, turbulence heat conductivity, λ, and the 

diffusion coefficient, D, were specified in the eqs. (3)-(4): 
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The Sct = 0.7 and Prt = 0.85 denote the Schmidt numbers and turbulence Prandtl. The 

discrete phase model (DPM) was employed to determine particles momentum using the La-

grangian method. In the Lagrangian reference frame context, the combined balance force acting 

on the coal was used to approximate the trajectory of discrete phase particles. This balanced 

force evaluates the coal inertia against forces acting as substitutes for the coal, as presented in 

reference [40]. 
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The formulated equations account for the reduction in particle mass and thermal en-

ergy by incorporating source terms that facilitate the exchange between the continuous and 

discrete phases. The P-1 equation is responsible for determining the interaction of radiation 

between gas and various particles. Within the P-1 equation, the model mentioned is used to 

ascertain the radiation intensity. 

4
r 4q G G T     (11) 

where 

r
s s

1

3( )
q G

C  
  

 
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The symbols G, σ, α, C, and σs stand for incident radiation, Stefan-Boltzmann con-

stant, absorption coefficient, linear anisotropic phase function coefficient, and scattering coef-

ficient, respectively. 

Gasification primary reaction 

Equation (4), the equation for species transport, is useful for identifying key kinetic 

characteristics and examining the chemical processes inside a gasifier. Nonetheless, because of 

the intense heat within the gasifier, the coal is converted into char, volatile compounds, and ash 

[41]. The composition released from the coal is illustrated in eq. (13) [42]. In the zone of intense 

heat where coal particles are exposed to high temperatures, the introduction of coal from pre-

vious sets off a series of chemical and physical variations [34]. These initial processes contain 

the gasification of char, the burning of any residual char and volatile substances, and the devo-

latilization of coal. All volatile substances identified in our research were grouped under one 

category, represented by the formula C1.45H4.64O0.44. This categorization was based on the ele-

mental composition of the coal, as revealed in tab. 1. To describe how volatile substances are 

released, we used a model that breaks down the process into two distinct stages [43] to charac-

terize the release of volatiles, as detailed below: 

Coal →α1 volatiles + α2 H2O + α3 char + α4 Ash (13) 

Coal (1 ) Char Volatile
lk

l l lY Y      (14) 

Coal (1 ) Char Volatile
hk

h h hY Y      (15) 

In the equation, Y denotes the stoichiometric coefficient. The lower temperature is 

depicted in eq. (14), while the 15th equation indicates a faster reaction rate at elevated temper-

atures. The expression of the kinetic reaction is: 
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The volatile mass fraction is denoted by V, k is the pre-exponential factor, the rate 

constant of the reaction is denoted by the letter k, the temperature of the coal particle is denoted 

by the symbol TP, and the reaction activation energy is denoted by the symbol E. Data related 

to values of kl, Yl, kh, Yh, Eh, and El were extrapolated from prior research [39, 40], and are 

tabulated in [44]. The coal devolatilization culminates in the formation of char, which subse-

quently undergoes gasification to produce CO and H2. Researchers have employed many reac-

tions to characterize the gasification processes [9, 13, 14, 23, 25-27, 45]. In the present study, 

various initial reactions were examined to determine the most effective reaction mechanism. 

Relevant instances are listed in [44]. 

The heterogeneous reactions were characterized by multiple volatile chemical species 

involved in the reaction mechanisms, namely H2O, CO, C(s), O2, N2, CO2, and H2. A species 

transport model was meticulously selected, incorporating particle surface interactions, volumet-

ric reactions, and turbulence-chemistry interactions. These aspects were quantitatively deline-

ated by utilizing the FR/ED model. This computational model facilitated the precise determi-

nation of the formation rates of the individual species, allowing for the contemporary updating 

source term, Sr, as given in eq. (4): 
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Under the principles of the Arrhenius equation, several parameters such as kf, B, Ea, 

and A have been delineated to characterize the kinetics of the forward reaction. Here, kf repre-

sents the rate constant of the forward reaction, B – the temperature exponent, Ea – the activation 

energy requisite for the reaction to proceed, and A – the pre-exponential factor or frequency of 

collision. References from previous studies [13, 36, 46] have been utilized to ascertain the val-

ues of Ea, A, and B pertinent to various reactions, which have subsequently been cataloged and 

presented in [44] for comprehensive analysis and reference. 

Simulation method 

Table 1 presents the composition of the coal used. The coal feed rate was maintained 

at 50 kg per hour across various studies, each employing distinct O/C ratios. The boundary 

conditions were mass-flow inlets and pressure outlets used for all input/output stream. A fixed 

wall exhibiting a no-slip condition (meaning that the fluid has zero velocity at the boundary) 

with a consistent roughness value of 0.5 was modeled. The DPM wall interaction was set to a 

reflective type for both normal and tangential particle impacts using a polynomial relationship. 

This setup was examined under different wall temperature conditions: 1500 K, 1250 K, and 

1000 K. Temperature plays a key role in the gasification process, making it a primary focus of 

our grid sensitivity study. Three different densities of mesh have been selected for analysis of 

temperature and velocity. Figure 2 presents the meshed domain, including a closer view of the 

nozzles. Furthermore, the initial reaction was determined at various O/C ratios like 0.60, 0.80, 

1, and 1.20 at different wall temperatures like 1000 K, 1250 K, and 1500 K, as shown in tab. 2. 
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The compositional details of the coal utilized in the experiment are defined in tab. 1. 

A consistent coal feeding rate of 50 kg per hour was maintained across all case studies, each 

characterized by varying O2/coal ratios. Boundary conditions were established for all input and 

output streams, incorporating mass-flow inlets 

and pressure outlets. The walls were considered 

stationary with a no-slip condition (zero veloc-

ity) applied, maintaining a constant roughness of 

0.5. Regarding the DPM, the walls were desig-

nated as reflective, implementing a polynomial 

type for both normal and tangent interactions. 

Wall temperatures were manipulated, applying 

1500 K, 1250 K, and 1000 K values to assess 

their influences. Given its critical influence on 

gasification processes, temperature was priori-

tized as a key parameter within the grid sensitiv-

ity analysis. A selection of mesh densities, vary-

ing across three distinct categories, was applied 

to facilitate a comprehensive analysis of temper-

ature and velocity parameters. Refer to fig. 2 for 

a detailed visualization of the meshed domain, 

including a magnified view featuring the nozzles 

structural intricacies. Initiating reactions were 

strategically selected, incorporating varied oxy-

gen/coal ratios such as 0.60, 0.80, 1, and 1.20. These ratios were meticulously paired with di-

verse wall temperatures, specifically 1000 K, 1250 K, and 1500 K, as systematically catego-

rized in tab. 2.   

Table 2. Different scenarios simulated for a range of O/C ratios and wall temperatures 

Case 1 2 3 4 5 6 7 8 9 10 11 12 

O/C 0.6 0.6 0.6 0.8 0.8 0.8 1 1 1 1.2 1.2 1.2 

Temperature 1000 1250 1500 1000 1250 1500 1000 1250 1500 1000 1250 1500 

Results and discussion 

Evaluation of model validation through grid sensitivity analysis 

In the gasification processes, temperature is the paramount parameter influencing out-

comes. Consequently, scenarios (Cases A, B, and C) were meticulously chosen for grid sensi-

tivity analysis to scrutinize the variations and impacts associated with temperature fluctuations. 

Figure 2 illustrates the meshed domain, accompanied by a detailed view of the nozzles. Non-

reactive cold flow simulations were conducted using three distinct grid configurations. The 

subsequent temperature profiles, aligned with the velocity vectors across these grids, are com-

prehensively shown in figs. 3 and 4, respectively. The grids for cases A, B, and C are 529091, 

339027, and 236855, respectively, the grid consists of structured and unstructured mesh. The 

tetrahedral cells demonstrate a uniform temperature distribution along the central axis, vertical 

to the height of the gasifier. The velocity profile is almost the same along with height, but minor 

changes are observed near the top of the gasifier. However, the overall result shows that grid 

Figure 2. The detailed representation of the 2-D 
meshed geometry illustrates a zoomed-in view 
of the upper inlets (right) and the lower inlet 

(left) 
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sensitivity does not influence temperature and velocity profile. The solution demonstrates grid 

independence for grid sizes exceeding 339027. Consequently, this specific grid size has been 

adopted for subsequent computations. 

Figure 3. Temperature distribution for grid 
sensitivity analysis (three grid sizes) 

Figure 4. Velocity profile for grid  
sensitivity analysis 
 

Impact of the O/C ratio and wall temperature 

on synthesis gas generation 

Several critical parameters predominantly influence the performance of an oxygen-

blown drop tube furnace. The oxygen concentration, temperature, and the O/C ratio play pivotal 

roles in determining the operational efficacy of the gasifier. These variables substantially influ-

ence the furnace behavior and overall gasification effectiveness. The combustion reaction influ-

ences the generation of CO2 species, the thermal output requisite for endothermic reactions, and 

the subsequent formation of CO and H2. A series of twelve simulation cases were meticulously 

analyzed, varying in O/C ratios (0.6, 0.8, 1, and 1.2) and temperatures (1000 K, 1250 K, and 1500 

K), as detailed in tab. 2. Figure 5 illustrates how changes in the O/C ratios and temperature levels 

affect the composition of syngas. Specifically, fig. 5(a) shows the variance in CO composition 

across different temperatures and O/C ratios, emphasizing a heightened mass fraction of CO com-

position in the gasifier upper regions. Contrarily, it was discerned that wall temperature exerted 

minimal influence on the composition. Figure 5(b) shows that the CO2 composition at the injec-

tion site was comparatively reduced. However, a subsequent series of reactions evidenced an 

amplification in CO2 formation, with elevated O/C ratios particularly conducive to this increase. 

A general trend was identified where an ascent in the O/C ratio culminated in an enhanced CO2 

percentage, attributed predominantly to the water-gas shift reaction. Conversely, an elevation in 

temperature resulted in a diminished CO2 percentage, substantiated. 

Figure 5(c) illustrates an obvious variation in the hydrogen mass fraction under dif-

ferent operational parameters. At an O/C ratio of 0.6, a substantial hydrogen mass fraction is 

observed predominantly in the upper region. This propensity, however, diminishes when coal 

is introduced through the second injection point, leading to a reduced hydrogen fraction. A 

comparative analysis between different cases (1-6 vs. 8-12) reveals a conspicuous disparity in 

the hydrogen fraction. Cases 1-6 exhibit a more elevated hydrogen fraction than cases 8-12, 
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implying that a higher O/C ratio may not be conducive to optimal hydrogen production. In 

addition, the investigation elucidates that temperature variations exhibit a nominal influence on 

the yield of H2. The findings suggest that the reaction efficiency was compromised due to a 

shortage of steam, which is essential for the water-gas shift reaction to proceed. This was be-

cause the simulations took place in an environment with plenty of oxygen but without steam. 

Figure 5. Influence of wall temperature 
and O/C ratios on coal gas composition; 

(a) CO mass fraction, (b) CO2 mass 
fraction, and (c) H2 mass fraction 

Impact of O/C ratio and temperature on the temperature profile 

In the gasification/combustion reaction, the temperature parameter emerged as a piv-

otal variable. Increasing the amount of oxygen led to a higher temperature in the top part of the 

gasifier. A delineation of the temperature profile within the furnace is exhibited in fig. 6, eluci-

dating a conspicuous augmentation in temperature concurrent with increments in the wall tem-

perature and O/C ratio. Extreme temperature values were considered 2100 K and 1300 K for 

Cases 12 and 1, respectively. A relatively lower temperature gradient characterizes the thermal 

profile within the upper section of the gasifier. This is attributed to the injection of 50% of the 

coal feed at this upper injection point, coupled with the spatial limitation due to the upper re-

gion's reduced height compared to the gasifier's lower region. Consequently, the lower region 

Figure 6. Variation in syngas temperature [K] 
under different operating conditions of  the 
the gasifier 

Figure 7. Velocity profile for drop  
tube gasifier 
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manifests a heightened temperature profile due to its extended vertical dimension. Factors such 

as an elevated O/C ratio and increased wall temperatures significantly enhance the gasifier ther-

mal conditions. 

Velocity profile for drop tube furnace 

Figure 7 depicts the velocity profiles for Cases 1 through 12. It can be discerned from 

the data that a direct correlation exists between the particle's velocity, the prevailing tempera-

ture, and the O/C ratio. The peak velocity registered was 9 m per second, and interestingly, an 

inverse relationship between the height of the gasifier and the velocity was observed. Due to 

gravitational force, coal particles drop down without external forces. However, lower injections 

are side injections that the lower velocity at the inner wall of the gasifier may cause. However, 

the curve shape between the two also causes the particle to have low velocity. However, the 

curve shape also helps to increase the velocity of the lower injection particle, which is why the 

velocity at the lower region of the gasifier is high. 

Conclusions 

This comprehensive study investigates a 2-D CFD model of a drop tube gasifier, fo-

cusing on grid sensitivity and the effects of varying wall temperatures (1000 K to 1500 K) and 

O2/coal ratios (0.6 to 1.2) on gasifier performance. The study finds that the gasifier efficiency 

is significantly influenced by oxygen concentration, temperature, and the O/C ratio. Notably, 

the mass fraction of CO is higher in the furnace upper regions, while CO2 concentration is 

minimal near the injection zones. Wall temperature appears to have a limited impact on CO 

composition. 

A key observation is the interaction between temperature, O/C ratio, and CO2 compo-

sition. An increase in O/C ratio leads to higher CO2 levels due to the water-gas shift reaction, 

whereas higher temperatures decrease CO2 percentages. Hydrogen fraction analysis shows an 

optimized presence at an O/C ratio of 0.6, mainly in the upper furnace regions. A decrease in 

hydrogen fraction is noted with secondary coal injections. Comparative studies between differ-

ent cases suggest variations in hydrogen presence linked to O/C ratios. 

Temperature profiling within the furnace reveals a range of maximum (2100 K) and 

minimum (1300 K) temperatures, with lower gradients in the upper regions due to operational 

dynamics. In contrast, the lower regions exhibit higher temperature profiles. Velocity profiling 

indicates a correlation with temperature and O/C ratios, with a notable increase in particle ve-

locities at higher temperatures and O/C ratios, reaching a maximum of 9 m per second. This 

study highlights the complex dependencies of operational parameters on the gasifier's perfor-

mance, providing valuable insights for optimizing gasification processes. 
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Nomenclature 

A – pre-exponential factor (consistent units) 
B – temperature constant [–] 
C – coefficient of function for  

linear-anisotropic phase 
Cµ – viscosity constant 
Cj – mole fraction of species j 

[C] – molar concentration of species, [Kmolm–3] 
cp – specific heat at constant pressure, [Jkg–1K–1] 
Di – diffusivity, [m2s–1] 
Ea – activation energy for reaction [JK–1mol–1] 
FD – drag force, [kgms–1] 
G – incident radiation 
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Gk – mean velocity gradients 
k – kinetic energy for turbulence, [m2s–2] 
kf – forward reaction rate constant 
Mj – molecular weight of specie j 
Prt – Prandtl number for turbulence 
qr – heat flux for radiation heat, [Jm2s–1] 
Sct – Schmidt number for turbulence 
Sm, Sj, Sh, Sr – source terms for mass, momentum, 

 energy and species 
T – temperature, [K]
u, up – velocity, velocity of particles, [ms–1] 
v′i,r – stoichiometric coefficient for reactant i 

in reaction, r 
v″j,r – stoichiometric coefficient for product j 

in reaction r 

wj,r  – net production rate of species i through 
chemical reaction, [Kmolm–3S–1] 

Greek symbols 

α – absorption coefficient
ε – dissipation rate of turbulence, [m2s–3]
µ – dynamic viscosity, (NSm–2]
µt – turbulence viscosity
η′ – rate exponent for product reactant species
η″ – rate exponent for product species
λ – turbulent thermal conductivity, [Wm–1K–1]
ρ, ρp – density, density of particles, [kgm–3] 
σ – Stefan–Boltzmann constant
σs – scattering coefficient, [m–1]
τij – symmetric stress tensor
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