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1 Instruction 
      Fuel synthesis through coal gasification can potentially provide a solution to the increasing 
demand of energy and transportation fuels. Understanding the complex chemical processes in coal 
gasification, both experimentally and computationally, has received increasing interest in recent years. 
In terms of modeling coal gasification processes, previous work have mainly focused on three areas ─ 
single coal particle gasification1-3, one-dimensional coal gasification4-7, and Computational Fluid 
Dynamics (CFD) coal gasification8-12. CFD modeling of entrained flow reactors is extremely complex, 
involving gas-phase turbulent flow and particle-phase turbulent flow as well as particle-gas phase 
coupling, which is beyond the scope of the present study and thus will not be discussed here.  
      Previous studies have shown that several factors, including the detailed devolatilization kinetics, 
gas-phase reactions, char structure (through diffusion process) as well as char surface reactions, can all 
influence gasification behavior, especially at high pressures. The models in literature have mostly used 
simple kinetics or reactions and some reactions were assumed to be at equilibrium. The reaction rate 
has been mostly expressed in terms of one-step overall reaction rate, which may not be accurate 
enough. Additionally, multi-physics interactions between gas-phase and particle-phase were not 
carefully considered in these models. Some interactions that account for the mass and energy 
exchange between the two phases were even neglected. These studies indicate that a more detailed 
model that includes diffusion process, char structure, surface reactions, as well as interactions between 
the two-phase at the boundary, is needed for particles at the small scale of particle size. In particular, 
the interactions between the particle-phase and the surrounding gases should be carefully considered. 
Finally, gas-phase homogenous reactions and transport, which have shown to have an importance 
impact on the gasification behavior, should be better described using detailed chemistry, variable 
thermodynamic properties, and multi-component transport properties.  
      Motivate by this, we developed a multi-physics model with detailed gas-phase chemistry and a 
numerical code to simulate the complex gasification processes in a perfect-stirred reactor. The model 
considers gas-phase and particle-phase reactions as well as coupling including mass and energy 
exchanges between the two phases at various scales. The government equations for both phases were 
developed. Finally, numerical simulations were conducted to understand the gasification process at 
various operating conditions. 

2 Model description 
      A multi-physics model with detailed chemistry was developed to simulate coal gasification 
processes in a well-stirred reactor. Figure 1 shows a schematic of the reactor. Carbon particles with 
diameter dp are uniformly distributed inside the reactor together with gaseous species. The pressure of 
the reactor remains constant, which means during the gasification process the volume increases due to 
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thermal expansion and thus the number density of coal particles decreases but the total number of 
particles is conserved. We assume intense mixing occurs inside the reactor so that all gas-phase 
properties are uniform or spatially-independent. We also assume the temperature and number density 
of particles are uniform inside the reactor. However, there are mass, species and energy exchanges 
between individual particles and the surrounding gases, causing local non-equilibrium. These 
interactions are modeled on the particle scale. In other words, a single particle is modeled to include 
several mechanisms (surface heterogeneous reactions, diffusion process onto particle surface, and heat 
transfer between the particle and the surrounding gases). Moreover, the model developed for a single 
particle will represent all particles inside the reactor as we assume the mixture is well-stirred. For the 
gas-phase reactions, detailed kinetics, multi-component diffusion, and variable thermodynamic 
properties are considered. The governing equations of mass, species, and energy conservation for the 
gas-phase and the particle-phase are coupled to account for mass, species and energy exchange 
between the two phases. The transient gasification process will be computed until 99% of the coal 
particle is gasified.  

   

Figure1.  Coal Gasification in a Well-Stirred Reactor. 

A. Gas Phase Equations 

The conservation equations of mass, species and energy for the gas phase are given as: 
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In Eq. (1), 

iw  is the production rate of species i because of gas-phase reactions and surface 

heterogeneous reactions. 
iW  is the molecular weight of species i.  In Eq. (2), 

iY  is the mass fraction of 

speciesi . 
pN  is the particle number density.  

,C iR  is the production rate of species i because of the 

surface reactions which species i participates in. In Eq. (3), 
ih  is the enthalpy of speciesi . 

p gS −

represents enthalpy transfer between the two phases due to mass transfer. 
hS  is the convection heat 

transfer between the particle and its surrounding gases.  
A detailed gas-phase reaction mechanism, GRI-Mech 1.213, is incorporated into the model, which 
includes 177 elementary reactions and 31 species. Other mechanisms were also used but the results 
shown here are based on GRI-Mech 1.2.  The gas phase species are: H2, H, O, O2, OH, H2O, HO2, 
H2O2, C, CH, CH2, CH2(S) , CH3, CH4, CO, CO2, HCO, CH2O, CH2OH, CH3O, CH3OH, C2H, 
C2H2, C2H3, C2H4, C2H5, C2H6, HCCO, CH2CO, HCCOH, and N2. Multi-component transport 
properties and variable thermodynamic properties were adopted based on CHEMKIN format. 
 

Carbon particles 
dP – diameter 
NP – number 

Gases 
Constant 

pressure valve 



Xu, J.                                                                                                         Modeling of Coal Gasification in WSR    

23rd ICDERS – July 24-29, 2011 – Irvine 3 

B. Particle Phase Equations 

      The mass and energy conservation equations of a single particle are expressed as   

      
0p p

p p

dm dr
A

dt dt
ρ− =

                                        (4) 

      , ( ) 0p
p p p C p g h

dT
m C Q S S

dt −′ ′− + + =
                         (5) 

In Eq. (5), 
CQ  is the gross heat by four surface reactions and is expressed as  

, , , , , , , ,C C A C A C B C B C C C C C D C DQ m Q m Q m Q m Q= + + +ɺ ɺ ɺ ɺ                 (6) 
Where 

,C Amɺ , 
,C Bmɺ , 

,C Cmɺ  , 
,C Dmɺ  and 

,C AQ , 
,C BQ , 

,C CQ , 
,C DQ  are the carbon consumption rate and reaction 

heat of surface reactions A, B, C and D.  These reactions are described in the following. 

C. Char Surface reactions 

      Four heterogeneous reactions are assumed to take place at the surface of particles:  
2 2C H O CO H+ → +                                               (A) 

2 2C CO CO+ →                                                    (B) 
2 42C H CH+ →                                                     (C) 

22 2C O CO+ →                                                     (D) 

      The reaction rate controlled by boundary layer diffusion is given by Eq. 714. The reaction rate can 
be expressed as a function of the partial pressure of the gaseous reactant and the external surface area 
of the particle as Eq. 815. 
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Where, 
iX  and 

,s iX  are the mole fractions of specie i  (H2O, CO2, H2 and O2) in the gas-phase and at 

the particle surface respectively. 
,s jk  is the rate constant of the surface reactions A, B, C and D.  By 

eliminating
,s iX , the surface reaction rate can be obtained as:  
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3 Preliminary results 
Numerical simulations were conducted at various operating conditions to gain a better 

understanding of the gasification processes and to identify the most influential parameters on 
gasification performance. The result shown in the following is a general case and the parameters used 
in the simulation are shown in Table 1.   

Table 1: Initial conditions. 

Initial gas temperature 1200gT K=  Initial particle temperature 1200pT K=  

Gas pressure 10P atm=  Density of particles 31.3 /p g cmρ =  

Initial  water concentration 2
0.9H OX =  Initial particle diameter 25pd mµ=  

Initial oxygen concentration 2
0.1OX =  Particle number density 355615 /pN cm=  
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Figure 2 shows the temperature profiles of the gas phase and the particle phase as a function of 
time. The particle and gas temperatures increase rapidly to a maximum (Tp = 1970 K and Tg = 2250 K) 
in 0.005 second.  Tp and Tg then decrease and remain the same after t > 0.05s. Tp is higher than Tg at 
the initial period (t < 0.003s), but becomes lower until an equilibrium is reached at t = 0.05s. The 
peaks of the temperatures take place at the point at which the oxygen is completely consumed, as can 
be seen in Fig. 3. In the initial period, oxidation of both the gas phase (mainly reactions 
2CO+O2→2CO2 (E) and 2H2+O2→2H2O (F)) and the particle phase (C+O2=2CO (D)) take place. 
However, the rates of the gas phase reactions are much faster than those of solid-gas reactions. The 
gas-phase oxidation reactions are dominant in the presence of O2. This explains why the peak 
temperature of Tg is higher than the peak of Tp because of larger heat release from the gas-phase 
oxidation reactions. Later, after oxygen is consumed, Tp and Tg reach the same value because of 
convective heat transfer between the particles and the gases.  

Figure 3 shows the concentration profiles of six stable species as well as carbon conversion rate as 
a function of time.  Note the simulation ends when 99% of carbon particles are gasified. The 
concentrations of intermediate and minor species are not shown, which are much lower than the stable 
species. The gasification process needs about 4.5 seconds to be complete. At 0s < t < 0.005s, oxygen 
concentration falls to zero and CO concentration increases slightly first and then decreases to zero, 
while CO2 concentration keeps increasing to over 10%. During this period, carbon surface oxidation 
reaction (D) and gas-phase reaction (E) are the dominant reactions which consumes most oxygen. At t 
> 0.005s when O2 is consumed and a peak temperature has been achieved, carbon surface reactions A, 
B and C become more important, particularly the carbon-steam reaction A, which causes the 
concentrations of CO and H2 to increase and the concentration of H2O to decrease.  

To further understand the relative importance of the four surface reactions, the reaction rates of 
Reactions A, B, C, and D are plotted as a function of time in Fig. 4. During the initial period, the rate 
of 2C+O2→2CO reaction is much higher (100 times) than the rate of C+H2O→CO+H2 reaction. After 
oxygen is depleted, the carbon-steam reaction becomes dominant, with a rate about 10 times higher 
than the rate of C+CO2→2CO reaction.  The reaction rate of C+2H2→CH4 reaction is much slower 
than the other two during the whole gasification process and thus can be neglected under present 
conditions. Based on Figs. 2-4, we can divide the gasification process into three stages: (1) carbon 
oxidation, (2) gas-phase oxidation, (3) carbon gasification, as noted in Fig. 2. 

 

 
Figure 3.  Profiles of species concentration and 

carbon conversion rate. 
 

Figure 2.  Profiles of gas and particle temperature. 
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Figure 5 shows the net production rates of five species as a function of time as a result of surface 
reactions. The CO curve has two peaks. The first peak is due to C+0.5O2→CO reaction, and the 
second peak is due to C+H2O→CO+H2 reaction. The first peak corresponds to a maximum 
consumption rate of O2.  And the second peak is approximately aligned with a maximum consumption 
rate of H2O and a maximum production rate of H2. At t > 0.1s, the rates of all species approach very 
low because of the temperature drop which lowers the reactivity.  

Figure 6 shows the source terms in the particle and gas energy equations. For the purpose of 
comparison, all source terms are scaled with 

, ,C A C Am Qɺ .  As shown in Fig. 6, the heat released by 

reaction D (C+0.5O2→CO) and the convective heat transfer between particles and surrounding gases 
are most important in the initial stage. The former increases the particle temperature and the latter 
increases the gas temperature by convection. After O2 is consumed, the absorbed heat by reaction A 
(C+H2O→CO+H2) and the convective heat transfer are most important. The absorbed heat by reaction 
B (C+CO2→2CO) increases, but the value is smaller than half of the absorbed heat by reaction A. The 
total enthalpy transfer due to mass transfer by the surface reactions is much smaller compared to the 
other source terms in the particle energy equation.  

           

Figure 7 shows a comparison of three source terms in the gas energy equation, including the total 
heat by gas-phase reactions, convective heat transfer, and enthalpy transfer due to mass transfer from 
the surface reactions. In the initial stage, convective heat transfer between the two phases is dominant. 
A peak of the total heat by gas-phase reactions occurs around t = 0.003s. Later during the gasification 
stage, the three source terms remain almost constant. 

 
Figure 7.  Comparison of the source terms in the 

gas energy equation. 
Figure 6.  Comparison of the source terms in the 

particle energy equation. 

 
Figure 5.  Net production rate of five species due to 

surface reactions on particle. 
Figure 4.  Profiles of carbon consumption rate. 
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4 Conclusions 
Following conclusions can be reached based on the present study: 1. With the presence of oxygen in 
the reactant mixture, the chemical process in the reactor can be divided into three stages: carbon 
oxidation, gas-phase oxidation, and carbon gasification. 2. In the first stage, the reaction rate of 
C+0.5O2→CO is much faster than the other surface reactions. In the later stages, C+H2O→CO+H2 
reaction dominates the consumption of carbon, with a rate about 10 times higher than the rate of 
C+CO2→2CO reaction. 3. In the particle energy equation, reaction heat by C+0.5O2→CO and 
convective heat transfer between particles and the surrounding gases are most important in the initial 
stage. Later when O2 is consumed, reaction heat by C+H2O→CO+H2 and convective heat transfer are 
most important. 4. In the gas energy equation, convective heat transfer between the two phases is 
dominant at the initial stage. Later during the gasification stage, the three source terms (gas phase 
reaction heat, convection heat transfer and enthalpy heat transfer due to mass exchange) have very 
similar order of magnitude and remain almost constant.  
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