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1 Introduction
Carbon gasification reactions are the core of many important industrial processes, including coal combustion for production of synthetic gases, fuel gases, heat and activated carbon. It’s therefore important to understand carbon gasification reactions in order to further enhance and improve the current conversion technology, and most importantly, to predict the output products given a reaction condition. Coal, which has high carbon content, is supposed to play a major role in future energy production given its wide distribution, abundance and the opportunity to capture most of the pollutants using gasification as conversion process, thus achieve an extremely low pollutant emission from burning coal-derived gases. Coal particle reaction are an essential aspect in all coal processes, often these reactions are among the rate-limiting steps that control the nature and size of coal processes. Further, these reactions have a direct impact on the formation of particulates, nitrogen oxides, and sulfur-containing species as well other pollutants. Coal reaction processes are very dependent on the rate at which the particles heat and on the maximum particle temperature. Coal reaction processes further complicates the heating of the particle, starting with devolatilization which is initiated at about 600 K; as the particles continue to heat, convective heating is retarded by the flow of volatile matter from the particle. Reaction of the volatiles in the gas phase changes the surrounding temperature and heatup rate of the particle; exothermic surface oxidation of the char with oxidizer releases energy to the particle and to the gas in the immediate vicinity of the surface. Further oxidation of the surface products causes additional heat release in the vicinity of the particle. There is no chronological sequence for discussion of the these various events since particle heatup can occur simultaneously with devolatilization, gas-phase reaction, or surface oxidation [1].

Gasification being a very complex process, it’s important to divide the mechanism into several sub-processes. A divide-and-conquer approach is used in order to break the mechanism into several sub-processes which vary among authors and include: evaporation of the coal slurry, particle heating, devolatization of the coal particle and combustion and gasification which include heterogeneous and homogeneous reactions, gas reactions at equilibrium 
 ADDIN EN.CITE 

[2-5]
. The different reactions involved in these steps will be identified and used to estimate the mass transfer from the solid phase (coal particle) into the gas phase. The temperature profile within the gasifier will also be estimated. We therefore have two subtasks: solving for the mass transport equation and solving for the energy transfer equation.  
The initial work proposed for this project was to model a co-gasification system of coal and biomass mixture, but due to the difficulties of implementing such a model in COMSOL, the study has been limited to coal only.

The following assumptions have been made:

· The gasifier is assumed to have a cylinder shape, top feeding of fuel and air/oxygen and steam. The fuel and gases are fed in a single premixed stream.
· A one dimensional model of pulverized coal gasification with plug-flow for both particle and gas phases is considered

· All gases are assumed to behave ideally.

· All particles are assumed to have the same temperature and same velocity.

· Solid particles are assumed to have spherical shape.

· The coal water slurry is considered Newtonian fluid

· Slag formation and deposition is not taken into account in the model.
2 Governing equations

A plug flow, steady state operation has been considered throughout this study.

2.1 Mass transfer
[image: image2.png]


  

(1)

Where Cj is the concentration of specie j in the reactor

 uj the velocity of the particle

 Dj the diffusion coefficient of the specie in the medium

RC,j is the rate of production or depletion of specie j from chemical reactions.
Equation (1) will apply to each chemical reaction considered in the model.

2.2 Heat transfer

The energy transport equation for gas phase is:
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(3)

Where the first terms in the right side are the heat transfer by conduction in the axial direction. We neglect this term in solving the energy equation, since the energy carried by the principal mass flow in the axial direction is much higher than the transferred by conduction in the same direction. Equations (3) and (4) become:
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(5)

RC is the convective heat transfer between the gas and the particle and is given by (one equation for each phase):                                                                               
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(6)

Where dp is the particle’s diameter, λ is the thermal conductivity of the gas, Nu is the Nussel number and Tg and Tp the temperatures of the gas and the solid respectively.

RR is the radiation heat transfer between the particle and the gas and is given by (one equation for each phase):
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(7)

Where σ is the Boltzmann constant and ε the emissivity of the particle.

RRxn is the source of energy due to chemical reaction.

Summing up (4) and (5), the RC and RR terms cancel out and the only source or sink of energy in the gasifier is the chemical reactions. An adiabatic reactor type is assumed so we do not consider heat loss through the wall.

Therefore [image: image16.png]


 



(8)

where ρ is the density of the of the particle gas mixture, C is the heat capacity of the mixture and u is the velocity of the mixture.
3 Formulation

All chemical reactions accounting for mass and energy transfer need to be identified, as well as their transfer rates and enthalpies.
3.1 Modeling the chemical reactions

A global reaction kinetic rate is used in each reaction included in this model. 

The following reactions have been considered:

3.1.1 Vaporization of coal water slurry (CWS)

CWS 
====> Coal + Water
kw = 8.32*105 Exp(42280/(R*T))


[6]
3.1.2 Devolatilization:

Coal  =====> y1 Volatile + (1-y1) C 
kv1 = 3.7 * 105 Exp(-73568/(R*T)) s-1

Coal  =====>  y2 Volatile + (1-y2) C
kv2 = 1.46 * 1013 Exp(-250800/(R*T)) s-1  
[7]
With y1= 0.39 and y2 = 0.8

 Volatile formed is composed of: 

40.02 % CO, 27.5 % CO2, 20.12 % H2 and 12.36 % CH4 
[6].

3.1.3 Heterogeneous char combustion and gasification

C + ½ O2 ====> CO

(1)

k1 = 8710 * Exp(-17967/(R*T))

[8]
C + H2O ====> CO + H2
(2)

k2 = 1.33 * Exp(-1.47* 108/(R*T)) 

[9]
C + CO2 ====> 2 CO
(3)

k3 = 4.4 * Exp(1.62*108/(R*T))

[9] 

C + 2 H2 ====> CH4

(4)

k4 = 0.12 * Exp(17921/(R*T))

[8]
3.1.4 Volatiles combustion

H2 + ½ O2 =====> H2O
(5)

k5 = 0.25 * 1017 T-1 Exp(-40000/(R*T)) 
[10]
CH4 + 2 O2 ====> CO2 + H2O  (6)

k6  = 0.68 * 1016 T-1 Exp(-40000/(R*T))
[10]
CO + ½ O2 ====> CO2
(7)

k7 = 1.3 * 1014 Exp(-30000/(R*T))

[11]
Finally the water gas shift reaction is assumed to be at equilibrium in the model

CO + H2O ====> H2 + CO2
(8)

 k8 = 0.275 * 1010 Exp(-20000/(R*T)) 
[10]
3.2 Heat of reactions

The heat of vaporization of the slurry water and devolatilization are given by [6]:

ΔHw = -40554.4 

(J/mol)

ΔHv1 = ΔHv2 = -44713.1
(J/mol)

The enthalpies of each of the above reactions estimated a temperature of 1000 K, as well as the rate expressions are presented in the appendix (A1)
The diffusion coefficient of the mixture is needed in order to solve the convection and diffusion mass transfer equations. Since steam and oxygen are the dominant gas species, they have been considered for estimation of the mixture diffusion coefficient, using the modified Chapman and Enskog diffusion equation of a binary mixture [12], at temperature T = 1000 K and pressure of 2 MPa (Appendix A2);  D = 0.000059 m2 s-1.
The reaction rate of all species involved in the process is presented in appendix A3. 
The thermal conductivity, heat capacity and density of the medium are needed in the convection and conduction heat transfer. The inlet temperature of the reactor is set at 1000 K and the pressure to 2 MPa. The density of the reactor medium (assuming oxygen and hydrogen) is therefore
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The heat capacity and thermal conductivity of oxygen have been used have been used.

Cp = 1085 J kg-1 K-1 and λ = 0.074 W m-1 K-1
4 Solution in COMSOL and validation

To be able to validate the results obtained, we used we have used data from. A coal water slurry of 65 % (wt%) of coal is fed at a rate of 60 l/h. Oxygen is also fed at a rate of 24.5 Nm3/ h [3]. The operation conditions of the gasifier are presented in appendix A4.

4.1 Convection and diffusion mass transfer
4.1.1 Boundary conditions:
Boundaries 1, 4 and 2 are set to insulation/symmetry, insulation/ 
symmetry  and convective flux respectively for all species.
Boundary 3 is set to concentration for coal, water and oxygen with 

concentrations of 2.62 mol m-3, 1.31 mol m-3 and 1.4 mol m-3 respectively.
All other species are set to insulation/symmetry at boundary 3.
The initial concentration is zero for all species.
4.1.2 Results

Figures 1 and 2 show the concentration of hydrogen and carbon monoxide.
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Figure 1: Surface concentration of H2 and total flux of char particles
[image: image20.emf]
Figure 2: Surface concentration of CO 
[image: image21.emf] [image: image22.emf]
In term of composition mole fraction, following table give the mole fraction of species.
	Specie

	Concentration

	Mole fraction


	water

	0.954

	0.24


	CO

	0.94

	0.24


	H2

	0.61

	0.16


	O2

	0.87

	0.22


	CH4

	0

	0.00


	CO2

	0.54

	0.14


	Total

	3.914

	

	
	
	


The followings are the results from the paper:

CO distribution [image: image23.emf]
Figure 1: CO concentration profile in the paper
H2 Distribution
[image: image24.emf]
Figure 2: H2 concentration profile in the paper

The results obtained in the model are a little bit lower than what is found in the paper, remain in an acceptable range. Many reasons can explain this little discrepancy: the paper doesn’t give the kinetics rate constants of the homogeneous reactions (reactions 5-8), so the kinetics rates used in this work is different from what is used in the paper. The paper takes into account turbulence, which is not the case in this work. The assumption of flow through the entire cross sectional area (the inlet nozzle diameter would have been used to estimate the velocity but that data is not available) of the gasifier reduces the velocity of the used in the convection and diffusion equation.
4.2 Conduction and convection heat transfer

If we define Q1 as the sum of enthalpies of each individual species at 1000 K and Q2 sum of enthalpies from all the chemical reactions, then 
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and 
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Where Rj is the reaction rate of a specie, Ri the reaction rate of a reaction, [image: image30.png]


 the standard enthalpy of formation of a specie, Cp,j (T) the heat capacity of a specie.
4.2.1 Boundary conditions:

1 and 4: Thermal insulation

3: Temperature

2: Convective flux

T0 = 1000 K

4.2.2 Results

Putting everything into COMSOL gives the following temperature profile:
[image: image31.emf]
Figure 5: Surface temperature obtained


The profile obtained in the paper is: 

[image: image32.emf]Figure 6: Temperature profile from the paper




The temperature profile obtained in our model varies from 1000 to 1960 K while in the paper it varies from 200 to 1800 K. Again the paper takes into account the effect of turbulence, which not considered in this work. The temperature range obtained in work falls well in the range of temperature obtained in the paper.
5 Parametric study

We have increased the oxygen concentration from 1.4 mol m-3 to 2.4 mol m-3, an increase in CO2 and H2O production is expected, but only the concentration of CO2 increases, but its mole fraction remains less than when lower oxygen the concentration is used. Concentration of H2 increases however, its mole fraction decreases, but not significantly (from 0.13 to 0.11) due to the increase in total gas volume in the medium. An increase in the temperature profile is also expected, which is confirmed in figure 7. The temperature profile changes considerably from 1860 K to about 2000 K.
	Specie
	Concentration
	Mole fraction

	water
	0.90
	0.18

	CO
	1.11
	0.22

	H2
	0.67
	0.13

	O2
	1.84
	0.36

	CH4
	0.00
	0.00

	CO2
	0.59
	0.12

	Total
	5.11
	


[image: image33.emf][image: image34.emf]
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Figure 7: Results after increasing oxygen concentration from 1.4 to 2.4 mol m-3
6 Conclusion
A simplified gasification model of gasification reaction has been described in this study, focusing on species mass transfer and temperature profile in the reactor. Increasing oxygen concentration does not give the expected results for mass transfer but increases the temperature profile in the gasifier significantly. 
We expected to get the velocity profile of gas species in the gasifier as well, using the Navier-Stoke equation, but the result didn’t converge therefore we estimated an average velocity based on information provided in the paper. COMSOL doesn’t seem to be a good in modeling chemical reactions. At first, we tried to set all the chemical reactions in the reaction engineering lab and then export the results in COMSOL Multiphysics as it is recommended. But when exporting the results to COMSOL Multiphysics, the properties of species set in the reaction engineering lab were lost; therefore running the reactions in the reaction engineering lab was not of any help.
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8 Appendix

A1 Reaction rates and reaction enthalpies
Table 1: Reaction rates and enthalpies of reactions
	Reaction
	ΔrH (J/mol)
	Rate Expression

	w
	      40554.4
	Rw = kw * [CWS]

	v1
	       44713.1
	Rv1 =   kv1 * [DCoal]

	v2 
	       44713.1
	Rv2 =  kv2 *[Dcoal]

	1
	       -89085
	R1 =  k1*[C]*[O2]0.5 

	2
	+170880
	R2 = K2*[C]*[H2O]

	3
	+135930
	R3 = K3*[C]*[CO2]

	4
	-89233
	R4 = K4*[C]*[H2]2

	5
	-247810
	R5 = K5*[H2]*[O2]0.5

	6
	-801020
	R6 = K6*[CH4]*[O2]2

	7
	-282760
	R7 = K7*[CO]*[O2]0.5 * [H2O]0.5

	8
	-34959
	R8 = K8*[CO]*[H2O]


A2 Diffusion coefficient estimation using the Chapman-Enskog modified equation
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A3 Rate of species formation 
R_Coal = -Rv1-Rv2
                                                                    

R_Vol =   yv1*Rv1 + yv2*Rv2

R_C = (1-yv1)*Rv1 + (1-yv2)*Rv2 - 2*R1 - R2 - R3 - R4
R_CO2 = 0.275*R_Vol - R3 + 2*R7 + R8
                                                

R_CO = 0.4002*R_Vol + 2*R1 + R2 + 2*R3 + 2*R6 - 2*R7 - R8
                          

R_H2 = 0.2012*R_Vol + R2 - 2* R4 - 2*R5 + 4*R6 + R8
                               

R_CH4 = 0.1236*R_Vol + R4 - 2*R6
                                                    

R_H2O = 0.15*R_Vol - R2 + 2*R5 - R8
                                                 

R_O2 = - R1 - R5 - R6 - R7
                   

A4 Gasifier operating conditions
The density of the CWS is estimated as ρcws = ρcoal * 0.65 + ρw * 0.35

We assume that the coal has a density of 1400 kg m-3 and taking the density of water to 998 kg m-3 we obtain the density of CWS 1259 kg m-3. The mass flow rate of the CWS is then obtained 

CWS mass flow rate = 1259 * 0.06 / 3600 = 0.021 kg/s which gives:
Water mass flow rate (35%): 0.00754 kg/s
(Molar flow rate: 0.42 mol/s)

Coal mass flow rate (65%): 0.014 kg/s

(Molar flow rate: 0.14 mol/s see estimation of coal molecular weight in A5)

Oxygen molar flow rate: volume flow rate * density * molecular weight: 0.28 mol/s
The gasifier described in [3] has a 0.20 m diameter and a length of 1 m. I assume that the flow cover all the cross sectional area then we obtain a velocity of 0.217 m/s for oxygen and 0.00053 m/s for CWS.

A5 Estimation of the molecular weight of coal used in the model:

Ultimate analysis (wt% daf):

	Element
	wt %
	Specie atomic mass
	Wt% / Atomic mass

	C:
	70.8
	12
	5.9

	H:
	4.6
	1
	 

	N:
	1.08
	 
	 

	S:
	0.7
	 
	 

	O:
	22.82
	16
	 


We first obtain the number of carbon atoms in the coal by dividing the weight fraction of carbon by the molar mass of carbon, which is ≈ 6.

The rations H/C and O/C in the ultimate analysis should be the same as in a coal molecule. So 

4.6 / 70.8 = (h*1) / (5.9*12)  => h = 4.6 there are ≈ 5 atoms of H in the coal molecule

22.82/70.8 = (o * 16) / (5.9 * 12) => o = 1.42 there are ≈ 1.5 atoms of O in the coal molecule.

We are not interested in S and N so we compute them.

Of course this is the molecule on a dry ash free basis as given in the ultimate analysis.

We obtain the following molecule:

C6H5O1.5 which is 101 g/mol
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