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ABSTRACT

To meet energy demand at an economical cost, power generating plants try to attain the maximum carbon conversion possible based on plant design. As a plant configuration, the Integrated Gasification Combined Cycle (IGCC) Plant has proven to be more efficient than pulverized coal combustion[1]. The coal slurry and oxygen interact in the gasifier to produce three products: Synthesis gas or “syngas”, slag, and fly ash. Syngas consists primarily of hydrogen, carbon monoxide, water vapor, carbon dioxide, hydrogen sulfide, carbonyl sulfide, methane, and nitrogen. Slag is composed of mineral matter that melts at the gasifier’s elevated temperature and flows down the gasifier’s refractory lined wall. This mineral matter ultimately solidifies into an inert glassy frit (granules of glass) with very little residual carbon content. Entrained bed systems use finely sized coal particles blown into the gas stream before entry into the reactor, with combustion occurring in the coal particles suspended in the gas phase[2]. In an entrained-flow slagging, coal gasifier, uniform mixing of the coal-water slurry with oxygen is necessary to attain high carbon conversion in short residence times [3]. In terms of high coal throughput, entrained flow gasification is an attractive option for gasification given fuel flexibility [4]. However, ash deposition is a prevalent issue for entrained flow gasification. Excessive Ash/char deposition in the convective section is an issue since it can lead to unplanned shutdowns until the deposits are cleared. Excess amount of char captured in the slag can rendered the slag useless for the cement industry. Discrete Phase Method computes the particle trajectories in addition to mass energy to and from particles with a Lagrangian Formulation. This model allows the behavior of individual char particles to be tracked in terms of pyrolysis, char gasification, and mineral transformation over the span of the residence time within an entrained flow gasifier.  For the purpose of this paper, the objective is to understand the application of DPM in terms of combustion. By evaluating the computational method with routine chemical equilibrium equations, an understanding can be attained for the modelling of entrained flow gasification in terms of pyrolysis, char gasification, and the coupling of the gas medium and particle trajectories.
BACKGROUND
Description of the Integrated Gasification Combined Cycle
To meet energy demand at an economical cost, power generating plants try to attain the maximum carbon conversion possible based on plant design. As a plant configuration, the Integrated Gasification Combined Cycle (IGCC) Plant has proven to be more efficient than pulverized coal combustion[1]. The IGCC contains the gasifier, air separation unit, gas-clean up block and the combined cycle power generation block (see Figure 1). For the IGCC, oxygen is separated from the air in the air separation unit (1). This oxygen and coal is then fed into the gasifier (2). Synthesis Gas “Syngas”, which is composed mainly of hydrogen gas and carbon monoxide components forms during the gasification process. The syngas is then cleaned from sulfur components in the hot gas clean-up block (3). Once the gas is cleaned, it is sent to the combustor of the gas turbine where it is burned as fuel (4). Volume increases in the combustor under constant pressure. This increase in the volume drives the turbine and powers the generator. The heat recovery steam generator recovers heat from the gas turbine through heat exchangers and powers the steam turbine (5). Waste heat is then released through the stack. The gasifier of interest is the entrained flow gasifier due to its high capacity. This high capacity is made possible by the relatively low residence time of coal particles within the gasifier (0-4.5 seconds) [5]. In the entrained flow gasifiers, fine coal concurrently reacts with steam and oxidant. Entrained flow gasifiers use oxygen as the oxidant and operate at high temperatures well above the critical temperature for the solidification of slag. These conditions are set to ensure high carbon conversion [6]. 

The coal slurry and oxygen interact in the gasifier to produce three products: Synthesis gas or “syngas”, slag, and fly ash. Syngas consists primarily of hydrogen, carbon monoxide, water vapor, carbon dioxide, hydrogen sulfide, carbonyl sulfide, methane, and nitrogen. Slag is composed of mineral matter that melts at the gasifier’s elevated temperature and flows down the gasifier’s refractory lined wall. This mineral matter ultimately solidifies into an inert glassy frit (granules of glass) with very little residual carbon content.

Entrained Flow Gasification
Entrained bed systems uses finely sized coal particles blown into the gas stream before entry into the reactor, with combustion occurring in the coal particles suspended in the gas phase[2]. In an entrained-flow slagging, coal gasifier, uniform mixing of the coal-water slurry with oxygen is necessary to attain high carbon conversion in short residence times [3]. In terms of high coal throughput, entrained flow gasification is an attractive option for gasification given fuel flexibility [4]. However, ash deposition is a prevalent issue for entrained flow gasification. Excessive Ash/char deposition in the convective section is an issue since it can lead to unplanned shutdowns until the deposits are cleared. Excess amount of char captured in the slag can rendered the slag useless for the cement industry.
Ash Deposition

According to Benson [7], ash formation can be described as physical transformations of coal involved in high temperature suspension or entrainment type combustion or gasification systems. Although, ash deposition is primarily responsible for the loss of utilization of heat content [8], ash deposition can lead to slagging, fouling, and corrosion. Barret defines slagging as the deposit problems with the furnace and on widely spaced pendant super-heater tubes and areas of the unit directly exposed to flame radiation [9]. Slag which is composed of the mineral content from the coal is characterized through the viscosity as a function of temperature and composition[10]. A lower viscosity that is lower than the critical viscosity is preferred within an entrained flow gasifier for ease of removal. Fouling refers to deposits in areas not exposed to flame radiation. Fouling often occurs down stream within the syngas coolers. Meanwhile corrosion can cause steam leaks and boiler shutdowns [9]. Material that can withstand corrosion is vital in preventing the failure of the refractory lining. Failure of the refractory wall may result in replacement cost and production down time that can cost as much as $1,000,000 [11].
Figure 1: Diagram of Integration Gasification Combined Cycle with Entrained Flow Gasifier
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From Tampa Electric Company [12]
Understanding Mineral Transformation in Entrained Flow Gasification

    Characterization is essential in determining and predicting the mineral transformation within the entrained flow gasifier over the span of residence time of a char particle. Therefore techniques such as computer controlled scanning electron microscopy have been employed in determining the distribution and composition of associated mineral grains. Mineral transformation influences the size fraction and specific gravity of the char particle within the gasifier. Depending on this size fraction or specific gravity, the char particle can either follow the gas stream, impact the refractory wall, or become immersed in slag deposit. Characterizing mineral composition is also crucial in determining the viscosity and surface tension of slag as a function of temperature [10, 13-15]. The viscosity influences the velocity profile of the slag while the surface tension at the surface and within the bulk of the slag is responsible for the adhesion of char particles[16, 17].

Methods of Simulating Gasification

Methods for simulating gasification include the Combined Continuum Discrete Model (CCDM), Two Fluid Model (TFM), Direct Numerical Simulation and the Discrete Particle Method. Each model differs in their method in coupling the gas flow medium with the particle motion – and thus their advantages and challenges in implementation. In TFM both gas and solid phases are treated as interpenetrating continuum media in a computation cell [18]. This cell is much larger than the number of individual particles but smaller than the operating equipment –thus reducing the number of governing equations [18]. Therefore, the solution is strongly dependent on the closure relations of the solid phase and the momentum exchange [18]. In DNS, the fluid field is resolved at a scale comparable with particle spacing while particles are treated as discrete moving boundaries [18]. However handling collisions is a weakness of DNS [18]. CCDM which is also termed (CFD-DEM) Discrete Element Method, obtains the motion of individual particles while the flow of fluid is treated as a continuum phase described by the Local Average Newton Equation [18, 19]. However, Discrete Phase Method computes the particle trajectories in addition to mass energy to and from particles with a Lagrangian Formulation [20]. This model allows the behavior of individual char particles to be tracked in terms of pyrolysis, char gasification, and mineral transformation over the span of the residence time within an entrained flow gasifier.  
For the purpose of this paper, the objective is to understand the application of DPM in terms of combustion. By evaluating the computational method with routine chemical equilibrium equations, an understanding can be attained for the modelling of entrained flow gasification in terms of pyrolysis, char gasification, and the coupling of the gas medium and particle trajectories.
Governing Equations

The following are the governing equations for the gas phase:

1.
Mass 
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where 
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 is the source term for mass added to the gas phase
2.
Momentum
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The first term is the mass transport and the second term is the convective transport. Starting on the right hand of the equation the momentum transport equation is balance by the pressure gradient, the tensor gradient, the body force, and external forces acting on the body. To account for turbulent flow, the standard k-ε model was used. The k-ε model consists of two equations 1) the kinetic energy and 2) the rate of dissipation. 

3.
Turbulent Kinetic Energy
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4.
Dissipation Energy
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For both equations, the terms are arranged in the order of the convective term (1), the generation term (2), the diffusion term (3), and the destruction term (4). Here 
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 is the turbulent viscosity and the values for the constants are [21]:
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The following is the Energy Equation:

9.
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Where k is the thermal conductivity and 
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is the temperature gradient (
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represents Fourier’s Law of Heat Conduction) and S is the Source tem (i.e. heat from the species contribution). 

Conservation of Species
The mass fraction of each component is conserved through the following equation:

10.
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Here 
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is the mass fraction of each species, 
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11.

[image: image19.wmf]i

i

t

t

m

i

i

i

x

m

Sc

D

J

¶

¶

÷

÷

ø

ö

ç

ç

è

æ

+

=

¢

¢

¢

m

r

,

,


Here 
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is the coefficient for the diffusion of species [22]. The turbulent Schmidt Number,
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, is the ratio of the eddy viscosity to the eddy mass diffusivity. To characterize the mechanism of combustion, the kinetic/eddy diffusivity rate model was used. The first equation represents the mass rate 
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 which is defined as the summation of the product of the chemical species due to the reaction k and the molecular weight of the respective chemical species.

12. 
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where 
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is the molecular weight
The molar rate of creation and destruction of species (based on the kinetic rate) is given by [22]:

13. 
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Here, 
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[image: image32.wmf]k

i

,

¢

¢

n

 is the stoichiometric coefficient of the reactant i’ in reaction k and . For the contribution of turbulence, the molar rate of creation becomes:
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for the reactants

15.
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for the products

The limiting molar rate (or the slowest of all three molar rate equations) is used for each chemical component per subsequent iteration. 

Constitutive Equations
The trajectories of the particles in discrete phase method are coupled through the velocity of the gas phase. The force balance of the particles is determined by the drag force, the force due to gravity, and other external body forces. Other external body forces can include Saffmins Lift, electrostatic, and the thermophoretic force.

16.
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Where the Force of Drag 
[image: image36.wmf]24

Re

18

2

D

p

p

D

C

D

F

r

m

=

 and the subscript p represents the particle

The Heat and Mass transfer for each particle is balanced by conduction from the particle temperature (1), convection between the particle and gas medium (2), and heat radiation (3):

17. 
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The devolatilization and combustion of a solid particle is governed by diffusion and the kinetic rate.


Multiple Particle Surface Reactions in FLUENT

The following shows a particle undergoing an exothermic reaction [23]:
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The stoichiometry can be described through the following equation:

18.
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The reaction rate is given by [23]: 

19. 
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Here 
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 is the rate of particle species reaction per surface area, 
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 is the effectiveness factor, 
[image: image42.wmf]p

A

is the particle’s surface area, 
[image: image43.wmf]j

Y

 is the mass fraction of surfaces species j in the particle.
The following are the gas phase reactions and the char gasification reactions  within an entrained flow gasifier[20]. 

16-19
Gas Phase Reactions


20-22 
Char Gasification
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FORMULATION OF PROBLEM IN FLUENT
The domain for the solution was configured according to the following diagram:


The operating condition for the duct was 1500K at atmospheric pressure. The secondary air was 15/ms while the primary air was 50 m/s. The temperature at the wall was kept at 1200 K. Therefore, no radiation emitted from the walls was considered. Coal was injection at 0.1kg/s. To account for an uneven distribution of the size fraction of the coal, the Rosin-Rammler option for distribution was activated in FLUENT. Because the domain was symmetric, only one half of the domain was iterated. 

Material Properties

In FLUENT, for problems involving combusting particles, properties are defined for the mixture or chemical components of the particle and the particle itself. For this problem, the mixture of the particle (medium volatile coal) and the air was considered to behave under the ideal gas law. The medium volatile coal was described as a mixture of carbon, hydrogen, and oxygen. Each chemical component of the particles was described in terms of specific heat, density, thermal conductivity, and molecular weight. For this problem, the specific heat of the mixture was defined as a function of temperature. The following were the properties of the combusting particles in addition to the chemical reactions for coal combustion:


	Material Properties
	Value

	Density
	1300 kg/m3

	Specific Heat
	1000 J/kg*K

	Vaporization Temperature
	400K

	Volatile Component Fraction
	.28

	Binary Diffusivity
	5e-4 m2

	Swelling Coefficient
	2

	Combustible Fraction
	.64


All of the reactions employed in FLUENT were first order and were defined in terms of the default values for Arrhenius constant and the activation energy. The first three reactions involving the carbon were defined as surface reactions while the gas phase reactions were defined as volumetric reactions. 

The following were the boundary conditions of the solution:

	Boundary Condition 
	Secondary Air
	Primary Air
	Pressure Outlet

	Velocity
	15 m/s
	50m/s
	------------------------

	Temperature 
	1500K
	1500K
	2000K

	Turbulence Intensity
	10%
	5%
	5%

	Hydraulic Diameter
	.75
	.25
	1 m

	Oxygen Mass Fraction
	.23
	.23
	.23


The solution was initialized based on the primary air inlet. The solution for each case converged under 200 iterations. Solution was determined for the temperature profile, the combustion products, and the particle residence time. The boundary conditions for the particles were set as “vanished” meaning that all particles were to fully convert.
Solution

According to the temperature profile in figure 3, the highest temperature seems to be in the center of the duct in close proximity to the symmetry line. Because the temperature of the walls was set at 1200K, the largest temperature gradient seems to exist between the wall and the primary air. The temperature profile of the solution also shows the region that is governed by the boundary conditions of the pressure outlet. The maximum temperature in this profile is approximately 2600 K. Given this increase in temperature, the solution shows the effect of the enthalpy of the reactants and products on the final temperature. 



The solution for the products of carbon dioxide and water seemed reasonable since these components were centered closely in the same region where the temperature of the duct was the greatest. The mass fraction of the carbon monoxide, however, was concentrated in the first half of the duct. The profile of the carbon monoxide versus the profile of carbon dioxide shows how carbon monoxide is an intermediate species. Based on the maximum values attained for each chemical component, carbon dioxide is the predominant product of the overall set of chemical reactions. For the last contour plot one stream of particles was tracked using the particle tracking function in FLUENT. Most of the particles seemed to have had a particle residence time of two seconds or less.






Parametric Analysis

The parametric analysis was performed by varying the operating temperature of the airflow rate and plotting the results of the coal volatile fraction as a function of the distance from the injection along the symmetry line of the duct. Although, the maximum value of the coal fraction did decrease with an increase in temperature (as expected), the coal volatile fraction decreased when the operating temperature was set to 1000K. Based on the results, the solution appears to be sensitive to the boundary conditions of the pressure outlet as well as the boundary conditions for both of the air flow rates.












Validation

To validate the solution, the molar fraction for carbon monoxide, carbon dioxide, and oxygen gas at equilibrium at atmospheric pressure and a Temperature of 2600 K which is the maximum temperature reached in the combustor was determined. The equations assumed that the combustion process occurs under constant pressure and all of the gases follow the ideal gas law. The enthalpy of the products should also equal the enthalpy of the reactants. However, the mass fraction of carbon monoxide compared to carbon dioxide will be used as parameter for validation. 
The following are equilibrium reactions (given dissociation) between carbon monoxide and oxygen. The equations are later expressed in terms of one variable “a”.
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Next, let a =x. Each molar fraction (carbon monoxide, carbon dioxide, and oxygen gas is expressed in terms of x. The total molar fraction “n” is equal to the summation of the entire molar fraction of the components in the reaction. 

3.
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Based on the two reactions, the following is the relation between the partial pressure of CO, CO2, and O2 at equilibrium. The values for equilibrium constants at 2890 were found from Kuo[24]. 
4.
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From Kuo[24]: 
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Therefore 
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Equation 5b can be expressed in the following form:


[image: image58.wmf](

)

(

)

(

)

[

]

(

)

x

P

x

x

x

n

P

x

x

x

T

K

P

2

1

2

3

2

1

2

1

1

2

/

1

1

2

1

2

1

-

-

-

=

÷

ø

ö

ç

è

æ

-

-

=


Using Excel, x was determined through interpolation.

Where
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The values from the Excel Spreadsheet are:
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The ratio of CO to CO2 in Fluent was .247. The difference between the value calculated and the value in FLUENT is 14%.
CONCLUSION
Chemical Equations representing combustion was used instead of equations representing gasification. The solution is not only sensitive to operating conditions but is also sensitive to operating conditions. Although the domain for the combustion chamber was a rectangular domain, care must be taken when building a domain that is representative of an entrained flow gasifier. Some entrained flow gasifiers are single staged down flow gasifiers while others act as two staged gasifiers where combustion processes takes place in the first chamber and the gasification takes place in second chamber. Therefore, the type of injection of solid particles will effect the interaction with the airflow rate and thus the solution of the chemical species. Overall, the solution did seem reasonable despite results from the parametric analysis given the boundary conditions. However, a more accurate solution would entail radiation from the walls, condensation from particles (in the case of coals with salt in the composition), and forces such as the thermophoretic force which may have a larger influence on submicron particles.
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Figure 2: Surface Reaction of a Particle





Figure 3: Schematic of the Domain for a Combusting Chamber





Figure 3: Temperature Profile for Solution





Figure 4: Profile of Mass Fraction of H2O





Figure 5: Profile of Mass Fraction of CO2





Figure 6: Profile of Mass Fraction of CO





Figure 7: Resident Time for a Stream of Particles





Figure 8: Mole Fraction of Medium Volatile Coal at 1500K 





Figure 9: Mole Fraction of Medium Volatile Coal at 1000K





Figure 10: Mole Fraction of Medium Volatile Coal at 2000K
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