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ABSTRACT 

A mechanism for the oxidation and fragmentation of a char 

particle was developed. Qualitative agreement between the model 

simulations and experimental data observed in the literature, is found 

for the higher gas temperatures (1700K). However fundamental 

differences are found in the particle temperature histories and burnout 

times at low temperature (1250K). 

The role that fragmentation plays on the char particle history is 

incorporated into the model and the possible production of fine 

particulate matter through fragmentation is examined. A relatively 

large fraction of the mass of char available for fragmentation is 

produced early in the combustion history of the particle. Therefore, 

if this mechanism is important in the generation of fine particulate 

matter during char combustion, the simulations indicate that it would 

occur early in the combustion process. Due to limited experimental 

data in the literature on the time resolved particle size distribution 

in the early stages of combustion, corroboration between model and 

experiment was not possible. 
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CHAPTER1 

INTRODUCTION 

It is expected that coal will be utilized extensively in industry (i.e. electric 

utilities, metallurgy) for quite some time to come. The relatively recent increase in 

pulverized coal as an energy source, has brought about renewed interest to its 

cleaner more efficient use. Problems associated with the burning of pulverized coal 

include control of the combustion process, the corrosion and fouling of combustors, 

and pollution. Physical models are an attempt to understand the combustion process 

so that these operational difficulties can be minimized. 

Pulverized coal combustion is a very complicated process. Coal is a 

heteorogeneous compound. It is comprised of an combustible organic fraction and a 

mineral impurity, which inevitably results in an ash aerosol, an undesirable by 

product. Ash formation is the primary cause for many operational difficulties. For 

this reason it is desirable to understand the physical and chemical transformations 

which the mineral impurity undergoes during combustion. Since much of the ash is 

embedded in the organic material of a coal particle as discrete mineral inclusions, it 

is neccessary to understand the combustion process to predict the environment which 

the ash sees. Thus the first object of any such study is to model the conversion of 

coal char in an oxidizing environment. This is the focus of this work. 

Coal combustion can be divided into two separate stages, coal pyrolysis and 

char combustion. Pyrolysis is the release of volatile matter from the coal from 

heating. The char particle which results is subsequently oxidized. These processes 

occur simultaneously to some extent, but pyrolysis is mostly completed before 

significant char burnout occurs. Pyrolysis is not considered in the present work and 
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initial conditions for our model are approximated for a char particle that has already 

undergone pyrolysis. 

Up to this point, combustion models for pulverized coal particles have usually 

concentrated on either the analysis on the gas phase surrounding the particle, or the 

solid phase, but not both. In either case, varying degrees of simplification have 

been made concerning the assumptions that go into the model. These models usually 

consider a single particle in an infinite quiescent medium. 

In the case of the models which concentrate on the details of the gas phase, 

investigators such as Libby and Blake (1979), Senior and Flagan (1982), Amundson 

and co-workers (1977,1978,1980) account for char burnout in the following manner. 

The char oxidation is modelled with global (experimentally observed) kinetic rate 

parameters. These are incorporated as mass flux boundary conditions at the particle 

surface for the model equations describing the gas film surrounding the particle. 

The particle is assumed to burn as a shrinking core, as if combustion were occuring 

in the film diffusion controlled regime. In reality this only occurs when film 

diffusion through the boundary layer completely limits the rate of combustion and 

reactant is consumed very rapidly at the particle surface, leaving no opportunity for 

the reactant to diffuse into the porous particle. However, under typical combustion 

conditions this is generally not true. Consequently these investigators ignore the 

spatial variations of burnout within the particle and treat char oxidation as if it 

were occuring on the surface of an impervious sphere. The global kinetic rate 

parameters actually include the effects of pore diffusion and combustion on the 

internal surface of the particle. Despite this fact, error is still introduced into the 

model since the gas phase dynamics are coupled to the particle dynamics through the 

particle size (through its effect on mass and heat transfer to the particle surface). 
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Since char combustion causes a decrease in particle size, without an associated 

decrease in density, the particle is allowed to shrink too fast. This error may be 

lessened by the fact that fragmentation on the perimeter of the particle may cause 

the particle to decrease in size more rapidly. This may partially cancel the effect of 

artificially increasing the particle shrinking rate by allowing all the combustion to 

occur on the particle surface. 

A major assumption that goes into models of this type is the quasi-steady state 

assumption. In other words, the response time of the gas is much faster than that 

of the solid phase, and consequently the gas phase can be modelled as a succesion of 

steady states. Amundson and coworkers (1977,1978,1980) numerically modelled the gas 

phase with a increasing degree of complexity. An important conclusion by Mon and 

Amundson (1980) supports an assumption made in the present work. They found that 

for the particle sizes typical of those in pulverized coal flames, CO flames never 

developed up to oxygen concentrations of 21%. This allows one to assume that the 

CO diffuses far away from the particle before it reacts. Thus the oxidation of CO 

and CO2 is not included in the particle energy balance. Since the concentration of 

CO2 in and around the particle is small and particle temperatures easily exceed 

1000°C, at the model conditions, the contribution of char oxidation by CO2 and its 

effects on burnout and particle temperature can be neglected relative to the 

contribution to char oxidation by O2. 

Several investigators such as Libby and Blake (1979) and Senior and Flagan 

(1982) assume limiting cases for the gas phase chemistry. They either assume the 

gas phase species to be in equilibrium with each other, which becomes a better 

approximation as the distance from the particle is increased, or they assume frozen 

chemistry, where reactions are assumed to occur at slow rates and thus are omitted 
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from the species balance and energy equations for the gas phase. However, the more 

detailed models of Amundson and coworkers (1977,1978,1980, 1984), include 

expressions for the major reaction rates in the gas phase. 

Amundson also considered finite boundary layers in his models, the thickness of 

which becomes another parameter and an estimate of which is obtained from the 

theory of Schlicting (1979). Therefore, boundary conditions are applied at a finite 

distance from the particle for bulk gas conditions. A more sophisticated and recent 

model by Musura et. al. (1985), has considered a coal particle in a two dimensional 

creeping flow regime and concluded that the effects of the distorted boundary layer 

around the particle is small. 

Senior and Flagan (1982) do include the effect of ash constituents in the solid 

phase in an appropriate manner. At high conversions, they thought ash globules 

might cover the exterior particle surface, thus reducing the carbon surface available 

for the oxidant. Using a Monte Carlo simulation, they found that for conversions 

up to 95% the effect was insignificant. However, the ash volume had a significant 

effect on burnout time by reducing the mass of carbon available to burn. Included 

in their model was an energy equation to predict the particle temperature. This 

equation considered the contribution of ash as it constituted a higher and higher 

mass percentage of the particle. 

The above mentioned models are more concerned with elucidating the 

interaction between coal particle gasification rates with the homogeneous gas phase 

and its effect on burnout times. They do not emphasize the interplay of the 

changing char particle pore structure as combustion proceeds. Since the present 

work provides a model for fragmentation and its effects on burnout and flyash 

formation, it falls into this category of models, since structural changes must be 
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considered when attempting to predict fragmentation. 

In this group of models the gas phase environment surrounding the particle is 

considered in the following manner. It is assumed that an average bulk gas 

environment for the coal particle is known, and transfer of heat and oxidant species 

through the boundary layer is usually assumed to be a linear process and is given by 

the following equations: 

Oxidant Mass Flux - K x ( P - P, ) m s b 

Heat Flux « x ( Ts - ). 

Another important difference in this set of models is that values for the 

intrinsic rate constants are neccessary. The availability of this type of data is much 

more limited than the data available for observed global rates. The reliability of this 

data is also much more uncertain due to all of the assumptions that are involved in 

its calculation, as will be explained later. 

The most obvious difference, however, is the use of some type of structural 

model required to relate burnout (conversion) to important local structural properties 

within the char, such as porosity and internal surface area. These quantities are 

required in order to integrate the model equations. Several random pore models have 

been developed which describe the structural changes that occur as reaction 

proceeds. 

Peterson (1957) developed one of the first models of this type. He assumes 

that the solid is composed of cylindrical pores of all the same size, but with random 

intersections. His model does consider pore overlap as combustion proceeds, but in 

an empirical manner. Pore overlap refers to the particle void that belongs to more 

than one pore. It becomes significant as the particle reaches high conversions. 

However, it should be noted that it still neglects the inevitable overlap when 
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adjacent pores grow together. 

Hashimoto and Silveston (1973) develop a population balance equation for an 

evolving pore number distribution. This equation accounts for pore growth, birth of 

new pores, and the growing together of adjacent pores. Several empirical parameters 

are introduced which can be adjusted to get good agreement with experimental data. 

Two of the parameters that are used in their model to describe the intersection of 

reaction surfaces as they grow must be estimated from the experimental conversion 

behavior of the coal. It is desirable to have a model where the input parameters 

may be determined from the initial physical and chemical properties of the coal, 

which are measurable quantities and thus lead to a priori prediction. 

Bhatia and Perlmutter (1979,1980,1981) also used a population balance approach 

to model the solid phase. By applying the properties of overlapping surfaces which 

were in the earlier work of Avrami (1940), they were able to reduce the parameters 

to the initial values of the total porosity, surface area, and length of pores. 

Simons and Finson (1979,1983,1984) and Simons (1979a) envision a pore structure 

that consists of several tree-like pore systems, where the trunk of each tree system 

intersects the surface of the particle. The larger tree systems are more likely to be 

diffusion controlled and the smaller systems are more likely to be kinetically 

controlled. Although important quantities such as the density of pore intersections 

and the length of pore segments are identified, the model still depends on several 

empirical relations. When Simons (1979a) used the model to include diffusional 

limitations through the pore tree systems, the required initial input parameters are 

initial values of porosity, internal surface area, and a pore aspect ratio, which is 

defined as the ratio of the pore length to the pore diameter, and is considered a 

constant of the pore structure. 
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The present work utilizes a model delveloped by Gavalas (1980). This model 

only requires an initial porosity-pore size distribution function which is a measured 

property of the feed char. Thus, a priori prediction of conversion behavior is 

possible. This model will be described in more detail in subsequent chapters. 

Recently, there has been increased interest on the impact of fragmentation on 

char conversion and the production of small ash particles. Percolation theory 

provides a promising application in this area as Mohanty et. al. (1982) have pointed 

out. The combustion of a burning char particle was modeled with the physical 

parameters (porosity, internal surface area, effective diffusivities), determined by the 

theory. However, the particle was considered fixed in space and fragmentation was 

not accounted for. Fragmentation is included in the modeling work of Reyes and 

Jensen (1986) and Dunn-Rankin and Kerstein (1987). 

Percolation theory can be described as the theory of the connectedness of the 

geometrical objects comprising certain material composites. Char is comprised of a 

gaseous phase interacting with a solid combustible (excluding the ash) phase. The 

random media can be modeled by a three dimensional construct of geometrical objects 

(squares, triangles, polygons). A certain fraction of these building blocks, determined 

by the initial porosity, are randomly assigned to different sites in the construct. 

Two dimensional networks of sites connected by bonds, which may be assigned a 

mass, are often adequate representations of the three dimensional constructs and 

have similar percolation properties. These are useful since the computational expense 

of these models is much less. 

The two most important features of these physical models which determine their 

percolation properties, are the dimensionality and connectivity between geometrical 

objects. In our example, the connectivity represents the number of intersections 



between pores. In the models, the connectivity may represent the average number of 

faces on the building blocks or the number of bonds attached to each site in the two 

dimensional case. 

For a given model with a given set of properties describing the pore 

morphology, the percolation properties are very reproducible quantities. Some 

examples of percolation properties are both the accessible and inaccessible fractions 

of internal surface area, porosity, critical porosity etc. The percolation threshhold 

, is defined as the porosity at which a complete path spans the entire sample 

which is infinite in length. Obviously, this will happen the soonest with the samples 

with the highest connectivity since there are more pathways (options) leading from 
* 

each site. Likewise, 1 - e (e ) is the critical porosity at which the overall c 

connectedness of the entire construct or network is lost and fragmentation results. 
* 

Values of e for several random and ordered geometrical constructs have been 

obtained both numerically and deterministically. The random models of Kerstein and 
* 

Niksa (1984) predicted values around 0.7 for c . These investigators also 
* 

experimentally determined e for six different carbon composites combusted under 

kinetically controlled conditions. The samples were designed to represent a wide 

range of pore morphology (porosity, internal surface area, pore-size distribution). 

They also contained minimal amounts of mineral matter, so the classification of 
• 

sample type was simpler. Each carbon was tested twice and it was found that e is 

a reproducible quantity to within 3%. However, there was no consistent trend 
• * 

between any physical properties of the coal and £ . The variation of £ was less 

than the variation predicted by deterministic models, but more than those predicted 

by the random models. Although the effect of ash was minimized, this variation was 

attributed to the hetereogeneous nature of the samples which were polycrystalline 



with varying reactivities and pore size distributions. Part of the problem was that 

the pore morphology of the samples was very difficult to characterize experimentally. 

Heterogeneous random models will probably have to be pursued to improve predictive 

capability. However, Turban(1979) has shown that effect of a heterogeneous 

component such as mineral matter on e can be neglected if it comprises a small 

volume fraction of the solid phase and the typical inclusion size is much larger than 

the characteristic size of a pore. Thus, in some instances the presence of mineral 
• 

matter may be neglected in modelling e for char. Kerstein and Niksa (1984) 

provided the following formula for the bulk fragmentation porosity given the previous 

assumptions, 
* 

- q x e + (1-q) x e. where, 
* 

q is the volume fraction of the continuum (fragmenting phase), e is the critical 

porosity of this phase, 6. is the porosity of the ash inclusions, and is the 

overall bulk porosity. Since ash inclusions are less reactive than the char or even 
* 

inert, its porosity is lower and thus the bulk porosity is lower than e . 

Reyes and Jensen (1985) use a Bethe lattice description of the pore topology to 

model char gasification in the kinetic regime. The effects of ash were not included. 

They were able to very closely predict experimental data on char gasification found 

in the literature. Bethe lattices are two dimensional network models which can be 

designed to show similar percolation properties of the three dimensional space filling 

constructs. 

An interesting result of their model is the dependence of the connectivity of 

the Bethe lattice, and the burnout characteristics. The coordination number, z, is a 

measure of the connectivity. The higher z, the more connected the pore space, the 

less of a fraction of the pore space can be isolated (dead volume). Consequently, 
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less surface area can be made available for reaction as conversion proceeds. Thus 

the models with the lowest coordination number burned out the quickest and showed 

lower critical porosities. Choosing the correct coordination number for the model 

may come from a knowlege of an experimental critical porosity which may be 

provided by experiments such as the one done by Niksa et. al. (1984). They may also 

be obtained from a knowlege of the effective diffusivities through the pore space as 

shown by Reyes and Jensen (1985). 

When the effects of diffusion (transport) are incorporated into the char 

combustion models, the physical properties are a function of both space and time. A 

principle known as scaling, reviewed by Mohanty et. al. (1982), determines whether 

or not percolation principles can be applied locally in order to obtain local values of 

the physical properties. Percolation theory relates the properties of the pore 

topology to macroscopic quantities such as porosity. No significant variation can 

occur in these quantities over the length scale for which they are to be assigned 

1/3 (V ). This length scale must also be much larger than the length scale 1, where 

3 the volume element 1 contains a statistically significant number of pores. The 

larger the pores, the larger this volume element must be. Since V will be the 

smallest at the perimeter of the sample in the diffusion controlled case, the required 

1/3 condition that V be much larger than 1 will be most suspect there. 

The scaling concept also suggests that the fragments resulting from percolative 

fragmentation follow a universal form for those fragment masses that are much 

larger than the typical pore size, yet smaller than the size of the sample. It is 

intuitively obvious that for the smallest fragments, the mass distribution will depend 

on pore topology. However, Monte Carlo simulations have given the result that for 

the intermediate mass range, the mass density function is of the following form, 
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f(m) - A x m"2'15 

where A is a non universal constant. 

By assuming that the fragments are fractals, highly irregular shapes, a size 

distribution can be estimated from the mass distribution. This is done by assuming 

the following form for the mass size relaionship, 

. x D D-Dr-1 g(r) - B x r 

where g(r) is the probability density function with respect to fragment radius, B is a 

non universal prefactor, and D is less than or equal to three. 

Dunn-Rankin and Kerstein (1987) model percolative fragmentation by discretizing 

(approximating) the char macrostructure using a cubic lattice composed of bonds 

randomly assigned to the locations on the lattice. Each bond contains an equal 

portion of the particle mass, and diffusion controlled burning is simulated by 

removing these bonds from the perimeter of the particle. The number of bonds in a 

particle and the bond removal rate are the two main adjustable parameters. 

Fragmentation occurs when a cluster of bonds becomes disconnected from the 

relatively large initial duster. The bond removal rate is determined by matching 

particle burnout time histories to the experimental data obtained by Sunback et. al. 

(1984). This cluster continues to burn until complete burnout. The entire PSD 

evolution is achieved by superposing individual runs for different initial cluster sizes. 

These investigators also used another approach in their modelling. They apply 

the fragmentation equation to char particle break up. Peterson et. al. (1986) also 

noted its application to char combustion, but most of the original work in this area 

has been in comminution processes such as the crushing and grinding of ore in ball 

mills and also in the crystallization area. The fragmentaion equation is described in 

more detail later. 
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The present work uses an approach similar to this. The fragmentation 

equation is simplified to describe fragmentation for combustion under strong diffusion 

control. This is described in chapter 2. Therefore, the model does not 

fundamentally predict percolation, but rather it uses a result of percolation theory 

(critical porosity) as an input parameter indicating when fragmentation occurs. Thus 

the effect fragmentation has on combustion (i.e. burnout time, particle temperature) 

can be simulated. 

The purpose of this work is to predict the probable environment the included 

ash sees as the particle burns out and the possible contribution of fragmentation on 

the evolving fine ash mode (submicron) in the effluent. The structural model 

developed by Gavalas (1980) is used to predict the evolving particle porosity and 

internal surface area. However, unlike most other models of this type the energy 

equation of Senior and Flagan (1982) is included to predict the effect char 

conversion has on the particle temperature. Since the amount of conversion (heat 

generation) that occurs within the particle is limited by the critical porosity 

described above, the effect fragmentation has on particle temperature can also be 

simulated. The current work also allows for more realistic input on gas phase 

temperatures and pressures (steep imposed gas profiles of temperature and oxidant 

concentrations). 



CHAPTER2 

DEVELOPMENT OF MODEL EQUATIONS 

A burning char particle travelling through a plug flow reactor is described 

by four equations. These are (1) a species balance equation for the oxidant 

concentration, (2) a burnout equation describing carbon conversion, (3) a particle 

energy equation predicting particle temperature, and (4) a radius equation (over-all 

carbon balance) which models the rate at which the particle decreases in size due 

to burnout and fragmentation. The development of the oxygen species balance 

equation, burnout equation, and the radius equation in this work follows Gavalas 

(1981), and the development of the energy equation follows that of Senior and Flagan 

(1982). However, there is one major difference with these two models and the 

present one. 

The Gavalas model relies on a structural model which is also developed by 

Gavalas (1980). It allows the unknown quantities porosity and internal surface area 

to be related to the dependent burnout variable. This structural model originally took 

no account of the ash content of the char particle, but in the present case an 

attempt is made to include the effect of ash on the porosity of the particle, and the 

active surface area available for oxidation as char burnout proceeds. 

The Gavalas model is also extended to include the energy equation that is 

developed by Senior and Flagan (1982). This model does account for the presence 

of ash, but only through its contribution to the total mass of the particle. The 

presence of the denser ash will increase the heat requirement to raise the 

temperature a given amount for a given heat capacity. The effect of ash on the 

heat capacity is not included, but is taken to be that of pure carbon. The tempera

13 
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ture dependence of the solid heat capacity and heat of reaction are however, added 

in the present model. The ash also reduces the total mass available for conversion 

and thus reduces the particle extinction times. 

To combine the two models above, one additional calculation must be made. 

The burnout variable in the Gavalas model requires intrinsic rate parameters for 

carbon conversion, and Senior and Flagan's model treat char combustion as occuring 

entirely on the surface of an impervious char particle, "by using global rate 

parameters. This global rate is incorporated in the energy equation in the heat 

generation term. Therefore, for the energy equation in the present model a global 

rate with units of (kg/sec x external m^) is aproximated from the intrinsic rate with 

units of (kg/sec x internal n?) by averaging this quantity over the particle. 

Mass and Heat Transfer 

A detailed model of the gas phase is not considered either in the present 

model or in the other two models cited here. It is assumed that the bulk gas proper

ties are known measurable quantities. Therefore, mass and energy transfer across 

the particle film is modeled as a linear process between the bulk phase and the 

particle surface where the constant of proportionality is either the mass or heat 

transfer coefficient respectively. The measured profiles of oxygen concentration 

determine, in part, the species oxygen mass flux boundary condition for the oxygen 

balance equation within the particle. Likewise, the measured bulk gas temperature 

profile partly determines the heat flux boundary condition for the energy balance 

over the particle. Nevertheless, it is necessary to calculate mass and heat transfer 

coefficients between the bulk gas and the particle surface based on measurable or 

theoretically obtainable properties of the system. 
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The simplest approximation, which is used in the present model, would be to 

assume a Sherwood number and a Nusselt number both equal to two. 

Rp : Particle radius (m) 

D : Mass diffusivity (m2/sec) 

K : thermal conductivity (Kcal/(m x°Kx sec)) 

k : mass transfer coefficient (m/sec) m 

: heat transfer coefficient (Kcal/(m x °K x sec)). 

This result is strictly valid in the limiting case of thermal or mass diffusion to or 

from a spherical particle in an infinite quiescent media. The question now becomes 

how well this approximation holds for the present system. 

In our system the force of gravity on the particle is higher than that on the 

gas due to the much higher density of the char particle. Thus the particle will 

accelerate until the bouyant force is balanced by the drag force exerted by the fluid 

on the particle. This will cause the particle to move faster than the fluid, resulting 

in an increase in both the heat and mass transfer rates through the particle film 

because the convective motion of the fluid around the particle will act to decrease 

both the thermal and mass boundary layer thickness around the particle and the 

distance over which the free streams content of energy and oxygen species has to 

diffuse, becomes shorter. There is also the possibility that large differences in 

temperature and oxygen concentration across the particle film will generate density 

differences sufficient to induce free convection, which would enhance transport of 

any kind. How large are these effects in the present system? 

k . x  R  h p (1) 
D K 

where. 
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Mass and heat transfer from spheres to air has been investigated by 

Mathers,Madden,Piret (1957). Experimental data was correlated for the Nusselt and 

Sherwood numbers against the Reynolds, Schmidt, Prandtl and Grashof numbers in the 

following form: 

Sh - 2 +0.569 x (GrxSc)0 *5 + 0.347 x (RexSc0'5)0"62 (2a) 

where, 

Sh : Sherwood number defined by equation one. 

Nu : Nusselt number defined by equation one. 

Sc : Schmidt number (v[D) 

Pr : Prandtl number (v/a) 

Re : Reynolds number for the char particle (UxL/i>) 

Gr : Grashof number ( Lsg/i? x ( - T^) ) 

v : kinematic viscosity (m2/sec) 

a : thermal diffusivity (m2/sec) 

D : mass diffusivity (m2/sec). 

The nusselt number is estimated with an equation of the same form as equation (2), 

but with the Prandtl number replacing the Schmidt number. These dimensionless 

groups are functions of the fluid properties and fluid dynamic properties of the 

system. Estimates for these dimensionless groups for the current system were 

calculated. The Schmidt and Prandtl numbers were estimated as one, which is a good 

approximation for dilute gases. The Reynolds number is of the order of 1.0E-01 

assuming the relative velocity between the gas and the air can be estimated using 

Stokes law and the kinematic viscosity taken to be that of air at 2000°K and 

atmospheric pressure. The Grashof number is of the order of 1.0E-05. With these 
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values for the dimensionless groups substituted into the correlations provided by 

these researchers, the Nusselt and Sherwood numbers are very close to their limiting 

value of two. Therefore, the approximation made will not cause large errors in the 

simulations. 

The work of Niksa et. al. (1984) also support this assumption. They use a 

parameter-free model to predict coal particle temperatures in an oxygen free 

environment in a laminar flow reactor. Optically determined temperature 

measurements agree to within 50°K of predictions of the model that used a Nusselt 

number of two for heat transfer. 

Oxygen and Species Balance Equation 

The species balance equation includes a few very important simplifications. 

The pseudo-steady state approximation is made, which is common in gas solid 

reactions. It states that although the oxygen species concentration within the 

particle changes with time, the concentration is a slowly varying function of time 

and therefore at any one time the accumulation term is very small. This allows 

the concentration profile to be very closely approximated with the steady state 

profile at that instant. Another way of explaining pseudo-steady state is that as the 

oxidant reacts in the particle, it is quickly replaced by oxidant diffusing into the 

particle and rapid depletion is prevented. 

The species balance equation also does not include a convective term which 

may arise from Stephan flow. Stephan flow occurs when the stoichiometry of the 

reaction does not conserve moles or if the diffusivities of the various gas species in 

the gas mixture are not the same. However, Mulchahy and Smith (1969) show that 

for the dilute gas systems typical of pulverized coal combustion, this effect is small 
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and may be neglected. Reyes and Jenson (1986) model char gasification with COj i*1 

the diffusion regime. Each mole of CC^ gas leads to the formation of two moles of 

CO. Therefore mass transfer contributions from pressure gradients must be included 

in their modelling equations. 

The dimensional form of the oxygen species balance equation is as follows: 

1 (r2 x D x 3C/ 3r) KxS xtfxb 
(3) 

r2 dr MW c 

where, 

r - radial coordinate (meters) 

C - concentration of oxygen (moles/m3) 

C - concentration of oxygen (kg/m3 or atm) 

K - intrinsic rate constant (m/(sec x C )) 

D - effective diffusivity of oxygen in air (m2/sec) 

Sv - internal surface area of the carbon per total particle volume (m2/ms) 

b - stoichiometric coefficient, moles of oxygen consumed per mole of 

carbon consumed. 

MW - molecular weight of carbon (kg/kg-mole). c 

The boundary conditions are: 

dC/dr - 0 at r - 0 (3a) 

k x (C.-C ) - D x 8C/ dr at r - Rp (3b) m d s 

where 

km - mass transfer coefficient (m/sec) calculated assuming a Sherwood 

number equal to two 
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- oxygen concentration (Q of bulk gas 

C - oxygen concentration (Q at particle surface. s 

It should be mentioned that the data for the intrinsic rate constant is usually 

expressed in terms of oxidant pressure in atmospheres. Therefore, the ideal gas law 

is used to express diffusion in terms of oxygen pressure. When the intrinsic rate is 

expressed in terms of oxidant density, as it is for some data, the ideal gas law is 

used again. Thus the unknown that is solved for numerically is oxygen pressure in 

atmospheres. 

The preceding equation in dimensionless form is the following: 

1 d  d 2  x De x d* /  3f)  
(4) 

e 

0 2 x A x $ 2 x 0 x \ x 7 m x  

where 

0 - Dimensionless Theile modulus based on initial conditions and defined: 

R x (K. n x cm x P. n
m x S n x b) 

02 _ p.O v b.O b.O v,0 ' 

(c' x De^ x MWJ 

where 

c - conversion factor for rate term to get the units on concentration in 

atmospheres, (c is usually one since the rate is usually already 

expressed in terms of atmospheres) 

c' - conversion factor for diffusion term to get the units on oxygen 

concentration in atmospheres. 

K. „ - initial value of the intrinsic rate constant for bulk gas conditions. 
D , U  

P^Q - initial bulk gas pressure (atm) 
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DQ - initial oxidant diffusivity at T^Q 

SyQ - initial internal surface area 

RpQ - initial value of the particle radius 

8 - Tp/T^ - dimensionless dependent variable or the ratio of particle 

temperature (°K) and bulk gas temperature (°K) 

- P/P^ - dimensionless dependent variable or the ratio of oxygen pressure 

at some radial position within the particle and the bulk gas oxygen 

pressure 

£ m r/RpQ - dimensionless independent variable for the radial coordinate 

De - D/DQ - dimensionless diffusivity 

A - Kp/K^Q - dimensionless particle intrinsic rate constant normalized by the 

initial bulk gas rate constant Kbg 

J2 - Tb/T^Q - dimensionless bulk gas temperature normalized by the initial bulk 

gas value Tb^ 

X • S /S n - dimensionless surface area v' v,0 

7 - Pb/Pbg - dimensionless bulk gas pressure. 

The boundary conditions are now: 

3* 

3« 
0 at { - 0 (4a) 

d* 
11 x n x ( 0 - *(£-!)) at { - F (4b) 

3$ 

where 
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k™n x  R„n ^ ID**) P»0 

where 

^0 

k n - initial value of K m,0 m 

K x F 
n - —— 

De 
where 

K - k /k „ - dimensionless film mass transfer coefficient m m m,U 

F - Rp/RpQ - dimensionless particle radius. 

Burnout Equation 

The burnout equation merely describes how fast the local carbon surface 

recedes at a given time and radial position in the particle. The dependent variable 

is defined as the distance the carbon surface has receded due to burnout from time 

zero to the present time t. This dependent variable will be called q and obviously 

the rate at which q changes will be very sensitive to the values of the intrisic rate 

constant chosen for the model. The burnout equation can be described as follows: 

dq rate 
(5) 

dt Pc 

where 
3 

p - density of solid carbon (kg/m). c 

The initial condition is 

q - 0 at t-0. (5a) 

The preceding equation can be made dimensionless using a value of q*. which 

signifies the distance to which, if the carbon surfaces recede, will result in particle 
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fragmentation. This occurs due to the pore walls merging to the point where the 

solid becomes disconnected. Percolation theory, which is the theory of the 

connectedness of irregular objects, has been applied to a homogeneous char particle 

by Kerstein and Niksa (1984) to predict at exactly what porosity this occurs. Their 

modelling indicates that this porosity is about 0.7. A structural model, which will be 

described later, will allow us to relate this critical porosity to q*. so that q* may be 

found. The dimensionless burnout equation now becomes: 

dr 

where 

— - 0 x c'm x A x 7m x *s
m (6) 

- Ps/Pb - dimensionless oxygen pressure at the particle surface s 
* 

i) m q/q - dimensionless burnout 
# 

1 • V.0^0 - characteristic time for oxygen diffusion through the 

particle 
* 

r - t/t - dimensionless time 
* 
t x K. Q x P.Q 

0 » :—;—:— - characteristic time for diffusion divided 
Pc x (q ) 

* 
by the time for q of the surface to be removed by char oxidation 

burning at the initial conditions. 

The initial condition is: 

ij - 0 at r • 0. (6a) 

Radius Equation 

The radius equation is derived utilizing the fact that q at the particle surface 

may not exceed q*. which corresponds to the critical porosity which is predicted by 
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percolation theory. Therefore, if we define the particle surface where fragmentation 

is occuring, then the value of q on the particle surface is a constant and is equal to 
* 

q . This allows an expression for the particle radius to be obtained by setting the 

total differential of q to zero at the particle surface. 

dq dq 
dq - dr + dt - 0 (7) 

dr dr 

Solving for dr/dt, which is actually dR^/dt since we are evaluating r at the particle 

surface, we get: 

dRD 3q/9t)R 
P_ _ p— . (8) 

dt 3q/9r)r,.Rp 

The numerator is merely the rate at which the carbon is being consumed due 

to reaction with oxygen at the particle surface and may be replaced by the rate of 

carbon oxidation. This equation may be written in dimensionless form as follows: 

dF 0 x A x 7™ x *m 

dr 
(9) 

The initial condition is: 

F - 1 at T  - 0. (9a) 

KngfflY Kqiiatinn 

The energy equation allows us to predict a particle temperature. The 

development of Senior and Flagan (1982) is followed with a few minor exceptions. It 

is derived by including radiation, conduction, and heat generation due to reaction in 

a simple heat balance between the particle and the surrounding gas. 

It is assumed that the reaction for carbon oxidation is given by: 
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2C(s) + 02(g) > 2CO(g) (10) 

The diffusion of carbon monoxide away from the particle is fast enough so that the 

effect of the heat release of the homogeneous oxidation of carbon monoxide to 

carbon dioxide on the particle temperature may not be included. Thus it is assumed 

that the heat release from this reaction contributes to the bulk stream temperature 

which is measured. However, Smith and Tyler (1973) contend that the presence of 

water vapor in the gas may promote CO conversion in the particle boundary layer 

which would make this assumption suspect. Unlike the model of Flagan and Senior 

(1982), the temperature dependence of the heat of reaction is included by using an 

expression derived from heat capacity data of oxygen, carbon monoxide, and carbon 

dioxide from Smith and Van Ness (1959). 

As mentioned earlier, the Nusselt number for heat transfer between the 

particle and the surroundings is assumed to be two. This allows us to make a simple 

calculation of the heat transfer coefficient from the thermal conductivity. The 

thermal conductivity was taken to be that of dry air at the arithmetic mean of the 

particle temperature and the bulk gas stream temperature. Its temperature 

dependence has been estimated from an expression obtained by doing a linear 

regression of the data of Incorpera and Dewitt (1985). 

Radiation is only allowed to occur between the particle and the furnace wall. 

The system is assumed to be optically thin and radiation transfer between the gas 

and the particle can be neglected by comparison. The emissivity is assumed to be 

one even though this is strictly true only for a perfect black body. These 

approximations don't introduce much error since the conduction term usually makes 

the largest contribution to the heat lost by the char particle. The simulations in 

chapter 4 will show this. 
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The dimensional form of the energy equation is as follows: 

dT 4. x R 2 

P -2- x ( or x co x (Tw
4 -T4) 

dt % x S.soP 

+ (kh/Rp) x (TB-TP) + 
R

ext x AHR ) (11) 

where 

Tp - particle temperature (°K) 

T - wall temperature (°K) w 

Mp - total particle mass (kg) 

Cpsol " *ieat capacity °f the solid (kcal/(Kg x °K)) 

or - Stephan Boltzmann constant 

w - emmisivity (-1) 

- thermal conductivity of gas (Kcal/(m x sec x °K)) 

Rgxt - reaction rate per unit external surface area (Kg/(sec x m2)) 

- heat of reaction for oxygen oxidizing carbon to CO (Kcal/Kg). 

The initial condition is: 

Tp-T^ at t - 0.1 (sec). (11a) 

The initial time was chosen at 0.1 seconds because this is generally accepted 

as the average time for the end of pyrolysis and the onset of char combustion. The 

initial condition on temperature may be in error if the pyrolysis products evolving 

from the particle burn closely enough to it to raise its temperature. The 

experiments of Timothy, Sarofim, and Beer (1980) indicated elevated particle 

temperatures due to pyrolysis. It is not attempted to include this effect on the initial 

particle temperature at the onset of char combustion. Instead the following 
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assumption is made. The combustion of volatiles is not felt locally by a particle and 

contributes to the average bulk gas temperature of the particles environment. It 

does not raise the average local temperature surrounding a particle at which heat 

transfer occurs, above that of the average bulk gas temperature measured in the gas 

stream. How much the predicted temperature history in the current system may be 

effected by an erroneous initial condition on particle temperature and the initial time 

for the onset of char combustion is examined in chapter 4. 

The heat generated from the pyrolysis and the char combustion from all the 

pulverized coal particles determines the average temperature profile measured in the 

flue gas down the axis of our pilot scale combustor. Since we only model the 

burnout history of one combusting char particle, we neglect the influence that this 

char particle has to the generation of heat in the bulk gas and only consider the 

effectiveness of the particles environment in taking away energy from the particle. 

Therefore, we are decoupling the effect that the energy generated in one particle 

has on the energy generated in the bulk gas. This is not a bad assumption, since 

heat generation from many particles determine the temperature in the bulk gas. The 

same reasoning applies to the particles influence on the oxidant concentrations in the 

bulk gas also. 

The dimensionless form of the energy equation is as follows: 

d6 
y T x r  -  x  (  0 W

4  -  V  )  -  o i j  x  K  x  (  0  -  1 )  ( 1 2 )  
dT 

where 

6 - dimensionless temperature 

odj  -  dimensionless  constant  which is  indicat ion of  the relat ive importance 
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"2 

of heat generation due to reaction 

(4 x n x Rp
2) x t* x Rext Q x AHRQ 

MP x Cp.sol x Tb 

dimensionless constant which is an indication of the relative 

importance of radiation loses from the particle. 

(4 x it x Rp
2) xcxuxt x Tb

s
0 

M x C , p p,sol 

cKg - dimensionless constant which is an indication the relative importance 

of the conduction of heat away from the particle. 

(4 x jr x Rp2) x t x K^Q 

C , x M x T. p,sol p b 

K - k^/k^ Q - dimensionless thermal conductivity normalized by the initial 

bulk gas thermal conductivity 

T - AHP, /(AHrq) - dimensionless heat of reaction 

T - R . /R . A - dimensionless rate of reaction per unit of external ext ' ext,0 

surface area at bulk gas conditions. 

Now that the governing equations that describe char particle burnout have been 

developed, it becomes necessary to relate the remaining unknowns to the dependent 

variables (P,Tp,q,Rp) so that the system of equations is closed. The remaining 

unknowns are the effective diffusivity of oxidant through the particle, the porosity 

and the surface area per unit volume within the char particle available for reaction, 

and the rate of char oxidation as a function of particle temperature and oxidant 

concentration. 
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A Structural Model for Char Particle Combustion 

We need to know the spatial and temporal dependence of porosity, the 

effective diffusivity, and the internal surface area per unit volume inside the particle 

so that the species balance equation may be solved. Gavalas (1980) developed a 

random pore model which relates the porosity and internal surface area to the 

dependent variable q. All that must be known is the initial porosity-pore size 

distribution, which is a measurable property of the char. 

The Gavalas random capillary model assumes a completely random distribution 

of infinitely long cylindrical capillaries. Gavalas defines a probability density 

function X where XdS is the probability of an intersection of a single pore with the 

surface element dS as dS approaches zero. X is uniform and isotropic in space and 

is a function of the pore radius R. Through the use of a probabilistic and statistical 

arguments, Gavalas derives a relationship between the porosity of the pores of a 

given radius e(R) and X(R). 

f(R) • 2 x ir x R2 x X®) x exp( -2xirx g2 x X(R)dR ) (13) 

where 

e(R) - porosity of all pores of size R (m) 

R - maximum pore size 
—max 

This expression can also be written explicitly in terms of X(R): 

1 e(B) 
ME) x ,Rmax * 

(2 x v x R2 ) ( 1 - c(R)dR ) 

Therefore, given an initial porosity-pore size distribution, one can obtain the initial 
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probability density function as a function of pore size. The total porosity can be 

obtained by integrating expression (13) to give the following: 

e - 1. - exp( -2. x ff x R2 x X(R)dR ) (15) 

where 

e - total porosity. 

The assumption that X is uniform and isotropic in space is suspect when 

gradients in burnout and oxidant concentration exist within the particle. However, 

when the length scale associated with a significant concentration gradient is much 

greater than the pore radii and pore segments, the model assumptions can be applied 

to a local region. That is, the pores can be considered to have the same pore-size 

distribution over a small enough region. If this region still contains a statistically 

meaningful number of randomly oriented pores, the model can be applied locally. 

Since the average length of a pore segment is typically very small, this assumption is 

probably valid. 

To actually apply the model to a local region in the particle consider the 

following. The radius R of a given pore is related to its initial radius RQ by the 

burnout q(r,t) in the following manner: 

R - E0 + q(r.t). (16) 

The function X(R) is assumed self similar since it does not change its shape but only 

progresses up the pore size axis as time proceeds. Therefore, the following equation 

holds: 

X(R) - X(RQ + q(r,t)). (17) 
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This result allows us to find X(r,t) and from equation (15) the local porosity as a 

function of time and position within the particle as long as we know the initial 

porosity pore size distribution and q(r,t). If we differentiate this expression with 

respect to the burnout q we obtain the following expression for the internal surface 

area per unit volume: 

Sy - 4 x rr x exp(-2 x n x My x [MQ  X  q X  exp((-4 x n x Mj) x q) x 

exp((-2 x ir x MQ) x q2 + Mj x exp((-2 x rr x Mg) x q2 ) x 

exp((-4 x rr x Mj) x q)] (18) 

where 

MQ - ME) dR - the zero moment of \(R) 

M1 " liST - x " the first moment of X(B) 

^2 " llmin* —2 x secon<^ moment of X(R). 

It should be mentioned that the random pore model breaks down at porosities 

near one, because equations (13) and (14) developed for the porosity and probability 

density function approach infinity, which is physically meaningless. Under such 

conditions it would be better to represent the pore structure as randomly oriented 

cylinders rather than pore axes. This problem is avoided since we are assuming the 

particle fragments at a porosity in the neighborhood of 0.7. Therefore a porosity of 

one is never approached and the model is assumed to be valid over the range of 

porosities at which the particle exists. 

Ash Corrections 

The effect of ash on the structural model is included in the present analysis. 

It was assumed that the initial surface area available for char oxidation at the onset 
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of char combustion is free of ash. This may not be a poor assumption since the 

pore structure opens up as a result of coal pyrolysis which occurs in the 

carbonaceous material and not within the ash. However, as the carbon surfaces 

recede during char burnout, ash is gradually exposed within the particle. The ash 

acts to lower the actual porosity and the surface area of the carbon, but the 

burnout equation treats the solid as if it were purely carbon. The effects of ash are 

accounted for in the following manner. 

The burnout equation describes the rate at which a carbon surface recedes 

within a homogeneous carbon particle. Due to the existence and gradual exposure of 

ash, the burnout is actually retarded somewhat, if possible catalytic effects from the 

ash are ignored. But suppose the critical porosity at which fragmentation is allowed 

to occur is 0.7. Based on an assumption that the material is homogeneous, when the 

porosity of 0.7 is reached, the true porosity and available surface area will actually 

be lower than what the model predicts due to the exposure of ash. To correct the 

critical porosity so that the true critical porosity is still 0.7, it is assumed that the 

ash correction is given by: 

v
a x ( eh, " *o> 

v - v - v
h <"> 

s,0 

where 

e - true porosity corrected for the presence of ash 
Si 

e - the critical porosity corrected for the presence of ash 
a,c 

- porosity assuming that the char is homogeneous (fictitious 'ash 

free' porosity) 

e^ c - the critical porosity needed to be reached assuming a homogeneous 
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char, so that the true porosity corrected for ash is still 0.7 

^ 6h,c > ea,<P 

CQ - initial porosity of the char particle 

V - volume fraction of ash present (constant) 
Si 

VgQ - initial volume fraction of solid present. 

Therefore, the burnout is actually allowed to proceed to a higher 'ash free' porosity, 

so that the true porosity of 0.7 is attained. With e. known from 6 , now a 
IL,C 3^0 

• 
corrected value of q is attained by equation (15) by replacing R with R + q(r,t). 

Since q(r,t) is not a function of R, q can be pulled outside the integral and (15) is 
* 

quadratic in q. Thus q is taken as the physically reasonable root to this equation. 

Therefore, the Gavalas pore structure model treats the char as homogeneous and 

ignores the presence of ash. The ash effects are taken into account separately with 

the equations introduced in this section. 

Values of c& at intermediate porosities are calculated by replacing e^c by 

the current value of in equation (19). Notice, that in the limit as approaches 

one, £ - (1-V ) - (V+ej which is to be expected. However this limit is never st a s u 

reached since the particle fragments well before this point. 

The true surface area per unit volume for carbon oxidation is corrected in a 

similar manner. It involves the calculation of the inactive surface area. Equation 

.(16) can be combined with equation (15) to obtain a value for the burnout q(ash) 

corresponding to the porosity of the particle totally comprised of ash. This porosity 

is taken to be (1 - V^Q) where V Q is the initial ash volume fraction in the char 

particle. With q(ash) equation (18) is used to find the internal surface area 

corresponding to a particle containing only ash (Syasjj)- This is the inactive surface 

area which is used to calculate the active surface area with the following equation: 



33 

£ - 6n 
S - S - S . X  - — (20) v,a v,t v,ash v 

c,0 

where 

S - active surface area per unit volume v,a ^ 

S . - total surface area per unit volume v,t 

Sv aQh - total inactive ash surface area per unit volume available 

e - current value of corrected porosity 
SL 

V ft - initial volume fraction of carbon available. c,0 

Notice that in the limit as e approaches its highest possible value when all the 
& 

carbon as burned out, (ea-fg) will approach V, and Syt will appraoch Svas^. 

Thus, S will approach zero as expected. So even though this condition will never 

be reached due to fragmentation, the equation exhibits the appropriate limiting 

behavior. 

Diffusivity 

With the relationships that enable the calculation of the current pore-size 

distribution, the effective diffusivity can be calculated as a porosity weighted 

average of the effective diffusivities within the individual pores. The effective 

diffusivity within each individual pore is taken as the sum of the resistances due to 

bulk diffusion and Knudsen diffusion. This requires that the particle temperature and 

pore radius be known. The equations for these calculations are as follows: 

D. - D. n x (T /T. J1'8 - bulk diffusivity of oxygen in air 
b b,U p 0,1/ 

Dk(R) - 97.0 x R x Tp/MWQ2 

D(R) - (1/Db) + (l/Dk(R)) 
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D - e2 x D(R) x e(R)dR (21) 

where 

'o' - at reference conditions (273.15°K,latm) 

- bulk gas diffusivity 

- knudsen diffusivity 

MWq2 - molecular weight of oxygen (g/mole) 

D(R) - effective diffusivity through pores of radius R. 

Kinetic Parameters 

The drop tube furnace is the typical means by which combustion rates are 

measured in pulverized coal particles studies. A known mass feed rate of a sample 

coal or char is introduced into the furnace with a pre-heated gas stream in laminar 

flow. As long as the particles are introduced along the axis of the furnace, a well 

defined particle residence time can be established which is a function of the flow 

rate and axial position along the reactor. The furnace is maintained at a constant 

temperature and a simple energy balance is often used to correct for differences 

between the particle temperature and the gas temperature. 

In the B.C.U.R.A. experiments by Field (1969,1970) combustion rates were 

calculated in this type of experiments by measuring the weight loss that occured in 

the char particles when the reaction was quenched at a given residence time. In the 

C.S.I.R.O. experiments by Smith et.al. (1971,1973), reaction rates were calculated by 

measuring the changes that occured in the gas composition at various ports along the 

length of the furnace. 

Smith (1978,1979) obtained a rough estimate of the intrinsic reactivity by 

applying the theory of gas solid reactions developed by Theile (1939) to a broad 
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range of coals. It is possible to separate out the effects of internal and external 

mass transfer, and determine an intrinsic reactivity from a global reaction rate. 

Therefore, he obtained global rate data from various experimentalists, but was limited 

to the data which also provided information on external mass transfer, pore 

structure, and particle temperature. Smith correlated all of the converted data he 

could gather on an Arrehnius plot and found that the line that best fit the data 

showed an activation energy of 42.8 Kcal/mole and a frequency factor of 3050.0 kg/ 

(m2 x sec x atm). Even after eliminating the effects of internal and external mass 

transfer, the reactivities were found to vary by up to four orders of magnitude at 

some temperatures. However, when data for highly purified carbons were correlated 

the variation of only about a factor of three was found. These carbons had been 

purified by exposure to high temperatures up to at least 2973°K. 

In obtaining the intrinsic rate parameters from global rate data. Smith made 

many approximations for the physical properties required for the calculation. A very 

simple model was used to describe the pore structure in order to obtain an effective 

diffusivity of the oxygen through the particle. The initial values of pore volume and 

surface area were used to calculate an average pore size assuming all pores to be 

cylindrical in shape. The diffusivity is estimated through a pore of this size to 

represent the diffusion through pores of all sizes. It should also be noted that 

initial structural properties for the char are used, even though these properties will 

change with burnout. Furthermore, the order of the reaction was assumed to be one 

when no data was available. Thus, the physical properties that are used in the 

theoretical equations to determine intrinsic rate parameters are very approximate. 

Due to the uncertainty in these quantities and the approximations made, the 

application of these intrinsic rate parameters for quantitative prediction of the model 
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char in the present study is impossible without some experimental verification. The 

intrinsic rate for the model char should be regarded as a model parameter and not 

fixed. 

Simons and Lewis (1979) adopt the Langmuir-Hinshelwood approach for the 

intrinsic rate of carbon oxidation. They use a simple adsorption-desorption 

mechanism to desribe the reaction which leads to a rate expression of the following 

form: 

dC L x k, x P 
- (g/cm2 x sec). (22) 

dt 1^ + kg + kj x P 

After an analysis of a wide range of data for the intrinsic reactivities of various 

types of coal they arrive at the following values for the reaction constants: 

kj - 900 x exp(-1900/Tp(°K)) (g/( cm2 x sec x atm )) 

k~ - 90 x exp(-19000/T (°K)) (g/( cm2 x sec )) 
^ P 

kg - 200 x kj x k2 x exp(-3500/Tp(°K)) (g/( cm2 x sec )). 

The authors conclude that this rate expression is valid to well within a factor of 

two. 

Even if intrinsic rate parameters that accurately predict the burnout times 

of the char particles could be found for the present case, one more assumptions 

concerning the detail of the char conversion should be mentioned. It is assumed 

that the ash provides no catalytic effect to char oxidation or at least if a catalytic 

effect is present it is independent of the amount of ash present relative to the 

amount of carbon, which will vary quite substantially with conversion. 



Fragmentation 

A fragmentation proccess is often described mathematically with the 

fragmentation equation. This equation follows the continuous evolution of a popula

tion of particles, where each particle undergoes several breakage events which result 

in smaller particles of the same kind. From Peterson (198S) the fragmentation 

equation can be written in the following form. 

9m(v,t) 
J~ m x b(u,v) x m(u,t) x du - $(v) x m(v,t) (23) 

at v 

where, 

u,v - particle size represented by its volume (m3) 

t - time (sec) 

m(v,t)dv » particle mass concentration in size range (v,v+dv) 

<Kv) - particle specific breakage rate (sec-^) 

b(u,v)dv « probable mass fraction of particles formed in size range (v,v+dv). 

The present problem may be considered more complicated since now we have 

to consider two particle populations of two different types. A population of 

inhomogeneous ash containing char particles breaks and inevitably results in a 

population of ash particles. However, the current model makes some assumptions 

which significantly simplifies the fragmentation picture. 

Before discussing these simplifications, it will be helpful to consider two 

limiting scenarios for char particle fragmentation. For a particle that burns in the 

kinetically controlled combustion regime, the carbon surfaces will recede within the 

particle at the same rate drawing ash inclusions together which agglomerate and form 

larger ash particles. If the particle is hotter than the fusion temperature for the 
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ash, the larger ash particles will form spheres minimizing their surface free energy. 

At some point the char particle will fragment when there is not enough carbon left 

to keep it intact. Earlier it was indicated that some investigators have determined 

this point to be reached when the porosity of the particle reaches approximately 

0.7. Therefore, the fragmentation of the char particle results in a relatively small 

number of relatively large ash particles when compared to the size and number of 

ash inclusions originally contained within the char particle when combustion began. 

In the other extreme, the char particle would burn under complete diffusion 

control. In this case the particle burns as a shrinking core and ash inclusions are 

gradually released as the core shrinks around them. The characteristic size of the 

satellite ash sizes would be the same as that of the ash inclusions existing within 

the char particle. However, the largest ash inclusions would not be released for a 

long period of time and would remain with the particle until it was mostly burned 

out. 

The present model considers a population of char particles that can fragment 

several times, but the resulting satellite population does not fragment again for the 

following reason. A given fragment may consist primarily of ash in which case you 

wouldn't expect any further fragmentation as long as the primary mechanism for 

fragmentation is only char burnout. If a fragment is a mixture of ash and carbon, 

it's conceivable that this fragment may break again and separate the ash it carries 

even further, so that the resulting fly ash size distribution will be finer. It is 

assumed that these small satellite particles burn in the kinetically rate limited 

regime, and if there are separate ash inclusions in such small particles, combustion in 

this regime will allow these ash inclusions to agglomerate before the particle 

disintegrates and only one ash particle will then result. It is also possible that a 



39 

satellite particle contains only carbon, but they aren't of concern since they yeild no 

ash particles. Consequently, only the ash from the mother char particle is 

considered to fragment into satellite particles. The ash itself is not considered to 

fragment, but it is really the carbon that fragments and determines how finely 

divided are the ash inclusions from the mother particle. The degree to which ash 

inclusions can become finely divided due to the fragmentation of the char is limited 

by the size of the ash inclusions, since it is assumed there is no mechanism to 

fragment a pure ash particle into smaller sizes. Therefore, it is assumed that the 

satellite particles will not break again once formed and the size distribution of ash 

which results from char oxidation should have a limiting form which is characteristic 

of the ash inclusions in the main char particle. Even though smaller and smaller 

fragments are generated as the combustion becomes more diffusion controlled in the 

hot part of the flame, there is a lower limit to the size of the resulting ash 

particles. 

Now that we have a simple scenario for the fragmentation mechanism in 

which a population of char particles burns and fragments into a population of ash 

particles that do not undergo fragmentation, the modelling becomes much more 

simple. The assumption that makes this simplification possible may not be a bad 

approximation for the following reason. The only way it becomes possible for the 

satellite particles to undergo another fragmentation event is for the fragments to be 

large enough to warrant diffusion limited combustion. However, the fragments will 

only become large when the mother char particle combustion begins to be limited by 

the kinetics. Since the satellite particles will be smaller than the mother char 

particle they will be even more likely to burn under kinetic control than the char 

particle. In other words, even though larger fragments are more inclined to burn 
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under diffusion control and produce more fragments, the combustion conditions which 

produce larger fragments from the main char particle favor kinetic control. 

It was stated previously that there should be a lower limit for the size of the 

satellite ash particles which is determined by the size of the ash inclusions in the 

char. However, when combustion eventually approaches kinetic control, there should 

be a point where the population of fragments from a breakage event become larger 

than a size that is characteristic of the ash inclusions themselves. Thus the limiting 

form for the ash distribution would no longer be valid. This can be modelled by 

changing the parameters on the breakage distribution function to produce larger 

satellite particles as this occurs. This would complicate the modelling of 

fragmentation somewhat since now the breakage distribution would be some function 

of time, given that the degree to which diffusion limits the combustion would depend 

on time. Although this functionality is qualitatively obvious, exactly how these 

breakage distribution parameters would be varied is arbitrary and empirical. In other 

words, although we know that as the combustion becomes kinetically controlled the 

resulting ash particles from a fragmentation event will become larger, exactly how 

much larger is not known. 

In the present model it was found that the particle would heat up enough for 

a major portion of the combustion to be strongly diffusion controlled under typical 

combustion conditions. The ash population resulting from fragmentation should 

therefore assumed to be characteristic in size to the ash inclusions within the char. 

Since some of these ash inclusions are relatively large (even on the same order of 

the char particle itself), it is reasonable to assume that a certain percentage of this 

ash will remain behind with the char particle as the char core shrinks around it. 

The exact fraction is yet another model parameter. While the majority of ash mass 
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remains behind, at each fragmentation the ash that is released may result in a 

relatively large number of submicron ash particles. The functional form of the 

population density for the submicron population will depend on the parameters chosen 

for the breakage distribution function. In the present case an attempt should be 

made to find such parameters that give rise to a population of ash particles having 

sizes similar to the ash inclusions within the mother char particle. 

With the assumptions made in the preceding paragraphs, we don't have to use 

the fragmentation equation. A much simpler mathmatical description can be made. 

It can be described as follows: 

3m(v,t) 
- § x b(v,t) x J <^u0,t) x NQ(UQ) x duQ (24) 

9t 

where 

v - ash particle of size v (m(i.e. particle size),ms(i.e. particle volume)) 

UQ - initial char particle size 

t - time (sec) 

m(v,t) - mass density function for ash (Kg/(m3 x v)) 

§ » of the ash exposed, the fraction that leaves the particle 

$(uQ,t) - mass exposure rate of the char particle of an initial size u 

( ash mass exposed/(sec x char particle of initial size UQ) ) 

b(v,t) - probability density of ash reporting to size v (v~S 

NQOJQ) - number density of char particles introduced into reactor 

(#/(M3 X UQ)). 

Notice that as opposed to the fragmentation equation $ is now treated as a mass 

exposure rate rather than a breakage rate describing the number of breaks per 
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second. In either case a continuous function is used to describe a phenomena that is 

actually dicrete on a small time scale. Since the time derivative for the particle 

radius is calculated as combustion proceeds, it is easy to calculate a mass exposure 

rate in the following manner: 

dRp 

" Xash x pp x x 4- x xRp2 (25) 

where, 

$(Ug,t) - ash mass exposure rate (Kg/sec) 

Xash " initial mass fraction of ash throughout the particle. 

Pp - initial particle density at onset of char combustion (kg/ms) 

Rp - particle radius (m). 

Once we assume a form for b(v,t), we are really implying a breakage rate since this 

tells us the number of particles which result from a given mass of ash released. 

However, the units on $ in the present case are chosen in this form as a matter of 

convenience (easily derived from dRp/dt in equation above). 

Note that unlike the fragmentation equation, equation (24) has no term that 

decribes ash removal from a given size since we have assumed that once the ash 

forms it does not break. There is only formation of ash particles generated from 

the larger char particles which provide the fragmenting material carbon. Since we 

have also made the assumption that most of the combustion occurs with strong 

diffusion control, we assume that the satellite ash particles are characterized by a 

limiting form of b(v) which is no longer a function of time because the combustion 

remains strongjy diffusion limited for most of the burnout. 

Although it was stated earlier that most of the combustion occurs with strong 



43 

diffusion control, as the char particle reduces in size it will eventually reach a point 

where kinetically controlled burnout will start to dominate. Eventually the whole 

particle may disintegrate and result in a relatively small number of large ash 

fragments. The time at which this is allowed to occur is determined in the following 

manner in the model. From equation (8) the rate of particle shrinkage will increase 

with time as the particle passes through the peak flame temperature and the reaction 

rate increases. The shrinkage rate passes through a maximum at the peak flame 

temperature and then decreases with time as the gas temperature decreases. 

Eventually the particle will burn in the kinetically controlled regime and the burnout 

will start to become evenly distributed throughout the particle. Again from equation 

(8) it can be seen that as the denominator decreases (smaller gradients of the degree 

of burnout) the rate of shrinkage will increase. Although the reaction rate keeps 

decreasing, the rate of shrinkage will eventually increase again at the end of the 

char particle burnout. The time at which this increase occurs can be arbitrarily 

chosen as the time when the particle is allowed to undergo its large mode breakage. 

However, it should be recognized that the particle may be very small when this 

finely occurs and a large scale breakage may not be possible. However, even if 

significant agglomeration of ash is prevented due to combustion occuring under 

strong diffusion control, some large ash particles may still result from ash inclusions 

that were initially large. 

Summary 

The dynamic equations governing char particle burnout are simplified to 

consider only the coupled interaction between particle radius (Rp(t)), particle 

temperature (Tp(t)), the primary gaseous reactant oxygen (PQ2(r,t)), and the carbon 
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* 
conversion (ij(r,t) - q/q )). The bulk average flue gas temperature and oxygen 

partial pressure was experimentally measured at various axial positions in a 

laboratory scale combustor designed to operate at typical combustor conditions. This 

represents the average environment to which a typical char particle is exposed. We 

assume that the gas/particle fluid dynamics is closely approximated by a sphere in a 

quiescent fluid media (i.e. nusselt^herwood # - 2). If we take the thermal and mass 

diffusivity to be that of oxygen in dry air, these measurements determine the 

boundary conditions on the particle surface (heat and mass flux to the particle). 

A random capillary model is used to derive analytical expressions that relate carbon 

conversion to the physical properties (i.e. effective diffusivity, porosity, and surface 

area) so that the system of equations is closed. The numerical integration of these 

equations is now possible and will be described in the next chapter. The system is 

numerically stiff (steep gradients) and special precautions taken to ensure accuracy 

and resolution of the solution profiles will be discussed. 

In describing fragmentation, the important physical quantity extracted from 

the model is dR^/dt. This determines $ (breakage rate) from equation (25) described 

in the previous section. The computer code to be described in the following chapter 

will also provide a method for determining a flyash particle size distribution (PSD) 

based upon $. However, $ is the quantity of predictive importance since any PSD 

we wish can be generated just by selecting some appropriate breakage distribution 

function B(v). 



CHAPTER 3 

Numerical Procedure 

Finite Differencing 

As outlined in the preceding chapter, the four coupled equations describing 

char particle burnout include two partial differential equations and two ordinary 

differential equations. The partial differential equations include the species balance 

equation for oxygen partial pressure and the carbon conversion equation for char 

combustion. These are functions of radial position in the particle and time. The 

energy equation and the over-all mass balance equation are ordinary differential 

equations with time as their independent variable. To numerically integrate these 

equations foward in time central finite differencing is used for the derivatives to 

maintain second order accuracy in the stepsize. Therefore if (j) and G+l) denote 

two successive time steps and (i-1), (i), and (i+1) denote three successive grid points, 

the time derivatives are evaluated at (j+1/2) and the spatial derivatives at (i). 

However, the spatial differencing in the species conservation equation is formulated 

for an uneven grid spacing which can reduce the accuracy below second order if the 

scaling factor between successive grid spacings is too large. An uneven grid spacing 

allows us to concentrate the grid points in the region where the solution changes 

the most rapidly, thus improving the detail of the solution and the accuracy as long 

as the scaling factor is not too large. The manner in which the grid spacing is 

arrived at will be decribed in another section. 

Since the four equations are coupled and non-linear, an iterative procedure is 

used to solve them. The equations are solved in sequence where the dependent 

variables are continually updated by using the values attained either in the previous 
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iteration or the values just attained in the current iteration, if available. The 

iterations are stopped when the convergence for the dependent variables is within 

some specified criteria. As an initial guess for the dependent variable the values at 

the previous time step 0) are used for the variables P and q. In the case of Tp 

and Rp, beyond the third time step an initial guess is generated at 0+1/2) by 

evaluating backward differences at point 0) using points 0-1). 0-2). and 0-3) and 

extrapolating foward using a taylor series. This procedure is not used for P and q 

because it would have to be done at each spatial grid point which may not be the 

same from time step to time step since the spatial grid is continually being adjusted. 

For each iteration(cycle) the first equation solved is the species balance 

equation. The surface area, porosity, and effective diffusivity are evaluated using 

the initial guess for T^+^ and q^+'^. Since the diffusivity is a function of 

qi,j+l/2 ^ xpj+l/2, it is also a function of time and space and is thus not 

constant. The diffusion term in dimensionless form was expanded in the following 

manner; 

1 3 ( x De x 3$ / ) 
x - (1) 

e as 
a2* 9De a* 2 a* 

De x + x + — x De x . 
a? as as S as 

On the right hand side of equation (1), the first term describes accumulation 

(depletion) due to the spatial gradient of the concentration gradient, the second term 

is due to the effect of the spatial gradient of the diffusivity and the third term 

arises from the spherical geometry of the problem. Due to the symmetry about the 

center of the particle the first order spatial derivatives are zero there. 
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Consequently, the last two terms go to zero at £ - 0 and are not evaluated at the 

grid point at the particle center. 

Although the species oxygen conservation equation is a partial differential 

equation, the pseudo-steady state approximation allows us to write the equation 

explicitly in terms of the spatial coordinate alone. The finite difference scheme 

results in a tridiagonal coefficient matrix for the unknown P'^+^. There is a 

simple and efficient linear algebraic procedure for inverting such a matrix which is 

applied here. However, this procedure was modified slightly, since the coefficient 

matrix deviates slightly from the tridiagonal form due to the boundary condition at 

the particle surface. In order to closely maintain second order accuracy in the finite 

difference scheme, a three point backward difference for an uneven grid spacing is 

used to estimate the flux into the particle surface. Thus the algebraic equation that 

results from finite differencing the boundary condition includes the concentration at 

grid point (N-2), where N designates the grid point at the particle surface. The 

tridiagonal form is not quite met due to this element in the coefficient matrix. 

When the reaction rate constant is a function of oxygen pressure or the 

order of the reaction m is a value other than zero or one, the species balance 

equation is also explicitly non-linear in the dependent variable P. In this case we 

linearize the nonlinear term in P, by using the known values of P from the previous 

iteration. Thus the reaction rate takes the following form: 

k  x  p m  »  k (  T )  x  p p  ( L )  
k x P - k( fjj+1/2' pj+l/2 ' x ij+1/2 x iJ+1/2 w 

where L is the iteration and P.^jy^is known. In this manner the coefficient 

matrix for the unknown Pjj^j^2 the exact form (tridiagonal) and may be solved 
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in the same manner using techniques in linear algebra. However, we must 

again iterate until the successive values of and not 

appreciably. Therefore, when the equation for P is nonlinear, there are two iteration 

k loops for the integration in time. The outside loop is for the convergence of Qjj+j. 

k k 
RpJ+l' ^PJ+l the inside loop is for the convergence of Pj j+i/2* eac^ t"ne a 

solution to P.j+j^2 is sought for the outside loop. 

The next three equations that are solved are for Qjj+j^2< ^pj+j' ^pj+i/2 

respectively, where q contains a partial derivative in time, and Tp and Rp contain a 

total derivative in time. As mentioned earlier, these time derivatives are evaluated 

at (j+1/2). Once the derivative is evaluated, a value at (j+1) is simply calculated as 

the value at (j) plus the derivative evaluation multiplied by the time step. An 

updated value at 0+1/2) is then calculated as the arithmetic mean of the value at 0) 

and 0+1). Thus the dependent variables evaluated at (j+1/2) are either from the 

present kth iteration if they have already been evaluated, or the previous (k-1) 

iteration. 

The iterations are stopped when an error criteria is met for the dependent 

variables evaluated at 0+1). The error is defined as 

error • ABS ( Y^, - Y^, ) / YfJk+] (3) 

where Y designates a dependent variable. Usually the error criteria is set at l.E-6. 

Grid Spacing Control 

It must be decided where over the spatial domain the points of evaluation for 

the spatial grid are to be placed. It is desirable to place most of the grid points in 

the location where the most significant change in the solution occurs in order to 

minimize truncation error and increase the spatial detail of the solution. In the 
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present problem it is obvious that most of the grid points need to be concentrated 

near the surface of the particle where the steepest gradients in burnout and 

concentration occur. The density of points placed in this region will depend on what 

combustion regime the particle is in. In the kinetically controlled regime, the 

oxygen is able to penetrate the particle before it reacts. The rate of burnout is 

therefore constant throughout the particle as long as the internal availability of 

surface area, the porosity, and the particle temperature are also constant throughout. 

Therefore, as the particle burnout approaches kinetic control, the gradients of 

oxidant concentration and burnout q become small. In this case it is unneccessary to 

concentrate the grid points near the surface. This combustion regime tends to occur 

for relatively low temperatures, small particle sizes, low oxidant concentrations, and 

high burnouts. 

On the other hand, when the particle burns in the diffusion controlled 

regime, the opposite is true. This is a condition where the rate limiting step for the 

combustion is either the diffusion of oxidant through the gas film surrounding the 

particle, or diffusion through the porous media of the particle itself, or both. This 

combustion regime is more likely to occur at high temperatures, large particle sizes, 

high oxidant concentrations, and low burnouts. In this case the highest gradients in 

oxidant concentration and burnout occur near the particle surface and require most 

of the grid points to be placed there. 

It is the task of the grid spacing routines in the program to decide just how 

many points should be placed near the surface, based on the steepness of the 

solution profile. The solution profile is characterized by two parameters 

(RDMIN.CHGSFQ. These quantities are calculated from the discrete solution at the 

current time step. RDMIN is the grid point where the solution is estimated as 
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having the minimum radius of curvature. This signifies the point where the curve 

changes direction the most rapidly. The solution is considered to be changing rapidly 

for grid points greater than RDMIN, and slowly for grid points less than RDMIN. 

CHGSFC is the change in the burnout solution over the grid interval containing the 

surface as its upper bound. 

The profile parameters determine the range that is valid for CHGSFC, and are 

arbitrarily set. If CHGSFC falls out of range then the parameter that sets up the 

grid spacing (SPACEN) is adjusted until it falls within range. The grid spacing 

parameters are as follows: 

N : The total number of grid points not including grid point zero. 

SCALE1: The scaling factor over region one (for grid points less than 

RDMIN) which determines how rapidly the grid spacing between 

successive grid points changes. It is defined as grid spacing (i) 

divided by grid spacing (i-1) 

SCALE2: Defined the same way as SCALE1, but for region two (for grid 

points greater than RDMIN). 

ILOPTS: The number of grid points over region one. 

IHIPTS: The number of grid points over region two. 

SPACE1: Distance between grid point zero and one where grid point zero 

designates the center of the particle. 

SPACEN: Distance between grid points (N) and (N-l) located at the 

particle surface. 

The radial position normalized by the current particle radius is stored in the array 

RDPSTN, and it is this dimensionless variable that is adjusted according to how the 
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above grid parameters are set. 

This is due to the constraints put on SCALE 1 and SCALE2 (1.0 < SCALE2 

<1.1 ; SCALE1-2.0). These constraints keep the spatial derivative evaluations close 

to the center of the interval for the three grid points used in their evaluation, 

which in turn keeps the truncation error under control. SCALE 1 is allowed to be 

much larger since the solution does not change rapidly over region one and thus 

truncation errors are much less despite the larger scale factor. However, in the 

region around RDMID there is a gradual transition for the scale factor between 

SCALE1 and SCALE2 so that there isn't any abrupt change in grid spacing between 

two adjacent grid points. If there were, numerical difficulties could arise. 

In essence the grid control routines work in the following manner. The 

major restriction placed on the grid spacing is that SPACEN be small enough so that 

the change in the solution over SPACEN falls within a specified range set by the 

profile parameters (usually 0.02). The total number of grid points required to meet 

the neccessary restrictions on the grid spacing parameters, is strongly dependent on 

SPACEN. Therefore, when the problem is stronly diffusion controlled, SPACEN will 

be small and the total number of grid points high. The reverse will be true as the 

combustion approaches kinetic control. 

When RDMIN becomes smaller than some arbitrary limit (0.333), the problem 

is no longer very stiff and the need for two regions for the grid spacing becomes 

unneccessary. In this case, one scaling factor is used over the whole particle spatial 

domain from SPACE1 to SPACEN. 

When the burnout at the center of the particle exceeds some arbitrary value 

(0.5), the combustion is deemed close enough to kinetic control so that the need for 

a scaling factor is removed. The grid spacing intervals are now made equal in size. 
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Since the finite differencing for the uneven grid spacing reduces to the finite 

difference formulas for an even grid, making the grid intervals equal presents no 

problem. Once this point in the combustion is reached the grid is no longer changed 

and N remains unchanged until complete burnout is reached. 

The spatial array RDPSTN is calculated in a coordinate which is normalized 

by the current particle radius so that the grid point at the particle surface always 

has the value of one. However the governing equations are formulated in a 

stationary reference frame and thus the finite differencing must be formulated in 

this reference frame as well. Therefore, even if RDPSTN does not change between 

successive time steps, the location of the grid points with respect to stationary 

coordinates will change since (particle size) is decreasing. Consequently, the 

solution values at 0+1) must be approximated at the new grid points which are 

given by Rpj+J multiplied by RDPSTN.J+J. These are approximated by using the 

new 0+1) solution values at the previous set of grid points (R . x RDPSTN. .). If a 
PJ 

new grid point (i) is located between two old grid points (i) and (i-1), then a 

lagrange polynomial of degree two is generated using the previous solution values at 

the grid points (i), (i-1), and (i-2) to approximate the new solution value at the grid 

point (i). 

Note that RDPSTNj+j and RDPSTNj may or may not be the same 

depending on whether the solution profile had been checked against the profile 

parameters and it had been neccessary to adjust RDPSTN.+j as a result. RDPSTNj is 

not checked every time step. A program parameter called ICHECK determines how 

often this is done and usually set at about forty, or once every forty time steps. 

I 
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Time Step Contol 

With a method for controlling the spatial stepsize now devised, it now 

becomes neccessary to have some control over the time step. Since the derivative 

evaluations are made at the half time step, accuracy of the spatial derivatives at the 

particle surface will depend on R because as R decreases with time SPACEN will 
P P 

become smaller with respect to the adjacent interior grid interval as time procceeds 

from tj to tj+j. Thus the time step must be kept small enough so that the decrease 

in Rp over [t.,tj+j], does not increase the scaling factor between the two grid 

intervals adjacent to the particle surface too far above SCALE!. The upper limit for 

the temporal stepsize is set so that this decrease in R^ over [tj,tj+j] will not 

decrease SPACEN by more than 10% of its size at t.. Therefore the derivative 

evaluations at the particle surface will not be too adversely effected. 

This is a natural way of controlling the time step for the following reason. 

As the problem becomes stiffer (as diffusion controlled combustion is approached 

when the particle passes through the peak flame temperatures) it is neccessary to 

take smaller time steps. Since diffusion control will produce a steeper solution 

profile towards the particle surface, the spatial grid control program routines will 

decrease SPACEN to keep CHGSFC in line with the profile parameters. Decreasing 

SPACEN is the same as decreasing the upper limit for the time step as decribed in 

the preceding paragraph. So the maximum possible time step will decrease in this 

situation. Similarly, as the combustion approaches kinetic control towards the end of 

burnout, the opposite will be true. 

Another criteria for the temporal step size used in the program is the number 

of iterations required for the solution to converge. Every ICHECK time steps, the 

time step is either accelerated, deccelerated, or kept the same based on the following 
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criteria. Suppose the time step is increased by a certain ratio. If the number of 

iterations required for convergence for the accelerated time step divided by the 

number of iterations to convergence for the previous time step is less than this 

ratio, than the new time step is deemed more efficient and it is kept. Otherwise the 

time step is deccelerated for a test. If neither a deceleration or an acceleration 

improve the efficiency or speed of the integration, the previous time step is kept. 

In any case, as stated earlier the upper limit of the time step will be bounded by 

the current size of SPACEN. 

Fragmentation 

The discrete form of equation (24) in chapter 2 is the following: 

m(v ,t. ,) - m(v ,t.) + 2 Nn„ x ($ . ,nxB_. , - x AUa ) x At. (4) v n j+1' n / m 0,m mj+1/2 m,j+l/2 0,m' j x ' 

where, 

u,v - char particle and ash particle size fraction respectively 

m(vn'tj) " mass density of ash in size range (vQ,vn+dv) 

NQm - number concentration of particles in the char size range 

(u ,u +Au) 
m m ' 

^mj+1/2 " mass exP°sure rate evaluated at j+1/2 

®mj+l/2 " fract'on 103:55 reporting to the size range (v
n«v

n+dv). 

Since each char combustion run represents a size cut u , we may exclude the m 

summation sign in the program. Also, an assumption was made in chapter two that 

allows B(v,t) to be considered only a function of v. Therefore, after each time step 

when convergence as been obtained, the latest value of dR^/dt^j^ is used to 

evaluate $ . . This is sent to a routine called FRGMNT which evaluates the mj+1/2 
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total amount of ash released from the particle. If B(v) is a function of time then 

m(v,t) must be accumulated in each size fraction v each time FRGMNT is called 

(each time step). However, in the present case, since B(v) doesn't vary with time, it 

is only necessary to calculate the amount of ash that is released from the char 

particle during each time step. When the combustion is complete this ash mass can 

be multiplied by B(v) to give m(v,t). Given an ash density, a number density can be 

calculated if we assume that the ash particles are spherical. 

Now that the numerical procedure for the simulation has been outlined, model 

runs are presented in the following chapter for the burning coal particles under 

realistic conditions. From the over-all mass balance equation, the rate of particle 

shrinkage as a function of time is predicted. From this the rate at which ash is 

being exposed from the char particle is also known. This is the important quantity 

the model predicts. Extracting an ash particle size distribution from this will depend 

on the choice made for several empirical parameters. These include the parameter 

which gives the fraction of the ash exposed that will actually be released from the 

particle when it is exposed. The other parameters determine the limits and the 

shape of the breakage distribution function (B(v)). 



CHAPTER4 

RESULTS and DISCUSSION 

Particle Burnout and Temperature Histories 

Table 1 is a list of all the run conditions in the char burnout model 

simulations performed in this study. The bulk gas temperature and pressure profiles 

which are specified as linear profiles were determined experimentally in in a pilot 

scale combustor designed to emulate the radiant and convection sections of an 

industrial utility boiler. Linak (1985) burned several coals in this combustor to 

determine the effect of coal type, combustion conditions, and residence time on 

submicron aerosol size distributions. The profiles for our model simulations were 

obtained from Utah Bituminous coal burned at a stoichiometric ratio of air to fuel of 

1.2. The proximate and ultimate analysis for this coal are also supplied by Linak 

(1984) and are shown in figure 1. This coal was chosen for the computer simulations 

because it resembles one of the experimental coals (figure 1) used in a previous 

study by Timothy et. al. (1982) that provides in-situ measurements on particle 

temperatures and burnout traces. This study will be used for comparison with the 

model throughout this chapter. The Utah Bituminous was also the most appropriate 

choice because Hahn and Shadman (1983) determined the char particle internal 

surface area, total porosity, and porosity-size distribution. The char was generated 

by heating the pulverized coal samples in an inert atmosphere. The temperature was 

maintained at 800°C for one hour. The pore size distribution is shown in figure 1. 

Linak (1985) measured gas temperatures and species concentrations 

(C^.CC^.NO^ through seven ports along the radiant section of the furnace. The 

temperature readings from the wire thermocouples were corrected using a simple 

56 
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Table 1: Parameters for the Computer Simulations 

Figure Dp0(um.) Tb(K) Pb(atm) 

3 20.41.5.60,80 
* 

Linear 
* 

Linear 

4 41.5 Linear Linear 

6 41.5 1250 0.2 

9 41.5 1700 0.2 

10 41.5 Linear Linear 

11 41.5 Linear Linear 

12 41.5 Linear Linear 

13 20 Linear Linear 

14 41.5 Linear Linear 

15 60 Linear Linear 

16 80 Linear Linear 

17 20,41.5.60.80 Linear Linear 

18 Sum over all sizes Linear Linear 

19 41.5 Linear Linear 

D 0 : initial particle diameter (um.) 
R^'n : initial particle radius (um.) 
t£' : gas temperature (°K) 
P^ : gas O2 pressure (atm.) 

* : An imposed linear equation of the following form was used; 

T. - 7226.24 x t + 600 
P£ - 0.21 - .4251 x t 

where t is the residence time in seconds. 



FUEL ANALYSIS 

Fuel Source Rosa Price Illinois Buelah Savage  ̂
Alabama Utah No. 6 North Dakota Montana 

Proximate Analysis 
(% as recieved) 

Moisture 8.02 6.39 7.10 34.63 36.36 
Ash 6.79 7.40 20.60 4.97 4.61 
Volatile 21.81 38.89 38.50 27.02 28.48 
Fixed Carbon 63.38 47.32 41.00 33.38 30.55 

Ultimate Analysis 
» dry) 

c 81.23 73.17 56.74 66.15 64.99 
H 4.73 5.55 4.73 4.20 4.04 
N 1.54 1.54 1.02 0.96 1.00 
S 1.04 0.66 0.37 0.42 
Ash 7.38 7.90 23.23 7.60 7.25 
0 4.08 11.18 14.28 20.72 2230 

Heating Value 
(Btu/lb,wet) 13394 12.340 12245 7,254 6.995 

Classification 
(ASTM D388) Medium High High Lignite A Ligniti 

Volatile Volatile Volatile 
Ligniti 

Bitum. 6 Bitum. B Bitum. 

Bculib 
Utih Sc^te Tea 

biRauooQS 0owaodhu8) 
prtmoilc 

40.S 3M mlidlc suits 40.S — 3M 
{xsdaibcn 44.3 — 25S 
mouuit 16 2CU0 217 
uh J.4 MU 112 

dliffliie(di7bui>) 
cuboa TOS> (09 322 

il 3-D 14 
nlfur 10 3.4 12 
BBOfCa 12 as OJ 
oxjien 12.7 16J 1JJ 
aih 10.0 13J 24J 

HHV (Btu/Ib) 1M» 10,160 tm 

NO FORMATIOK DURING CHAR. COMBUSTION 

10-

tu 

UJ 

1000 SO 100 

PORE SIZE (a) 

900 

?or»*a« dZstribarioa for Utah cfcir used fa this Jlody. 

Rgure 1: Utah coal analysis: Upper table (in weight percent) from Timothy et. al. 
(1980)., lower left table On weight percent) is from Linak (1984), lower 
right figure is from Hahn & Shadman (1983). 
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energy balance which accounted for conductive and radiative energy loses. The 

corrected readings were averaged to obtain the profiles given in figure 2. Figure 2 

also shows the oxygen data. These measurements were obtained from a water quench 

sampling system from which the gases were passed through an oxygen analyzer. 

The purpose in the design of the furnace in this study was to simulate the 

environment of an industrial utility boiler with respect to temperatures, gas 

compositions, and residence times. However, it was also small enough to maintain a 

well defined flow pattern which is conducive for a research study of this nature. 

The Re # was approximately 1600 so straight stream lines could be assumed. Plug 

flow existed since little variance in radial gas concentrations were found. Notice 

that the sampling ports are located by residence time on the graphs for the profiles. 

This simple flow pattern allowed residence times to be easily related to the axial 

distance from the burner. Since all the chars in our simulation burned out before 

port 2, the profiles in the model are given as a linear interpolation between the 

average of the measurements taken at ports 1 and ports 2 at residence times which 

are also interpolated between the residence times calculated for ports 1 and 2. 

Figure 3 shows the particle temperature history as well as the approximate 

burnout time for char particles of four different initial sizes (D^Q - 20um, 41.5um, 

60um, 80um). The reason the 41.5um size is used is that it falls in the middle of the 

size range used in the experiments of Timothy et. al. (1980), and is more suitable for 

comparison. As figure 3 shows, the largest particles reach the highest temperatures 

with the occurence of the peak temperature shifted toward higher times. The 

particle temperature was found to exceed the gas phase temperature by a significant 

amount. The straight line on the bottom is the approximate bulk stream gas 

temperature measured experimentally. The particle temperature approaches the bulk 
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Figure 2: Upper figure: corrected temperature profile (S.R.-1.2) for Utah 
Bituminous coal from Linak (1985). Lower figure: also from Linak 
(1985) for Utah Bituminous. 
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gas temperature as combustion approaches completion. This is as expected since as 

the particle decreases in size, the volume to external surface area ratio becomes 

small and the relatively large surface area provides for the efficient conduction of 

heat away from the particle. Figure 4 provides a better understanding of the most 

important factors which control particle temperature. The generation of heat due to 

carbon conversion produces the initial rise in temperature. Eventually the rate starts 

to level off since the particle becomes a more efficient conductor of heat as it 

decreases in size and the difference between its temperature and that of the bulk 

gas increases. One might think that as carbon conversion proceeds the internal 

capillaries grow together resulting in a reduction in internal surface area which 

reduces the rate of conversion and thus the particle temperature. However, the 

particle burnout is strongly diffusion controlled and only the pore space very near 

the surface is used (Figures 13 through 16). While in this combustion regime, the 

fragmenting particle exterior is bringing fresh pores to the surface where oxidant 

can reach them. Therefore particle temperature not conversion has the major 

influence on the rate. Conversion infuences the rate indirectly since conversion is 

proportional to R 3 and decreasing R increases heat loss (decreasing T ). As figure 
P P P 

4 shows, the combuston becomes more kinetically influenced only as the particle 

gets very small (toward the end of particle burnout). This is indicated by the more 

rapid decrease in the rate at the highest conversions. Now internal pore coalescence 

causes a more rapid drop in the oxidation rate than would be dictated from the 

decreasing particle temperatures. This does not effect the particle temperature 

significantly because in this instance the particle has already nearly attained the 

temperature of the gas. Note the peak in dimensionless particle temperature does 

not correspond too closely to the peak in rate. However we must realize that the 
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particle temperature is normalized by the bulk gas temperature. Since the bulk gas 

temperature is steadily increasing over this time period, the particle temperature may 

still be increasing even though dimensionless particle temperaure may be slowly 

decreasing. 

The model is producing reasonable results, according to some published 

experimental results on particle temperature and burnout time for individual coal 

particles. Timothy, Sarofim, and Beer (1980,1982) have done some experimental work 

with various bituminous coals, using a two-color pyrometer to measure the surface 

temperatures and burnout times of pulverized coal particles in a bench scale laminar 

flow reactor. Their results show particle peak temperatures well in excess of 2000°K 

for oxygen pressures ranging between 0.15 sLnd 1.0 atmospheres and furnace 

temperatures of 1250°K and 1700°K (figure 5). 

For some runs there appears to be rather large discrepancies between 

experiment and model. The experimental data they obtained at high temperatures 

(1700°K) appears to agree more closely with our computer simulations. The shape of 

their particle time/temperature histories are somewhat broader than in our 

simulations with a larger plateau region appearing around the peak temperature figure 

(5). Our simulations (figures 3) are more peaked. However, as the particle size gets 

larger (RpQ " 40um particle) the simulated temperature history does become less 

peaked. As the char particles get larger, more char needs to be oxidized and 

fragmented for a given decrease in radius. Therefore, it takes a longer time for the 

radius to decrease to a size where conduction away from the particle takes control 

and thus lowers the particle temperature dramatically. Since the experiments shown 

in figure 5 were done for 90/105um particles, the differences in the shape of the 

simulated curves is not surprising. 
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Furthermore, since our simulations skip pyrolysis and begin with a char 

particle temperature equal to that of the gas, they may just appear more peaked 

(less broad). Under certain conditions (larger particle sizes and lower bulk 02 

concentrations), Timothy's work showed the appearance of an early high temperature 

peak due to the combustion of a volatile flame surrounding the particle. For the low 

02 concentrations, which are typical for our simulations, their results indicate that 

an early peak would appear for the larger sizes (D^Q - 60um, 80um). For the 

smaller particles (20um, 41.5um) the flux of volatiles from the surface is small 

enough to cause the volatiles to burn within the particle. As the volatiles burn out 

char combustion takes over and only one particle peak temperature is observed. 

Otherwise, the particle temperature would drop momentarily after pyrolysis while the 

oxygen diffussed from the now extinct envelope flame to the particle to begin 

exothermic char oxidation reaction. Thus, the presence of an early volatile 

temperature peak along with the char burnout temperature peak causes the trace to 

appear broader. If this part of their data were ignored, the shape of the temperature 

trace in figure 5 would look more similar to the largest char particle trace in figure 

3. 

Even if the initial temperature peak due to a volatile flame does not occur 

(smaller particles), volatile combustion within the particle may cause the temperature 

trace to appear less broad during the early stages of combustion. The arrenhius 

factor (E/R) for long chain and cyclic hydrocarbons is approximately 1000 according 

to the global data of Siminski (1972). This quantity for char is approximately 2000 

from Smith(1978). Thus you would expect the heat generation due to pyrolysis to be 

less dependent on temperature causing a flatter temperature trace. 

Since we have assumed that the initial condition on the physical structure of 
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the char already accounts for changes due to pyrolysis, it is the initial char particle 

temperature which has the greatest uncertainty. The particle temperature may in 

fact be much higher than the gas temperature due to the exothermic volatiles 

combustion in the close vicinity of the particle. The error that may be caused by 

pyrolysis on subsequent char oxidation is examined. Figure 6 shows the effect of 

this initial condition on particle temperature on burnout history. This simulation 

shows the particle temperature history and burnout time for a 41.5 um diameter 

particle burning at a constant gas temperature and pressure of 1250°K and 0.2 

atmosphere. However, in this case the normalized initial particle temperature was 

set at 1.25 rather than 1.0. Although a char particle temperature trace for a 

bituminous coal was not published by Timothy et. al. (1980,1982) for these run 

conditions, this simulated time/temperature history is certainly not typical. This is 

due to the large low temperature tale which is discussed later. 

For comparison figure 7 shows that a Utah Bituminous No. 1 particle size cut 

of 38/45 microns burned out in approximately 35 msec (including pyrolysis) at a gas 

temperature of 1250°K and oxygen concentration of 0.2 atmospheres The average 

particle temperature, defined as the particle temperature at half the burnout time, 

was approximately 2100°K. They probably considered this an adequate definition for 

the average because typical temperature traces for these conditions didn't change 

rapidly over much of the conversion (broad plateau region). The simulation in figure 

6 shows a 41.5 um char particle at these conditions with a char burnout time of 48 

msec. However, this time does not include pyrolysis, whereas their burnout time did. 

Timothy also obtained estimates on the average devolatilization times by 

examining the temperature traces produced by the burning particles. They 

approximated devolatilization times by looking at the time during which intensity 
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Figure 7: Burn-out times of experimental coals at 1250°K and 1700°K from. 
Timothy et. al. (1982). 
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measurements were attenuated by soot. At 20% oxygen, devolatilization times of 

about 8 msec were measured for the bituminous Illinois #6 coal of size 90/10S micron 

(figure 8). For the simulations at constant bulk gas temperature and pressure the 

choice of the initial time for char particle burnout should not effect the simulated 

particle burnout history, except to shift it to shorter or longer times. Therefore, if 

we use 8 msec, for pyrolysis time in the case above, the simulation would have 

yielded a total burnout time of approximately 56 msec. This still leaves some 

discrepancy in the burnout time. 

If we were to define the average temperature as the particle temperature 

at half the burnout time, it would only be 1288°K from the model simulation in 

figure 6. However, since the shape of the temperature trace is not what Tymothy 

and his coworkers called typical, a time average was deemed more appropriate and 

gave 1492°K. This is still very different from 2100°K. However, it must be kept in 

mind that the experimental averages include the effect volatile combustion has on 

the particle temperature. The combustion of volatiles will extend the particle life at 

high temperatures, especially for the small particles where a volatile flame doesn't 

occur and the volatiles burn within the particle. However, it seems the large 

difference in simulated and experimentally measured particle temperature is 

attributable to the low temperature tale eluded to earlier in figure 6. 

This discrepancy in the shape of the simulated curves only occurs at the run 

for a gas temperature of 1250°K. In this case the particle temperature quickly rises 

as expected. However, as the particle decreses in size, its temperature cools back 

down before a significant portion of the particle can burn out. This explains the 

slow decrease in Rp beyond the particle temperature peak and the extended life of 

the particle at low temperatures. This result may be in error for several reasons. 
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The rate expression in our simulation may not be representative of the experimental 

coal in the Timothy study over the whole temperature range (figure 6 makes the rate 

at 12S0°K suspect). Another possibility is that the inverse relationship between the 

heat tranfer coefficient and Rp (equation 1 in chapter 2) is too strong. This 

assumption assumed heat conduction from a sphere in an infinite quiescent media. 

However, if we assume that heat conduction occurs through a finite boundary layer 

(appendix a) or that mass loss is enhanced from a convective flow from the char 

particle (appendix b), the heat transfer dependence on Rp assumed in the model may 

be changed. Heat loss by convection is accounted for in the energy equation 

(convective flow of enthalpy is incorporated in the reaction term). 

Another possibility is that the physical description of the pore surface is 

inaccurate. Many chars show a bimodal pore size distribution with most of the pore 

volume occuring in the largest pores and most of the surface area in the smallest. 

If the largest pores burn in the kinetic regime, this may allow the particle to 

undergo large mode breakage toward the end of conversion. This scenario is 

supported by Friedlander and Flagan (1977) where they relate supermicron size 

distributions before and after combustion of pulverized coal. This could also prevent 

the low temperature tale in figure 6. If this tale were ignored the particle would 

have a total burnout time of about 28 msec, a time average particle temperature of 

1715% and a temperature of 1792°K at half the burnout time. 

Their experiments also included measurements of average burnout times and 

average particle temperatures (measured at half the burnout time) at a gas 

temperature of 1700°K and varying oxygen partial pressures from 15 to 100%. One 

of their experimental coals was a 90/105um Illinois number 6 which is a Bituminous 

coal. At 20% oxygen the total burnout time is approximately 30msec (figure 7) and 



the average particle temperature (at half the burnout time) is about 2300°K (figure 

8). For comparison, the same bulk gas conditions were chosen for the model 

simulation in figure 9. It shows a 90um. char particle burning out in 46 msec (total 

burnout - 17msec. + t^ - 54msec ) and at 50% conversion (F-0.7937) a particle 

temperature of 2400°K was obtained. Since the combustion is so strongly diffusion 

controlled, a relatively small amount of oxidation occurs interior to the paticle and 

conversion is thus approximately equal to the normalized radius cubed (0.7937s • 0.5). 

Therefore, our simulation temperature at 50% conversion was taken as the one 

corresponding to a normalized radius of 0.7937. At high gas temperatures the 

temperature data agrees better with model since there is no low temperature particle 

tale due to fast particle extinction. 

Figure 10 shows a simulated size (area) history for the 80 um particle (same 

simulation as in figure 3). The decay in the particle area closely resembles the 

shape of the external surface area curve shown in figure 5. Particle extinction times 

are also in qualitative agreement. This supports particle conversion occuring largely 

due to perimeter fragmentation. 

When experimentally determined (non constant) temperature and oxidant profiles 

are imposed, the effect of the choice for tg will effect char burnout since the 

particle will be subject to different bulk gas temperatures. To determine the 

sensitivity the results have on the initial time for the onset of char combustion, 

figure 11 shows a simulation for an initial time of 0.01 seconds instead of the 

generally accepted value of 0.1 seconds. For this system it does not seem likely that 

pyrolysis could occur so quickly since gas temperatures only reach about 750°K by 

this time. Furthermore, one would expect pyrolysis to be completed near the end of 

the initial steep temperature rise in the gas phase. However, smaller particles may 
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undergo char combustion while pyrolysis is still occuring with the products coming 

from the larger particles. In any event, O.Olsec can be thought of as a lower limit 

for tg and 0.1 seconds as an upper limit for the 41.5um. char particle. For this case 

the char burnout takes a total of 105 msec., with the maximum temperature reaching 

1930°K. This is the result of having much of the combustion occur at the lower 

bulk gas temperatures, at earlier times. In figure 5 the simulation for t^ - 0.1 sec., 

shows char burnout occuring in only 30msec. However, for the total burnout time 

(115msec. and 130msec.), the assumption on t^ has a less significant effect because 

shorter pyrolysis times resulted in longer char burnout time when the linear gas 

temperature profile was imposed. Therefore, the effect on total burnout time and 

peak particle temperature was not as significant as expected. 

Discrepancies between experimental data and the model may be due to the 

fact that (1) the model coal and the experimental coal are not exactly the same, 

physically or chemically, and (2) there are several simplifying assumptions 

incorporated into the model. For instance an assumption made in the development of 

the model equations in chapter 2, was that the emmissivity (oo) equals one. In order 

to determine the possible importance this assumption has on the simulations, the run 

for the 41.5um particle was repeated without radiation losses. Figure 12 shows the 

temperature history and burnout time for this particle. The same figure includes the 

same simulation with the radiation term included. They differ significantly but 

represent two extreme cases. Therefore, since the true emmissivity is probably not 

too far from 1.0, this assumption should not make a big difference in the simulations. 



Radial Profiles of Porosity, and Oxidant Concentration 

Figures 13 through 16 (a,b) show the strong diffusional limitations under which 

the combustion takes place for input conditions for various combustion times. From 

the graphs it can be considered to be at the transition between zone II and 

zone III combustion. This is not too surprising since many experiments such as 

those of Mitchell and McLean (1982) show that combustion occured between zone II 

and zone III at the simulated conditions. It can be seen that the combustion 

becomes more kinetically influenced (zone II) only as the particle shrinks to much 

smaller sizes due to combustion and fragmentation. The smaller initial particle size 

runs (RpO - lOum) approach this regime more quickly. Eventually, as the particle 

shrinks to even smaller sizes, zone I combustion will occur. This is not shown on 

the graphs because it occurs for an insignificant fraction of the conversion. 

The spatial profiles at the initial times are much less stiff more kinetically 

controlled) than the remaining profiles since the particle temperature is still 

relatively low. As the temperature increases the changes in conversion and oxygen 

concentration quickly becomes confined to a very thin outer shell near the surface. 

The surface concentration of oxidant initially goes down since it is consumed more 

quickly (at higher temperatures) when it diffuses to the particle. However, it soon 

goes back up because 1) the particle starts shrinking increasing the mass transfer 

coefficient, 2) the bulk gas pressure is decreasing (linear profile imposed), and 3) 

the particle temperature eventually decreases. 
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Mass Available for Fine Particle Formation 

With regard to the fragmentation of the char particle, from equation (24) in 

chapter 2, $ is the only function that is directly obtainable from the char 

combustion model. $ is the rate at which ash mass is exposed from the char 

particle. The fraction of the exposed ash that is actually separated from the char 

particle due to fragmentation is a program parameter and will strongly effect the 

amount of ash that ends up in the fine fly ash and large particle modes. How the 

ash that is released is distributed over the size domain will be determined by B(v,t), 

the breakage distribution. The form that B(v) takes cannot be obtained from the 

char combustion model and it's determination will probably be largely empirical. 

Almost any ash size distribution we wish could be obtained by adjusting the form 

B(v) takes. Support for the fly ash formation scenario presented in chapter 2, would 

be obtained from the evolution of the total flyash mass in a well defined plug flow 

reactor. If the total flyash mass is at least proportional to the total mass of ash 

exposed with time from the burning core of the char particle, this could be 

consistent with our model approach. Again the reason for this is that $ is the only 

function that can be directly obtained from the char combustion model without 

introducing any empiricism. Therefore, if data for the temporal evolution of the 

mass of the submicron aerosol could be obtained, it may provide verification for the 

present model. Time resolved number densities could also be integrated to give a 

total mass with respect to time as long as an assumption is made on the density of 

the particles. However, for any time resolved 'in situ' measurements, the fine 

particles will also include the remaining carbon that hasn't burned out yet. If this 

were to be taken into account based on the assumptions in our fragmentation 

scenario, the fine fragments leaving the particle will still contain 30% of the carbon 
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* 
(c - 0.7) which would burn kinetically. This would have to be subtracted from the 

total mass of the evolving P.S.D. (particle size distribution) to obtain the total ash 

mass. 

Figure 17 is the mass of ash exposed from the particle as a function of time 

for the four initial char particle sizes. To get an estimate of the model prediction 

for the total amount of ash exposed from the char particle population at a given 

time, the mags exposed for each particle is added in the case where the particle size 

distribution of the char particles is a monodispersion. If any other size distribution 

is assumed, the mass of ash released from each particle at time t, is multiplied by 

the initial number of char particles occuring in the size bin containing RpQ- Figure 

18 shows the fraction of the total ash available that is exposed from the char 

particle (and hence available for formation of fine ash) as a function of time, when 

the initial char particle size is a monodispersion. One observation that can be 

reached from this figure is that most of the fine ash is generated quickly. 

An important model assumption which could have an effect on these curves is 

the value chosen for a critical porosity. A simulation was also performed for a 

critical porosity of 0.66, the results of which are shown in figure 19. It can be seen 

that the effect on particle temperature is not too great for this change in the 

critical porosity. As expected, the simulation for the lower critical porosity predicts 

faster burnout and the particle temperature does not get quite as high, since a 

higher portion of carbon escapes the particles as fragments before it burns. 
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CONCLUSIONS 

Despite the uncertainty in many of the model assumptions (Kinetic 

parameters,physical properties of the char,assumptions in the model equations,etc.) 

the computer simulations are in qualitative agreement with the experimental data of 

Timothy et. al. (1980,1982) at high gas temperature. For the consant gas temperture 

runs, the time/temperature histories between model and data appear to agree better 

at high temperature (1700°K). This is due to the lack of a low temperature tale 

found in the low gas temperature run (1250°K). Even at high temperature our 

temperature curves look more peaked than what a typical experimental temperature 

trace would show. This may be partly due to the fact that 1) we are not accounting 

for pyrolysis (volatiles combustion) on particle temperature, 2) the intrinsic char rate 

constants and the physical description of the char (i.e. pore size distribution) may be 

in error and 3) the model is too simplified (i.e. interaction with the gas phase 

regarding mass and heat transfer). 

The particle conversion occurs under strong diffusion control for practically 

the entire life of the particle with the exception of the very end. This lends 

credence to the perimeter fragmentaion scenario for fine particulate formation. Our 

simulations show that if this mechanism is important, that the fine particulate should 

be generated early in the conversion period. Unfortunately the author could not find 

any early time resolved submicron particulate measurements in combustion systems to 

support the proposed fine ash formation scenario. 



APPENDIX A 

HEAT CONDUCTION FROM A SPHERICAL PARTICLE 

IN A STAGNANT BOUNDARY LAYER 

Energy balance for one dimensional radial heat conduction in spherical 

coordinates with no convection, radiation, and reaction (source) terms included. 

13 9T T - T @ r = R 
— ( r2 x k x ) - 0 s p 

r 2  dr  dr  T - T .  @  r  -  R  +  5  
b P 

where, 

r : radial coordinate 

Rp : radial position of particle surface 

T : Gas temperature as a function of r 

k : thermal conductivity 

5 : Defined as thermal boundary layer thickness. 

If we assume k is a constant evaluated at the mean temperature 

(Tg + T^)/2, then integrating twice gives 

ST Cj 

dr r2 

Using the boundary conditions to solve for Cj gives, 
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V x (R + 8) 
c, - - -E—-£— X crs - T„). 

The heat flux from conduction is given by, 

3T k k (R + 5) 
-k x C. 2 x (T - T.) -

dr  r-Rp r2 1 (Rp x 6) s D 

k  x  +  ^ s - V  -  K h x ^ s - V  
P 

Notice that the heat transfer coefficient reduces to that found for a sphere 

in an infinite quiescent media as 5 approaches °o. The contribution from a finite 

boundary layer would lessen the inverse dependence of heat transfer on particle size. 



APPENDIX B 

MASS TRANSFER BY CONDUCTION AND 

CONVECTION FROM A SPHERE 

Char conversion (production of CO(g)) causes a net bulk flow away from 

the sphere. This radial velocity can be solved from the continuity equation in radial 

coordinates assuming steady flow. 

dOr2 x p x v J 
-  0  p x v f  •  R a t e  ( K g / ( e x t . m 2  x  s e c ) )  @  r  -  R p  

From the boundary condition we can solve for C, 

C 
p x vJ - - Rate 

r-R R 2 

P P 

C - Rate x R 2 

P 

thus. 

p x v f  -  R a t e  /  £ 2  w h e r e  £ 2  -  r  /  R p .  

The energy equation for radial conduction and convection can be written, 

D9 dC ac  
— x ( r2 x ) - 2v x - 0 
r2 dr  dr  dr  

where C now represents the concentration of oxygen species (mass/volume). 

If we substitute the expression above for v , in dimensionless coordinates 

the equation becomes. 
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1 d  90 Rate x R 1 59 
x — (£2 x ) - — x x - 0 

e  3$ pd e  8t  

where 8 - C / C^. 

This is equivalent to the following ordinary differential equation, 

£2 x 0" + ( 2$ - K ) x 0' - 0 

where 

K - ( Rate x Rp ) / pD k' - ( Rate x Rp ) / ( x D ). 

If we let ^ - 0', then the equation above becomes the following first order 

linear ordinary differential equation 

2 K 
+ ( - ) x ^ - 0 . 

{ e  

The integrating factor for the above equation is ( t2 x exp(K/t) ). 

Therefore this equation can be written, 

x ( t2 x exp(K/t))]' - 0 

* - Cj x r2 x exp(-K/£) 

0' - C| x £~2 x exp(-K/£) 

0 - 1 - Cj J00^ £~2 x exp(-K£) d£ 

0 . 0 @ { - 00 

dO/dfJ^j + K0)h - K* @ £ - 1. 

If we use the second boundary condition above to evaluate Cj, we get 

Cj - (K' - K) / (exp(-K) - KI) 
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where, 

I - T2 x exp(-K£) d{ . 

If the infinite boundary condition were replaced by 0 - 0 at some finite 

boundary layer 6, Then the upper limit of the above integral would be replaced 

by 6. If we were to estimate and compare the relative importance of convection 

and conduction we would compute the following. 

ae -D se 
diffusion • - D x ) - x C, x ) 

dr  r-Rp Rp 9£ H 

Cs " 6Vl x Cb " Cb x C2 " Cb x (I " IC1> 

de 
- C. x R2exp(-K/i) / I 

d{ 

Substituting the previous two equations in the equation for conduction above 
we get, 

D exp(-K) 
diffusion - x x (C - C.) . 

R I s D 
P 

Exp(-K)/I is always less than one for positive K since it represents a correction term 

for mass transfer to a sphere in a quiescent media (Sh-2) with convection included. 

Convection away from the particle tends to flatten out the concentration profile at 

the particle surface and reduce mass diffusion. 

We may now estimate the relative importance of each of the terms in our 

simulations. D/Rp can be thought of as the characteristic diffusion velocity whereas 

vf - Rate/p can be thought of as the convective bulk velocity away from the 
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whereas vr - Rate/p can be thought of as the convective bulk velocity away from 

the particle surface. Estimating these two quantites at 2400°K with the follwing 

quantities. 

Rate ~ 1.0 Kg / (external m2 x sec) 

T - 24000K 
P 

R - 20um. 
P 

p - .0147 Kg/ms 

gives a diffusive velocity of 48m/sec and a convective velocity of 68m/sec. 

Therefore, mass transfer by convection should be accounted for. 



LIST OF REFERENCES 

Avrami M., " Kinetics of Phase Change, Part II. Transformation-Time Relations for 
a Random Distribution of Nuclei J. Chem. Phys.. 7:1103-1112 (1939). 

Bhatia, Suresh K., and D.D. Perlmutter, " A Population Balance Approach to the 
Modelling of Solid Phase Reactions AIChE J. Vol. 25, No 2, pg. 
298. (March, 1979). 

Bhatia, S. K., D. D. Perlmutter, " A Random Pore Model for Fluid Solid Reactions: 
1. Isothermal, Kinetic Control.", AIChE J. Vol 26, No.3 (May 1980). 

Bhatia, S.K., D. D. Perlmutter, " A Random Pore Model for Fluid Solid Reactions: 
2. Diffusion and Transport Effects ", AIChE J. Vol 27, No.2 (March,1981). 

Caram, Hugo S., Neal R. Amundson, " Diffusion and Reaction in a Stagnant 
Boundary Layer about a Carbon Particle ", Ind. Eng. Chem. Fundam.. Vol 

16, No. 2 (1977). 

Dunn-Rankin, Derek and Alan R. Kerstein, " Numerical Simulation of Particle Size 
Distributed Evolution during Pulverized Coal Combustion ", Comb, and 
Flame. 69:193-209 (1987). 

Field, M. A., " Rate of Combustion of Size Graded Fractions of Char from a Low 
Rank Coal between 1200°K and 2000°K Combustion and Flame. 13:237 
-252 (June, 1969). 

Field, M. A., " Measurements of the Effect of Rank on Combustion Rates of 
Pulverized Coals Comb, and Flame, 14, 237-248 (1970). 

Gavalas, George R., " A Random Capillary Model with Application to Char 
Gasification at Chemically Controlled Rates AIChE J. Vol 26, No. 4, 
p. 577 (July 1980). 

Gavalas, George R., " Analysis of Char Combustion Including the Effect of Pore 
Enlargement ", Comb. Sci. and Tech.. Vol 24, pp. 197-210 (1981). 

Hahn, Werner A., Far hang Shadman, " Effect of Solid Structural Change on the 
Rate of NO Formation During Char Combustion ".Comb, and Sci. Tech., 
30:89-104 (1983). 

Hoshimoto, Kenji, and P.L. Silveston, " Gasification: Part 1. Isothermal, Kinetic 
Control Model for a Solid with a Pore Size Distribution ", AIChE J. Vol 
19, No.2 p.259 (March 1973). 

Hoshimoto, Kenji, and P.L. Silveston, " Gasification: Part2. Extension to Diffusion 
Control ", AIChE J.. Vol. 19, No.2, p268 (March 1973). 

92 



93 

Incropera, Frank P., David P. Dewitt, Introduction to Heat Transfer. Wiley, New 
York (1985). 

Kerstein, Alan R., Stephen Niksa, " Fragmentation During Carbon Conversion: 
Predictions and Measurements Twentieth Symposium (International) on 
Combustion), pp. 941-949, The Combustion Institute (1984). 

Kerstein, Alan R., Stephen Niksa, " Fragmentation During Char Combustion: 
Predictions and Measurements Sandea National Laboratoreies Report, 
Sand84-8623 (April 1984). 

Libby, Paul A., Thomas R. Blake, " Theoretical Study of Burning Carbon Particles", 
Comb and Flame. 36:139-169 (1979). 

Linak, William P. and T. W. Peterson, "Effect of Coal Type and Residence Time on 
the Submicron Aerosol Distribution from Pulverized Coal Combustion ", 
Aerosol Science and Technology. 3:77-% (1984). 

Linak, William P., The Effect of Coal Type. Residence Time, and Combustion 
Configuration on the Submicron Aerosol Distribution from Pulverized Coal 
Combustion. Ph. D. dissertation, University of Arizona, (1985). 

Mathers, W., G., A.J. Madden Jr., Edgar L. Piret, " Simultaneous Heat and Mass 
Transfer in Free Convection Fluid Mech. Chem Engr. Vol. 49. No. 6, 
p961, (June 1957). 

Mitchell, Reginald E., William J. McLean, " On the Temperature and Reaction Rate 
of Burning Pulverized Fuels ", Nineteenth Symposium (International) on 
Combustion, The Combustion Institute, pp 1113-1122 (1982). 

Mohanty, K.K., J.M. Ottino, H.T. Davis, " Reaction and Transport in Disordered 
Composite Media: Introduction to Percolation Concepts ", Chem. Engr. Sci.. 
Vol. 37, No.6, pp.905-924 (1982). 

Mon, Eduardo, Neal R. Amundson, " Diffusion and Reaction in a Stagnant 
Boundary Layer about a Carbon Particle 2. An Extension. ", Ind. Eng. Chem. 
Fund.. Vol. 17, No.4 (1978). 

Mon, Eduardo, Neal R. Amundson, " Diffusion and Reaction in a Stagnant 
Boundary Layer about a Carbon Particle. 4. The Dynamical Behavior ", 

Ind. Eng. Chem. Fundam.. Vol. 19, No.3 (1980). 

Mulchahy, M.F.R., I.W. Smith, " Kinetics of Combustion of Pulverized Fuel: A 
Review of Theory and Experiment ", Rev. Pure and Appl. Chem.. 19:81 
(1969). 

Musurra, S. P., T. H. Fletcher, S. Niksa, and H. A. Doyer, " Heat and Mass 
Transfer in the Vicinity of a Devolatalizing Coal Particlle ", Sandia 
National Laboratories Report, Sand84-8892, Albuquerque, N.M. (1985). 



94 

Niksa, S., R.E. Mitchell, K.R. Hencken, D.A. Fichenor, " Optically Determined 
Temperatures, Sizes, and Velocities of Individual Carbon Particles Under 
Typical Combustion Conditions Sandia Laboratories Report, Sand84-8824 
(Aug. 1984). 

Peterson T.W., A.F. Sarofim, M.V. Scotto, " Comparison of Cominution Data with 
Analytical Solutions to the Fragmentation Equation Powder Technol.. 
45:87-93 (1985). 

Peterson, E.E., " Reaction of Porous Solids AIChE J.. Vol 3, No.4, p.443. 

Reyes, Sebastian and Klaus F. Jenson, " Estimation of Effective Transport 
Coefficients in Porous Solids Based on Percolation Concepts ", Chem. Eng. 
Scia. Vol. 40, No.9, pp.1723-1734, 1985. 

Reyes, Sebastian and Klaus F. Jenson, " Percolation Concepts in Modelling Gas-
Solid Reactions 2. Application to Char Gasification in the Diffusion 
Regime Chem. Eng. Sci.. Vol. 41, No.2, pp.345-354. 

Schlichting, Dr. Hermann, Boundary Layer Theory. Mcgraw-Hill Inc., New York, 
N.Y. (1979). 

Senior, C.L., and R.C. Flagan " A Theoretical Study of a Single Burning Coal 
Particle in a Infinite Quiescent Medium Submitted to Western States 
Section of the Combustion Institute, Salt Lake City Utah, April 5-6,1982. 

Siminski, V. J., F. J. Wright, R. B. Edelman, C. Economos, and D. F. Fortune, 
" Research on Methods of Improving the Combustion Characteristics of 
Liquid Hydrocarbon Fuels ", AFAPL TR 72-74, Vol I and Vol II, Air Force 
Aeropropulsion Laboratory, Wright Patterson Air Force Base, OH. 
(Feb,1972). 

Simons, Girard A., " Char Gasification Part 1. Transport Model Comb. Sci. and 
Tech.. Vol 20, pp. 107-116 (1979). 

Simons, Girard A., " Char Gasification Part 2. Oxidation Results", Comb. Sci. and 
Tech.. Vol. 20, pp. 117-124 (1979). 

Simons, Girard A., " Coal Pyrolysis 1. Pore Evolution Theory Comb, and Flame. 
53:83-92 (1983). 

Simons, Girard A., " Coal Pyrolysis 2. Species Transport Theory Comb, and 
Flame. 55:181-194 (1984). 

Simons, Girard A., Michael L. Finson, " The Structure of Coal Char: Part 1. Pore 
Branching ", Comb. Sci. and Tech.. Vol. 19, pp. 217-225 (1979). 

Simons, Girard A., " The Structure of Coal Char: Part 2. Pore Combination 



95 

Comb. Sci. and Tech.. Vol. 19, pp. 227-235 (1979). 

Smith, Ian W., " Kinetics of Combustion of Size-Graded Pulverized Fuels in the 
Temperature Range 1200-2270K Comb, and Flame. 17:303-314 (1971a). 

Smith, Ian W., " Kinetics of Combustion of Size-Graded Pulverized Fuels in the 
Temperature Range 1200-2270K Comb, and Flame. 17:421 (1971b). 

Smith, Ian W. and Geoffrey D. Sergeant, " Combustion Rate of Bituminous Coal 
Char in the Temperature Range 800 to 1700K Fuel. 52:52-57 (1973). 

Smith, I.W., " The Intrinsic Reactivity of Carbons to Oxygen ", Fuel 57:409-414, 
(July,1978). 

Smith, Ian W., " The Combustion Rates of Pulverized Coal Particles ", paper to 
the conference on Coal Combustion Technology and Emission Control, 
California Institute of Technology, Pasadena (February 5-7,1979). 

Soturchos, S.V., N.R. Amundson, " Dynamic Behavior of a Porous Char Particle 
Burning in a Oxygen-Containing Environment. Part 1. Constant Particle 
Radius ", AIChE. J„ Vol. 30, No.4, p.537 (July, 1984). 

Soturchos, S.V., N.R. Amundson, " Dynamic Behavior of a Porous Char Particle 
Burning in an Oxygen-Containing Environment. Part 2. Transient Analysis 
of a Shrinking Particle AIChE J.. Vol. 30, No.4, p.549 (July,1984). 

Su, Low-Lih, D.D. Perlmutter, " Evolution of Pore Volume Distribution During 
Gasification AIChE J.. Vol. 30, No.6 p. 967 (November,1984). 

Sundaresan S. and Neal R. Amundson, " Diffusion and Reaction in a Stagnant 
Boundary Layer about a Carbon Particle 7. Transient Behavior and the 
Effect of Water Vapor ", University of Houston, Houston, Tx. 

Sunback, C.A., J.M. Beer, A.F. Sarofim, " Fragmentation Behavior of Single Cbal 
Particles in a Fluidized Bed ", Twentieth Symposium (International) on 
Combustion, The Combustion Institute, pp. 1495-1503 (1984). 

Theile, E. W., " Relationship Between Catalytic Activity and Size of Particle 
Ind. Eng. Chem.. 31:916 (1939). 

Timothy, L.D., A.F. Sarofim, J.M. Beer, " The Combustion of Single Coal 
Particles Paper presented to the AIChE 73rd Anual Meeting, Chicago, 
Ilinois (November 16-20,1980). 

Turban, Loic, " Influence of Random Voids on the Percolation Threshhold ", J. 
Phvs. C: Solid State Phvs.. 12:L191-L196 (1979). 


