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ABSTRACT

During recent years there has been mounting interest in

the combustion of coal under conditions of high heating

rates and high final temperatures. This has resulted from

the national interest in coal utilization due to the present

energy crisis.

This research was conducted in conjunction with a magne-

tohydrodynamics (MHD) coal combustor development program con

ducted at The University of Tennessee Space Institute.

During the course of this development program, studies were

made on the effects of mixing rate and residence time on the

combustion of bituminous coal. Nominal heating rates of

105 degrees K per second with final combustion temperatures

on the order of 3000°K characterized the typical test con

ditions. The stoichiometry was nominally 0.90 with oxygen

concentrations in the oxidant above 55$. The experimental

results were compared to a theoretical coal combustion model

involving a one-step, first order Arrhenius reaction rate

constant. This model proved to be adequate for the test con

ditions being studied.

Conclusions were reached as to the behavior of

pulverized coal under flame conditions such as those that

might be experienced in an MHD coal combustor. Qualitative

information is presented as to the behavior of the coal par

ticles during combustion and subsequent burn-out of the car

bon.

Recommendations for further work are presented along

with recommendations for improving the coal combustion model.
V
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CHAPTER 1

INTRODUCTION

In combustion systems employing pulverized coal as fuel

the combustion process is very complex. The combustion of

coal has usually been viewed as occurring by means of gas

phase reactions of thermally produced coal volatiles and

heterogeneous surface reaction with surrounding oxygen.

Volatile release terminates when the original coal organic

structure has been reduced to more or less swollen or shat

tered carbonaceous char with some mineral content. The char

thus produced will continue to oxidize due to radiative heat

transport from the gas phase reaction and at a rate

controlled by diffusion of oxygen. The reactions that are

taking place are occurring simultaneously and thus mathema

tical modeling of the process becomes very difficult.

In general, combustion phenomena can be classified into

two categories, i.e., "diffusion controlled" and

"kinetically controlled"[l]l* Diffusion controlled com

bustion processes are those in which the rate of diffusion

is substantially less than the chemical reaction rate. In

diffusion controlled processes, phenomena such as mixing

and vaporization play the dominant roles. Examples of dif

fusion controlled combustion processes are liquid droplet

^Numbers in brackets refer to similarly numbered references
in the Bibliography
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combustion in rockets and laminar and turbulent diffusion

flames. Combustion processes that are kinetically

(kinetics as used in this work refer to chemical reactions)

controlled are those in which the combustion rate depends on

the path of the reaction, i.e., the chemical reaction rate is

less than the rate of diffusion. Combustion of pulverized

coal in a conventional burner is an example of kinetically

controlled combustion.

During the combustion of pulverized coal, volatiles,

which consist of hydrocarbon gases, are released when the

coal particle temperature is raised. This process differs

greatly from that of vaporization which occurs in the com

bustion of liquid fuels. The release of volatiles depends

on chemical reactions that take place on the surface and

within the coal particle and thus is not a simple phase

change as is the case of liquid fuel vaporization. When the

temperature is lowered, the products of combustion of coal

do not condense so as to reconstitute the same coal

substance.

During the release of volatiles the process may be

exothermic rather than endothermic as in the case of vapori

zation. For a coal particle there is no distinct tem

perature at which the volatile release occurs. Volatile

release depends on the rate at which the temperature of the

particle is increased and will continue until all of the

volatiles are driven off. After release of all the volati

les, the substance that is left has a very high carbon con-
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tent with some mineral matter. This substance is generally

referred to as char. Therefore two general processes take

place (usually simultaneously) in the combustion of a coal

particle, one of volatile release (devolatilization) and one

of burning of char.

Of the processes that take place during the combustion

of coal the least known are the reactions and their rates

that lead to the devolatilization of coal particles. In

studies [2] that have been made, devolatilization is most

often assumed to occur instantaneously. Further, it is

assumed that the amount of volatiles to be produced is fixed

based on a value given by the proximate analysis or some

other estimated value. Devolatilization is known to exert

a strong influence on the combustion of pulverized coal

since the rate at which devolatilization proceeds and its

yield affects both ignition and flame stability. Recent

studies [3-5] indicate that the volatile yield depends on

both heating rate and combustion temperature of the coal

■particle. As with any chemical reaction, the final pyroly-

sis reaction product (volatile yield) depends on the path of

the reaction as well as its degree of completeness.

Objectives

The objectives of the present investigation were as follows:

a) To identify the rate controlling mechanism and deter
mine experimentally the effect of mixing on
pulverized coal combustion under conditions of high
heating rates ( " 10^ °K/sec) and high final temp
erature ( ~ 3000°K).



b) To determine experimentally the effect of residence
time on pulverized coal combustion with high
heating rates and final temperatures.

c) To verify a theoretical combustion model that
assumes perfect mixing of fuel and oxidant.

d) To use the theoretical model to establish parametric-
ally the operating parameters for a coal-fired
MHD combustor.

e) To use the theoretical model to demonstrate the
dependence of carbon conversion on residence time,
oxidant preheat temperature, oxygen concentration
in the oxidant and stoichiometry.

Organization

The remainder of this dissertation is organized into

five chapters. Chapter 2 presents a review of previous

theoretical and experimental research on the devolatiliza-

tion of pulverized coal. The discussion is limited to stu

dies of small coal particles ( ~ 50 ym in diameter), high

heating rates, high final temperature, and short residence

times. Chapter 3 is a detailed description of a theoretical

coal combustion model developed by Chung and Smith [6].

This model was developed without experimental verification

and represents a significant simplification when compared

with other theoretical models. In Chapter 4, the experimen

tal apparatus and procedures are described. Chapter 5 pre

sents a comparison of the theoretical predictions and

experimental results along with a discussion of the limita

tions of the model. The model is used parametrically to

assess the impact of various parameters on carbon conver

sion. A summary of the present work is presented in



Chapter 6 with a discussion of the conclusions.

Recommendations are made for improvement of the theoretical

model and for future research.



CHAPTER 2

REVIEW OF RELATED WORK

In this chapter, previous work that is related to the

rapid devolatilization of coal particles will be discussed

both from an experimental as well as theoretical view

point. No attempt will be made to describe the entire sub

ject since this is well documented elsewhere [2-5], but

consideration will be given to rapid devolatilization that

is relevant to the combustion of pulverized coal par

ticles. With this is mind, the discussion will be limited

to studies that consider the following parameters:

1) coal particle diameters less than 100 microns,

2) heating rates of 10^ degrees K per second or greater,

3) final temperatures in excess of 103 degrees K,

4) residence times less than a few seconds.

Pyrolysis or devolatilization is a name given to any pro

cess which subjects a thermally degradable material to heat

•or thermal energy resulting in the release of gases. The

primary gaseous products that are released in such a

process, which can be liquids or even solids at certain con

ditions, are referred to as volatiles. The residual solid

that is left after devolatilization will be a material that

has a very high carbon content with some mineral matter.

It has been shown [7,8] that this residual matter can be

further devolatilized if the heating process continues.

This residual matter is normally referred to as char.

6



With the restrictions that have been imposed, such as

small particles being heated at very high rates with very

high final temperatures, the devolatilization process is

very complex. This difficulty arises because the coal par

ticles are not homogeneous. If one examines various par

ticles from the same "batch" of coal, it will be found that

the chemical and physical properties of the various par

ticles vary greatly. The existence of a broad range of

coal types, such as bituminous and anthracite, further

complicates the problem since each type will decompose in a

slightly different manner. Therefore, it is difficult to

develop a model that will completely characterize the decom

position and combustion of any type of pulverized coal. Thus

it is necessary to develop a model that attempts to charac

terize the "average" devolatilization. Further, this model

must be limited to a specific type of coal and will be sub

ject to limitations imposed by the experimental variables.

In the following discussion, some previous experimental

•results will be described along with the results of previous

theoretical work.

Previous Experimental Work

Parameters that are known to be important in rapid

devolatilization of coal include coal type, oxygen con

centration, average particle size and size distribution. In

addition, the thermal history of a particle is known to be



important and this includes the heating rate as well as the

final temperature. In examining a given experiment, the

duration of the heating as well as the quench process beco

mes influential as well as the composition and pressure of

the ambient gas.

Most previous experiments have relied on the collection

and analysis of quenched gas and/or char samples gathered

after devolatilization. The char has normally been analyzed

using the proximate or ultimate analysis. The proximate

analysis determines the volatiles, fixed carbon and ash

while the ultimate analysis determines the elemental com

position .

•There are basically three types of experiments that

have been performed that are applicable to the analysis of

the devolatilization of pulverized coal. In the first type

of experiment, coal particles are embedded on a wire screen

and electrically heated. In this type of experiment, both

the heating rate and the ambient conditions can be con-

•trolled since they are not affected by the devolatilization

of the coal. However, the largest uncertainty lies in the

fact that there is an unknown lag time and temperature dif

ference involved in the heating of the coal particle by the

wire screen. Anthony [8] reported results from this type of

experiment where the heating rate and final temperature

were independently controlled.

Stickler [9] performed experiments that involved

injecting coal particles into a preheated, hot gaseous

8



stream. This is representative of the second type of

experiment. The advantages offered by this type are that

the ambient atmosphere, final temperature and particle con

centration can be easily controlled; however, the major

disadvantage is that the heating rate of the particle is not

known precisely because this depends on the ambient con

ditions experienced by the particles.

Howard [10] performed experiments in which the coal

particles were burned in a flame. This third type of

experiment is the subject of the present work. The obvious

advantage of this type of experiment is that it represents

the type of environment encountered by pulverized coal com

bustion in commercial processes. The distinct disadvantage

lies in the fact that the only variables that can be

controlled during the process are those associated with the

input streams. In these experiments the heating rate, final

temperature, and ambient conditions are determined by the

resulting flame.

One of the first important results that was obtained

using the wire mesh technique was the work done by Loison

and Chavin [7] when they determined that higher heating

rates and higher final temperatures produced a higher vola

tile yield. The problem with their experiment was that the

heating rate and final temperature could not be indepen

dently controlled. Thus, it was not possible to determine

which variable was responsible for the higher yield of vola-

tiles.

9



Since those experiments, much work has been directed

towards investigating this type of phenomenon due to its

fundamental importance to the high temperature combustion of

pulverized coal as well as to coal gasification processes.

Upon examination of the various work that has been done it

can be concluded that the devolatilization process at

atmospheric pressure occurs in what may be viewed as a two-

step process [7,8].

In the experiments of Anthony [8] the coal particles

are heated to a high final temperature at a very high

heating rate and held at those conditions for a short

time. After heating, the particles are rapidly cooled and

collected with the residual volatile matter being determined

by the proximate analysis. The proximate analysis involves

heating the coal particles at a relatively slow rate

(15°C/sec) to a temperature of 1273° Kelvin and held for

seven minutes. In these experiments the coal particles had

reached some quasi-equilibrium state prior to being quenched

.and the proximate analysis performed. However, during the

proximate analysis further devolatilization occurred in the

proximate furnace. The implication of these results is that

if the coal particles had been maintained at the elevated

temperature for a longer period of time, further devolatili

zation would have occurred. These results imply that there

is a two-step process; one that occurs at a fast rate and

one that occurs at a much slower rate.

10



Most of the work that has been done on rapid devola-

tilization has been directed toward an understanding of the

first step. This results from the fact that it is difficult

to maintain the coal particles at the high temperatures for

sufficient periods of time for the second process to take

place.

This type of behavior was found in experiments by

Anthony [8] with lignite and bituminous coal. Figure 2-1

shows the effect of time on devolatilization weight loss

from Montana lignite at different heating rates and final

temperatures. Anthony found that the final weight loss from

lignite, independent of final temperature, was 4l$ at a

final temperature of 1000®C and 31$ at a final temperature

of 700°C. Proximate analysis of the same coal indicated

that the weight loss was 44.71$ at 950°C when the residence

time was seven minutes. Thus his data indicated the exist

ence of a fast process and a slower second process during

devolatilization. He reported a similar type of behavior

•for bituminous coal. However, the behavior for bituminous

coal was quite different from that of lignite when subjected

to varying ambient pressures. He noted that in the case of

lignite there was no change in weight loss when the pressure

was varied from 0.001 to 100 atmospheres. In the case of

bituminous coal, shown in Fig. 2-2, the weight loss decreased

substantially with increasing pressure. His data indicated

that at pressures below about 5 atmospheres the volatile

yields exceed that which would be found by proximate analy-

11



50 —I—I I I I T—I I I I I

^ 40
O
U 52

U. O

o ̂

o r> 30 (9

lO «

I/) y

20

O

10u

j  I ' ■ '

0.1

I  I I I I I I I

q9

y

j— j  ■ I 1 1 1 1 1

1.0

ELAPSED TIME, SEC

10.0

Figure 2-1. Effect of time on devolatilization weight loss. From
llgfiite at different heating rates and final tenperatures [t=0 at
initiation of heating; pressure - 1,0 atm helium; mean particle
diameter = 70 ym; final temperature (if attained) - 1000°C (#,3,0),
TOO'C (A); nominal heating rate ( C-sec) - 10,000 (•), 3000 (3), 650 (o)
180 (A)] [8]

12



<
o _

U. 1/1

^ s

- a>
to >
tO 4;

_i oj
(.

t- '
T
^ O
O w

u

$

_® ® ®

o«wj

050

45

40
Proximate Analysis ( 41.5 °/o)

35

0.001 001 0.1 10

PRESSURE . ATM

100 100 0

Figure 2-2. Effect of pressure on devolatilizatlon weight loss. Fran
Pittsburgh seam bituminous coal [final tenperature = 1000°C; experi
mental time = 5 to 20 sec; mean particle diameter = 70 ym; atmosphere =
helium; nominal heati^ rate (°C/sec)-10,000 (o), 3000 (3), 650 to
750 (•); curves (solid-uncorrected for cracking deposition; dashed-
oorrected for cracking deposition)] [8]

13



sis. The data also indicate that higher heating rates

increased the weight loss at pressures below 1 atmosphere

by about 2 percent, but at higher pressures the effect of

the heating rate was trivial. Tar condensation occurred

during the devolatilization of the bituminous coal but did

not occur with the lignite.

Anthony's data thus showed that the second process in

the reaction is so slow that its effects would not be seen

during rapid devolatilization. His data further indicated

that the total volatile loss was apparently independent of

the heating rate or the residence time. This conclusion can

be supported by other experiments and seems to apply to tem

perature ranges other than those examined by Anthony.

Using a hot gas particle heater, the most comprehensive

data on the first fast step of rapid devolatilization were

obtained by experimenters at BCURA [2]. Their results have

been supported by other experimenters using small flames [11].

Figure 2-3 is a typical devolatilization curve for different

■heating rates and final temperatures taken from the work by

BCURA. These data illustrate the general devolatilization

behavior that is observed in the first fast step of the

reaction. As indicated in the figure, the residual volatiles

in the char, as determined from proximate analysis,

decreased exponentially with residence time in the reactor.

However, as the coal particles reached what seems to be a

quasi-equilibrium state in the reactor, further devolati-
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lization of the residual char occurs during the proximate

analysis. From these data it is seen that the rate of

devolatilization is lower at lower temperatures and/or

heating rates while the amount of residual volatiles

decreases as the reactor temperature is increased. It

should be pointed out that both the rate of devolatilization

and the amount of residuals that are left in the char depend

upon the coal type.

Anthony's results did not agree with the results found

by BCURA; however, his work was done with a wire grid rather

than a hot gas particle heater. Referring back to Figure

2-1, it will be noticed that the degree of devolatilization

was independent of the time required for completion of the

first process. In the Figure, three heating rates are indi

cated for the same final temperature. As shown by the

data, the degree of devolatilization was the same in all

three cases. These results obviously do not agree with the

results of BCURA as presented in Figure 2-3; however, the

•time dependent nature of devolatilization has been observed

by other researchers [11,12] in at least two types of

experiments.

Up to this point we have discussed experiments that

were concerned primarily with the volatile matter left in

the residual char; however, equally important is the

liberated volatiles. In examining the work of various

experimenters it is generally agreed that the rate of

heating not only influences the amount of volatiles that are
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produced, but it also affects the composition. The work of

BCURA and Anthony both showed that high heating rates and

high final temperatures yield an increasing amount of vola-

tiles that can exceed that found by the proximate analysis.

Both Anthony and BCURA concluded that the maximum yield of

volatile matter increases with heating rate and carbon con

tent of the feed coal. Based on these observations, BCURA

introduced the "Q factor" which is defined as the ratio of

the weight loss to the change in volatile matter. The "Q

factor" is expressed as:

"Q factor" = Weight Loss

VMcoal ~ V^char

where VMcoal = Proximate volatiles in the coal

VMchar = Proximate volatiles in the char

Weight Loss = Total Pyrolysis Weight Loss.

It is significant to observe that the same conclusions were

reached with two different types of experiments; i. e., one

in which a grid was used and the other in which a hot gas

.particle heater was used. Anthony concluded that the vola

tile yield depended more upon final temperature rather than

heating rate and this led to the conclusion that any

increase in final temperature would result in an increase of

volatile production. These conclusions were supported by

further work in the same type of experiments by Suuberg

[13].

Howard and Essenhigh [10] found results that appear to

conflict with the previous discussion. They concluded that

17



the ignition and early reaction of coal particles in a flame

involve heterogeneous reactions occurring at the solid sur

face. The defect in this experiment was their conclusion

that the amount of reacted volatiles could be calculated as

the difference between the volatiles found during the proxi

mate analysis of the feed coal and that found during

proximate analysis of residual char. Based on findings of

the other researchers showing that the proximate analysis

of the feed coal volatiles is not a true indication of the

amount of volatiles that can be produced during rapid devo-

latilization, their assumption cannot be substantiated.

Char (as previously defined) consists of carbon with

some-insignificant amounts of hydrogen, oxygen, and other

trace elements. Many experiments, such as those conducted

by Howard and Suuberg, have shown that the composition of

volatiles is also a function of temperature and the heating

rate. There have been various attempts to identify the

various chemical species in the volatiles, but this has pro-

■ven to be difficult because the devolatilization process is

very complex so that a simple description is probably not

applicable. However, Ubhayakar [14] made an attempt to give

some simple description of the devolatilization process with

the provision that it would not be comprehensive.

In his work Ubhayakar approximated a typical coal, such

as bituminous, with the chemical formula CHg.S. The basis

of this assumption is the fact that coal is predominantly car

bon and hydrogen with smaller amounts of oxygen (except

18



lignites), nitrogen and sulfur. Based on these statements

it is assumed that the volatiles are essentially hydrocar

bons with different carbon/hydrogen ratios. Figure 2-4 is a

qualitative range of hydrocarbons one can expect via dif

ferent pyrolysis routes. He chose to represent the reaction

of the coal as;

CHo.8 ^ X C + Ci_x::Ho.8 (2-1)

(Coal) (Char) (Volatiles)

This relationship can be written if it is assumed that an x

amount of carbon remains as char at the completion of the

devolatilization reaction. In this relationship the carbon/

hydrogen ratio will be that of all the volatiles inclusive

of tars, oils and gases and will be (l-x)/0.8. In this same

context, volatile yield can be expressed as a weight percent

of the original dry ash-free coal as [12(l-x) + 0.8]/12.8.

These two quantities are shown in Figure 2-4 as a function

of X. In the figure the carbon/hydrogen ratios of certain

common hydrocarbons are indicated in the upper part. The

figure illustrates what types of hydrocarbons one might

expect to find over a range of carbon remaining in the resi

due and would indicate the types one would expect to find

with various carbon/hydrogen ratios. This is not an exact

representation but does give an overview of the kinds of

hydrocarbon that one could expect. In general Ubhayakar was

able to determine that under conditions of fast pyrolysis one
I
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would have volatiles that exhibit higher carbon/hydrogen

ratios than those found by proximate analysis. This fact

has been determined by other experimenters [4,13]. The

volatiles that are first released are much richer in carbon

than those that are liberated at some later time. All of

the volatiles driven off under conditions of rapid devolati-

lization turn out to be richer in carbon than those that

would be found by proximate analysis.

This type of behavior is further pointed out by

referring to Figure 2-5 which was taken from the work of

Badzioch [2]. Badzioch showed that essentially all of the

hydrogen is driven from the coal when the volatile matter is

determined by proximate analysis. But in the case of rapid

devolatilization, more volatiles are produced than by proxi

mate analysis. This means that since the evolving hydrogen

carries with it a larger amount of carbon the

carbon/hydrogen ratio must be higher than the value found by

proximate analysis. The type of behavior shown in Figure

•2-5 was taken under conditions of an inert atmosphere;

however, the same type of behavior has been found by other

experimenters [11] using flame pyrolysis. Upon comparison

of Smoot's [11] work with the work shown in Figure 2-5, it

can be concluded that the rapid devolatilization was not

strongly affected by the ambient conditions. Apparently

this is true over the range of conditions that were studied

in both experiments. However, other experiments [15] have

shown that the composition of the volatiles varies greatly

with the composition of the feed gas. It was concluded by
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Coates and Glassett [15] that the emerging volatiles pro

bably reacted with the ambient gas so that the final gas

composition depended upon ambient gas composition. However,

the primary volatile products do not.

Most of the experimental work referred to so far

depended upon using ash as a tracer. This appears to be

satisfactory as long as the amount of residual ash is inde

pendent of the devolatilization reaction. Padia [16]

suggests that this is not always the case but at lower tem

peratures this approach would be satisfactory.

There have been many experiments [13,15] in which the

devolatilization products have been sampled and analyzed

usirrg the gas chromatograph. The composition measured in

this manner may not be a true indication of the primary

devolatilization products since secondary reactions might

occur which are dependent on the sampling method. In spite

of this source of error, it seems to be the best available

method to determine the gas composition. The apparent pro-

• ducts of rapid devolatilization at a temperature of 1300°K

are given in Table 2-1. The primary products consist of

H2O, CO2, and CO as well as some light hydrocarbons that are

primarily CH4 and H2. in addition, depending upon the type

of coal and the ambient gas, heavy hydrocarbons, referred to

as tars, are also produced.

Certain experimental work [8,9] has shown that the com

position of the volatiles depends to some extent on the par

ticle size and proximity of the pulverized coal particles.
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TABLE 2-1

APPARENT PRODUCTS OF FAST PYROLYSIS AT 1300°K

Coal Ambient Gas Tar CH4 H2 C2-C4 CO and CO2

Bituminous Vacuum 9.9 50.3 13.1 - 26.7 [7]

Bituminous O2 - 8 59 26.7 [15]

Bituminous Vacuum 53 6 31 3 8  [5]

Lignite He 13 3 1  3 38 [49]

These conclusions are not supported by all experiments;

however, on examining the work of Anthony [8] and Ubhayakar

[9], the effect of particle size on volatile composition is

shown. It is generally accepted [4,5] that large particles

behave quite differently than pulverized coal particles.

The explanation is that the char surface provides a site

where a secondary reaction occurs. It is thought that the

devolatilization products generated near the center of the

particle must migrate to the outside for escape. It is felt

that during this migration the volatiles crack, condense, or

possibly polymerize with some carbon deposition taking place

during the process. When larger particles are used, the

deposition is felt to increase and therefore one finds less

volatile yields for the larger particles. One would expect

the same kind of behavior when there was a high particle
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density. This conclusion was reached by Ubhayakar [9] as a

result of his experiments.

As previously mentioned, in Anthony's work with bitumi

nous coals, it was shown that lower pressures tended to favor

increased volatile production. It would thus appear that

lower pressures would tend to decrease the amount of time

required for the internally generated volatiles to migrate

to the surface of the particles and therefore the lower

pressure would have the same type of effect as decrease in

particle size. Figure 2-6 presents a comparison of data

taken by Anthony and Suuberg which indicates the effect of

ambient gas pressure. In both of these experiments the

coal-s were heated on wire grids in a helium atmosphere under

similar conditions. The data indicate the volatile yields

that would be expected for a caking bituminous coal and a

non-caking lignite. In both cases higher pressures tended

to reduce the volatile yield; however, in the case of the

caking coal, the effect was much more pronounced than that

found for lignite. An explanation for this behavior given

by Ubhayakar was that this effect is based on the secondary

cracking or condensation reactions of the volatiles as they

escape from within the coal particles through the coal char

matrix to the outside. Both Anthony and Suuberg suggested

that the higher pressures tended to reduce the mass transfer

coefficients for volatile escape and to increase the resi

dence time within the particles. Additional time for the

volatiles to crack and to deposit carbon within the particle
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itself by condensation would result in the release of

smaller amounts of volatiles. Ubhayakar attempted to

explain the difference in caking and non-caking coals.

Ubhayakar stated that the mass transfer coefficient for the

escape of the volatiles increases with pressure difference

between the volatiles and the ambient gas. For the case

of caking coals, this pressure difference is probably

smaller than that for non-caking coals because during devo-

latilization the caking coals tend to swell and therefore to

reduce the internal pressure. The net result is that the

mass transfer rate for the caking coal will be somewhat

lower than that for the non-caking coal. Therefore, in the

case-of the caking coal, the secondary cracking will be

higher. This explanation is not without drawbacks. For

example, in the case of caking coals it is felt by some

experimenters [14] that the caking coals tend to explode and

in this manner release volatiles much faster than non-caking

coals. If this argument is true, then the previous explana-

•tion does not explain the effect of pressure. If the caking

coals do not explode under conditions of rapid pyrolysis,

then the data in Figure 2-6 becomes valid.

The secondary cracking and condensation reactions of the

volatiles, which have been shown by some experimenters [14]

to reduce volatile yield, depend on pressure and ambient gas

composition as well as the physical characteristics of the

coal. Of the various physical characteristics of coal that
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have been shown to be important, the following four are

thought to be the most significant [14]:

1. Size of the coal particles

2. Internal porosity of the particles

3. The plasticity of the coal

4. The packing density of the particles
in the sample.

Figure 2-7, from work by Ubhayakar, illustrates the

effect of these four characteristics on the time that the

volatiles spend in contact with the residual char. The

fundamental conclusion is that the net volatile yield will

be lower if the contact time between the volatiles and the

char is longer. In the case of particle size for smaller

particles a shorter transient time exists for volatile

release than for the larger particles. Porosity affects the

devolatilization from the standpoint that for coals with

large inner-connected pores, i. e., large porosity, then

there is less resistance to the flow of the volatiles when

compared to coals that have small inner connected pores, i.

e., coals with low porosity. The plasticity of the coal

affects devolatilization as in the case of non-caking coals

where the pore size gradually increases. On the other hand

for caking coals, the pore size decreases and the coal par

ticles become plastic. The effect of packing affects the

residence time of the volatiles on the char surface since in

lightly packed conditions there is less surface area and

very high inner particle distances. In this case the con-
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densation and cracking of the volatiles will occur outside

the particle of origin.

Gray [17] showed using an ASTM proximate analysis that

if the sample weight was increased, i.e., higher packing

density, then the net volatile yield would decrease.

Kobayashi [l8] ran several crucible tests in an attempt to

repeat the results of Gray and found no significant

influence of packing depth on the net volatile yield. These

results have not been explained. However, the answer to

this discrepancy probably lies in the differences in the

experiments. Ubhayakar [14] pointed out the low yields that

are produced in coke ovens as compared to the various

experiments. These low yields indicate that secondary

cracking on the surface of the particles is a significant

phenomenon under certain types of test conditions.

From the foregoing discussion it is quite plausible to

assume that not only the composition but the appearance of

the coal particles change as the volatiles are given off.

"There is a considerable amount of data available which

describes these changes as all of the volatiles are given

off. But there is very little data on the changes

experienced by the coal particles themselves during the pro

cess in which the volatiles are evolved.

Previous Theoretical Modeling

In any chemical reaction the kinetics of the process

are a measure of the rate of reaction in terms of kinetic

constants as well as physical parameters such as pressure
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and temperature. Kinetic data for chemical reactions are

usually obtained by conducting carefully controlled experi

ments. Even for a simple bimolecular reaction, such as a

methane reacting with oxygen, obtaining kinetic data is

quite difficult as shown by Penner [19] and other experi

menters [20]. In looking at the complex chemical structure

of coal, kinetic modeling of the devolatilization reaction

becomes as complex as the chemical structure of coal itself.

If one tries to analyze each of the bond breakages from the

atomic and molecular point of view the representation beco

mes quite complicated. Because of this difficulty it has

been a generally accepted practice to approximate the

complex kinetics of coal devolatilization by pseudo-kinetic

constants. Most researchers have tried to model the kine

tics of coal devolatilization by using an overall Arrhenius

type relationship shown in equation 2-2.

K = Kq exp (-E/RT) (2-2)

In this expression the pre-exponential or frequency factor,

Kq, as well as the activation energy, E, are such pseudo-

constants. Most of the kinetic modeling that has been done

has used this type of relationship or some variation of the

Arrhenius relationship. These will be discussed later.

These kinetic schemes have been useful in explaining the

performance of certain coal combusting devices.

Figure 2-8 a summary of various reaction rate constants

that have been used by various researchers [21]. On examin

ing the figure one notices a wide variation in reaction rate
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constants. Table 2-2 is a summary of the coal types and

sources of data that are given in Figure 2-8. Part of the

variations that are shown for the rate constants can be

explained by the various types of coal considered, the

proximate volatile matter contents and also the temperatures

at which the experiments were conducted. However, in con

sidering the various schemes employed it is necessary that

one understands the experiments from which the analyses were

developed. For these reasons there exists a variety of

schemes in the literature that attempt to model coal devola-

tilization. As previously stated, the modeling of the kine

tics of coal devolatilization is very complex so that it is

probably impossible to develop just one scheme that will

model devolatilization in a simple manner.

Because of the complexity of the problem it becomes

necessary to develop basic guidelines to make the problem

tractable. The guidelines that have normally been used

are:

1. To make the model as simple as possible with as
few kinetic parameters as necessary and

2. To try to make it applicable to "all conditions".

Obviously these two guidelines tend to work against each

other.

In trying to gather the kinetic data, the weight loss

of the coal particle has been determined as a function of

the various experimental conditions. If this type of

approach is to be viable, it must take into account the
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TABLE 2-2

COAL TYPES AND THE SOURCES OF THE DATA SHOWN

IN FIGURE 2-8 [21]

VM (yod.a.f.)

A,A2: Anthony (1974)
A,:Pittsburgh Seam Bituminous Coal 46.2
Ao:Montana Lignite 46.2

B-iB^: Boyer (1952)
B-.;Dourges Coal 22.5
Bo:St.Fontaine Coal 36.0

BH-i-BH, Badzioch and Hawksley (1970)
BHi-BH.iCoal "E"-"K"(highly swelling

bituminous coals) 17.7-35.3
BHo-BH-| o: Coal "A"-"D" (weakly swelling

bituminous coals 36.1-42.0
BH.. -. :Coal "L" (semi-anthracite) 11.5

BR: BerRowitz and Den Hertog (1962)
"No.l" (a low volatile bituminous coal

from the Cascade area of Southern

Alberta)
(Ho evolution from devolatilized coal)

F: Fitzgerald (1956)
(CH/,CO, Ho evolution)
"Coal E" (vitrinite of a coking coal) 23.3

HE: Howard and Essenghigh (1967)
Pittsburgh Seam Bitxmiinous Coal 37.4

J: Juntgen and Van Heek (1967)
Ethane evolution at three different
heating rates 19.1

P: Peters and Bertling (1965)
"From Fig. 8"

SPt-SPo! Shapatina, et al. (1960)
Moscow District Brown Coal 50.2
(Three different stages of
devolatilization)

STt-SToi Stone, et al. (1954)
ST,-STo:Pittsburgh Seam Bituminous Coal

(three different stages) 42.2
ST#:Colorado Coal 41.5

VKi-VK/: Van Krevelen, et al. (1951)
VKi :Brown Coal 51.0
VK^:Bituminous Coal, low rank 39.5
VKo:Bituminous Coal, high rank 18.8
VK/:Semi-anthracite 14.2

W-,,W«: Wiser, et al. (1967)
Utah High Volatile Bituminous Coal 47.5(7. dry)
(W-,: first 60 min;W2 :60-160 min)

KGB KoBayashi, et al (1976)
Lignite and Bituminous Coal
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effect of all of these parameters such as temperature,

heating rate, ambient gas pressure and physical charac

teristics. The major test parameters that have been used in

trying to determine the influence of test parameters on

weight loss data are given in Table 2-3. In most theoreti

cal work that has been done, the major amount of emphasis

has been on weight loss as a function of temperature since

most experimental work indicates that this is the largest

influence. The various schemes employed can be listed in

broad general categories as follows:

1. Single Reactions

2. Multiple parallel reactions

•3. Multiple competing reactions

4. Complex schemes

5. Schemes involving secondary char forming
reactions.

Most of the single reaction schemes have assumed a

single Arrhenius reaction of first order. This type of

reaction is given by the following expression:

V = K (V* -V) (2-3)

In this expression V is the rate of the volatile produc

tion, V is the total volatiles produced at any instance of

time, V* is the volatile yield as time approaches infinity,

and K is the kinetic constant as previously defined in

equation 2-2. Certain researchers such as Badzioch [22]

assumed one reaction holds at all instances of time while

others used different kinetic "constants" in different tem-
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TABIE 2-3

INFLUENCE OF TEST PAEAMETERS ON WEIGHT IDSS DATA

(TO BE EXPLAINED BY COAL PYROLYSIS KINETICS MDIMS)

A. Weight Loss vs. Ten?)erature

B. Weight Loss vs. Heating Fate

1: Tenp. < 10(X)°C
Fate < 0.5°C/s

2: Temp. ~ lOOOTO
Fate ~ 50°C/s

3: Temp. > lOOCC
Fate > 500°C/s

Volatile

Yield

Volatile

Yield

Volatile

Yield

ASTM

Proximate VM

AHIM

Proximate VM

ASTM

Proximate VM

Wfeight Loss vs. Ambient Gas Pressure

1: Higher Anbient Pressure — Lower Volatile Yield

2: Pressure Effect in Non-caking coals is less than that in
caking coals.

D. Weight Loss vs. Physical Characteristics

Volatile Yield of ^
Density Packed
(joal Particles

Volatile Yield of
Lightly Packed
Coal Particles

Volatile Yield From

Large Particles
Volatile Yield From

Saiall Particles
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poral zones as dictated by the experimental results (Stone

[23]). However, in referring back to Figure 2-8 it is quite

obvious that such a simple approach is not sufficient to

obtain any kind of consistent predictive behavior of coal

devolatilization. Pitt [24] deviated from the single

Arrhenius type of scheme and proposed another in which he

assumed that the rate of devolatilization was given by the

following:

V = B V* (2-4)

where B = Experimentally

Determined Constant

t = time

However, this type of approach is limited to the experimen

tal conditions.

In looking at a single reaction scheme the primary dif

ficulty lies in the assumption of V** Usually this value

is taken as the amount of volatiles given off during proxi

mate analysis or some other value that is consistent in

aiding the scheme to predict quantitative results. The

problem with this method is that at high rates of devolati

lization, it is impossible for the single reaction schemes

to predict the enhanced volatiles yields. To model high

rate devolatilization with a single reaction scheme, it

becomes necessary to know what the volatile yield will be at

the high rate conditions. V* becomes a parameter that can

be adjusted to make the theory fit the experimental results,

and thus in this manner has no real physical meaning.
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It is now generally accepted that coal is formed by a

very slow pyrolysis or thermal degradation of prehistoric

plants and trees under conditions of very high pressure.

If this process, which is often referred to as the coalifi-

cation process, is continued to completion, then the final

product becomes pure carbon or natural graphite. Coal is

thus known to be composed of various fragments of pre

historic life. Each fragment has its own physical and che

mical characteristics. It then becomes plausible to assume

that the devolatilization of these fragments occurs simulta

neously and in parallel. These assumptions led to the deve

lopment of the schemes proposed by Pitt, [24] Anthony, [8]

and Nsakala [25] and referred to as multiple parallel reac

tions ,

Nsakala [25] proposed using two first order parallel

reactions based on the two component hypothesis of Essenhigh

and Howard [3], Essenhigh and Howard considered coal to be

composed of an amorphous component, in a lamellar com-

■ponent, C2, Nsakala assumed that the amorphous component

devolatilized to volatiles referred to as and the

lamellar component devolatilized to volatiles, V2 leaving

behind a solid residue. This scheme employs the following

reactions,

COAL \ k2
^^"^^

+ vi (2-5)

2 ^^2 + ^2
Ci= - kiCi ; ki = Ai exp (-Ei/RT)

C2 = - k2C2 ; k2 = A2 exp (-E2/RT)
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The deficiency in the results obtained by this method is

that the scheme was forced to correlate with the data; that

is, in looking at components 1 and 2 they had to assume that

the initial proportions were not the same depending on the

various size coal particles. For a 6U micron particle they

assumed that the ratio of C]^ to C2 was 25 to 75 whereas for

a 180 micron particle they assumed that the ratio was 4 to

96. In examining a given coal this reasoning does not seem

plausible even though the fragment distribution in a given

size particle may be different. It is not expected that the

difference would be quite as drastic as that required to

have their scheme fit their experimental data.

•Anthony [8] and Pitt [14] also used multiple parallel

first order Arrhenius reactions with a constant frequency

factor but with a statistical distribution for the activa

tion energies. With this method it is possible to recog

nize that there would by many constituents in the coal

devolatilizing at different rates. This method has the

•advantage in that the number of constants is reduced to

three,i.e.,the frequency factor, the mean activation energy

and the standard deviation in activation energy. In

Anthony's work, a Gaussian distribution of the activation

energy was employed whereas Pitt used a rectangular distri

bution. The formulation was

n  k. n

Coal E C. -»■ E (Si + Vi) ^ S + V
i=l ^ i=l
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Vi = ki (Vi^ -Vi); ki = Ai exp (-Ei/RT) (2-6)

,00

'i = f ̂ Eo,f f f (E)) where ff (E) d E = 1

However, with the multiple parallel reaction scheme the

difficulty lies in that the asymptotic yield of the volati-

les, V*, is not coupled to the heating rate and therefore the

scheme does not explain the Q-factor effect, Kobayashi con

ducted an experiment that obtained data which disqualified

the multiple parallel reaction scheme. The results of his

work are shown in Figure 2-9. The hydrogen/carbon ratio in

char is shown as a function of weight loss for two types of

coal, i. e., Pittsburgh seam bituminous and Montana lignite.

The Figure shows the results obtained for two different

heating rates and two different final temperatures for each

coal. The lower heating rates were done in crucibles

whereas the higher heating rates with higher final tem

peratures were obtained in an entrained flow experiment. In

examining these data, it can be seen that at any particular

weight loss the hydrogen/carbon ratio in the char is always

higher for the higher heating rates for both types of coal.

Since for a given type of coal, i. e., Pittsburgh seam bitu

minous or Montana lignite, the original composition is the

same, the data imply that the hydrogen/ carbon ratio of

the volatiles produced in the high heating rate experiment

is lower than that in the lower heating rate experiment.

When looking at the point in which the hydrogen carbon ratio

is equal to zero the volatile yield is quite different in
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the two experiments. Anthony attempted to explain these

effects by modifying his scheme to include secondary char

forming reactions. The secondary char forming reactions

were taken to compete with the volatiles as they were

escaping from the particles. This type of scheme will be

discussed later.

In the multiple parallel reaction scheme it was assumed

that the coal consisted of a mixture of constituents that

were devolatilized independently but yet in parallel. In

contrast to this, the multiple competing reaction scheme

assumes that the coal itself is the only constituent that is

devolatilizing. It devolatilizes to different products by

different reactions that are significant at different tem

peratures and simultaneously compete with each other. With

this type of approach there is built in a provision for

explaining the enhanced volatile yields that occur under

conditions of rapid devolatilization.

Kobayashi [21] proposed two first order competing reac

tions and used this model to correlate data of Kimber and

Gray [26] and Badzioch and Hawksley [22] with his own data.

The two first order reactions used are as follows:

-^DSi + a^ Vi

COAL (2-7)
(mass m) k2 ^(1 -3.2)^2 ^2 ̂ 2

m = (a]_ki + a2k2)ni

kl»2 = Ai,2 exp (- Ei^2/RT)

In his representation, a^ and a2 are
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stoichiometric constants that are chosen based on the

experimental conditions and ki and k2 are kinetic parameters

that have high and low activation energies respectively

these corresponding to high and low temperatures. By

choosing the proper stoichiometric constant 2 to be larger

than 1 then the Q-factor effect found by BCURA can be

explained. Ubhayakar extended the meaning of the

stoichiometric constants proposed by Kobayashi by expressing

them in terms of the hydrogen/carbon ratios of the coal and

of the expected volatile yield at low and high temperatures.

However, with this type of scheme these constants still fall

into a category of adjustable constants which have no physi

cal meaning.

Gray [17] proposed a physico-chemical model that involved

extensive hydrogen atom migration in the carbon linkage

structure of coal. The preceding kinetic representation

can be reconciled with this description in the lower

activation energy case. The higher activation energy

•route occurs on a shorter time scale and thus the model

possibly may correspond to less hydrogen migration which

will allow unsaturated carbon atoms to rupture the high

energy multiple bond structures.

Complex schemes have been proposed by Fitzgerald and

Van Krevelen [27]. Their model, done at relatively low

temperature devolatilization, consists of a series of con

secutive reactions illustrated by the following;
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ki k2
COAL—^ METAPLAST—•RESIDUE + PRIMARY TAR (2-8)

Uk4 •-►SECONDARY TAR + GAS

•SEMI-COKE + GAS

k5

COKE + GAS

ki = Ai exp (- Ei/RT), i = 1,5

This type of representation appears to be plausible for

their experimental observation; however, in examining the

relationship, there are 10 unknowns in the model which

are rather difficult to relate to the weight loss data.

Again the Q-factor effect is not predicted directly by this

scheme so that their model would not be valid for high tem

perature devolatilization conditions.

Johnson [28] proposed a similar scheme which is somewhat

simpler in that it includes just a single competitive step.

_  (2-9)
ki ACTIVATED.

COAL COAL ^ METHANE + ETHANE
k3

ki-3 = Ai_3 exp (- Ei_3/RT)

Based on the experimental results it seems that this scheme

is suitable for predicting devolatilization in a hydrogen

atmosphere producing specifically methane and ethane as a

final product gas.

Reidelbach and Summerfield [29] visualize the coal

devolatilization process at various temperatures under dif-

k2
CHAR



ferent heating conditions as being very complex. They

proposed the following scheme which involves consecutive and

competing char forming reactions:

k6 (l-a6)S6 + as Gs

/

C—»AC

ki|

(1 - ̂ 2)^2 + ̂ 2x2
V

ky (1 + SljGj

(1 - a4)S4 + ail ^4

k3 (1 -a3)S3 + a3G3

(̂1 -ac)SR +kc

■a5)S5 + asGs (2-10)

C = COAL ki = Ai exp (-Ei/RT), i=l,7
'S = SOLID RESIDUE
T = TAR ai = Stoichiometric Constants
G = GAS

In this scheme the constants ks and kj are the secon

dary char forming reactions by which the volatiles crack and

deposits condensate on the char structure. It has been

shown that this type of scheme can predict most of the

observed devolatilization phenomena both at low and high

temperatures and including the Q-factor effect. But the dif

ficulty with this scheme lies in the 21 unknown parameters

that are indicated in the previous relationships.

Anthony [8] expanded the original multiple parallel

schemes to include an additional rate equation for the

escape of the volatiles from the particle and for the ther

mal decomposition of the volatiles. This scheme is repre-
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sented as:

k

ke S + V
1

n  n

Coal 2 Ci ^T3 (Si + ViKS +
i = 1 i = 1 X

kc ̂ (S+Sc)+Vq (2-11)
oo

ki = A exp (-Ei/RT); Ei =f^Eo, tf", f(E)) where j f (E)d E = 1
•^o

kg = Rate of Escape of Volatiles

kg = Rate of cracking of Volatiles to Solids (Sg) and
Cracked Volatiles (Vg)

This type of representation depends on the relative magnitu

des of the additional rate constants. For instance, with the

lower heating rates, the scheme forces the rate of cracking

to be higher than the rate of escape. However, at higher

temperatures it makes the rate of escape higher than the

cracking rate. This type of scheme was criticized by

Kobayashi [21]. He stated that at high temperatures the

rate of cracking, which probably is very sensitive to tem

perature, may very well be higher than the rate of escape

(probably less sensitive to temperature). At this point

neither of these phenomena has been proven by experimental

data.

Stickler [30] proposed that devolatilization could be

described by a model based on two competing reaction schemes

that consisted of a pair of parallel first order irrever

sible reactions, i.e.
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k2""^ (1- 32) S2 + a2V2

ki = exp (-Ei/RT) i = 1, 2
El < E2 (2-12)

with the rate equations given as

do = -(ki + k2) C
dt

(2-13)
dv = (dv-] + dV2)/dt = -(aik-| + 32^2)'-
dt

He proposed that one of the reactions be dominate at a slow

heating rate and lower temperatures while the second reac

tion would be dominate at the higher heating rates and the

higher temperatures. The results were that the proper beha

vior was predicted in that there was a dependence on coal

heating history. This scheme allowed the volatiles from the

coal to react with the exhaust gases to give the equilibrium

composition and temperature of the products. In addition,

this scheme accounted for particle size, exhaust tem

perature, coal loading, and differences in residence time

and their effects on the volatile yield, product gas tem

perature and composition.

An attempt was made to correlate this scheme with

experimental data taken at AVCO [14]. In some areas

there was agreement; however, upon comparison with the

experimental results, the measured particle temperatures

were higher than those computed. The volatile yields were

ascertained by gas analysis and char analysis. There was a

disproportionate increase in difference between the two
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types of analysis with coal loading. Detailed examination

of the data suggested that the quantities actually being

measured by the two analyses were different and that certain

key phenomenological aspects were ignored. The analytical

scheme did not allow for thermal cracking of the volatiles

into soot and hydrogen after the volatiles escaped from the

coal particles. Qualitatively, the difference in the com

puted and measured particle temperature could be explained.

If the volatiles released by the particle were allowed to

react completely with the combustion gases, the final

equilibrium temperature would agree with that computed by

the analytical model. If the volatiles crack into soot and

hydrogen during the devolatilization process, the soot

(being relatively unreactive) would not have been available

for endothermic reaction with the combustion gas. As a

result, the remaining portion of the volatiles and hydrogen

released by cracking would react with the gases. The final

temperature of the particle would be decreased by a lower

magnitude or the particle temperature would be higher than

if all of the volatiles could react with the combustion

gases.

After realizing the effects of this phenomenon and

noting the discrepancy between the char and the gas analy

sis, the experimental set-up was examined. If the spray-

quench system operated efficiently, the char and gas

analysis should agree; that is, if the spray quench captures

all of the solid particles. These solid particles would be



used in the char analysis and would indicate the weight

fraction of the original amount of coal that was lost as

gases. This is the type of result indicated by the gas

analysis; however, it is well known that soot particles are

sub-micron in size. Smaller particles of soot behave more

like gases and thus are not totally captured by the spray

quench system. It was assumed that the soot particles were

carried away with the gaseous part of the exhaust.

Therefore the char particle analysis indicated the amount of

volatiles which escaped from the char particles. The gas

analysis only accounted for that portion of the volatiles

which reacted with the exhaust gases and did not consider

any tsracking phenomena. The resulting conclusion is that

the differences in the gas analysis and char analysis can be

explained by the formation of sub-micron soot particles in

the gas phase.

With this type of reasoning, Ubhayakar [31] modified a

model developed by Stickler to include thermal cracking of

•the volatiles. Further experiments were performed and the

comparison of computed data with analytical data did not

show good agreement. A cracking fraction was defined and

the experimental data were fitted to the analytical data by

allowing the cracking fraction to increase exponentially

with coal loading. There was a difference in the measured

soot which resulted from the difference between the gas and

the char analysis. However, the measured soot was smaller

in magnitude than that computed. An attempt was made to
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explain this phenomenon by others [32] as ash vaporization or

soot deposition within the char structure. These processes

were discussed by Ubhayakar [14]. By correlating the analy

tical model with the data, an empirical relationship for the

cracking fraction was developed as a function of coal

loading which seemed to apply only to the particular reactor

being used.

Table 2-4 is a summary of all of the devolatilization

models discussed listing the merits and demerits of each

model. All models give primary importance to the tem

perature effect. The right hand column in the table indica

tes the number of unknown, adjustable parameters that must

be used with each model.

In all of the models that have been discussed, a signi

ficant amount of experimental data is required to determine

the various adjustable parameters that are used in the com

putations. In every case the ultimate extent of devolatili

zation must be determined experimentally. This value is

used as an input to the various devolatilization models.

This means that there is no model that can be used to apply

to a new and different coal where there are no experimental

data.

Another limiting factor of the models is that the tem

perature history must be specified before the temperature-

dependent devolatilization can be computed. This means that

the devolatilization equations must be coupled to the

various transport equations for general use. If this is

achieved, the solution of the coupled equations will be
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TABIE 2-4

MEIOTS AND DEMERITS OF COAL PYROLYSIS MDDELS

TEST PARAMETERS ON WEIOCT LOSS DATA TO BE
EXPLAINED BY PYROLYSIS MODELS: TABIE III

A  B C D

TEMP. HEATING AMBIENT PHYSICAL
RATE GAS CHARACTERISTICS

PRESSURE

NO. OF

ADOLETABIE

CONSTANTS

2-3 YES NO NO NO >  3

2-4 YES NO NO NO 2

2-5 YES P NO NO 4

COAL 2-6 YES P NO NO 3

PYROLYSIS

MODELS: 2-7 YES YES I I 6
00

1

MC YES NO NO NO 10

2-9 YES YES NO NO 6

2-10 YES YES I I 21

2-11 YES YES I YES 6

2-12 YES I NO NO 4

P: Partially. However, given enough time, asyratotic yields
are independent of tenperature and heating rates.

I: Indirectly. Data elements can be explained by adjusting
constants.
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able to describe the interdependent histories of tem

perature, volatile yields and their evolution.

In attempting to choose a best model for a given

situation, it would depend heavily upon the amount of

experimental data that would be available for a specific

coal of interest that is being analyzed. For most cases, a

set of first order, irreversible, parallel reactions would

be appropriate. Badzioch [22] reduced the treatment to a

set of one while Suuberg's [13] treatment required a set of

15. Stickler's approach required basically the use of two

sets. In many cases, this may be appropriate.

The major difference between the types of experiments,

which have been discussed previously and are the subject of

this work, is that most of the data have been taken in

either inert atmospheres, in flames using air or by

injecting the coal particles into a preheated neutral gas.

In the case of the present work, the coal particles are

injected into a high temperature, substoichiometric flame

•that allows for the ignition of the coal particles under

hypergolic conditions. The effects of this type of experi

ment will be discussed in detail later. The present work

considers the effects of mixing on the rapid devolatiliza-

tion of pulverized coal particles. Up to the present

time, these types of experiments have not been performed

under conditions of high temperature combustion. In this

work the experimental data will be compared to a model deve

loped by Chung [6] which differs somewhat from the models
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that have been previously discussed. The model of Chung

will be discussed in detail in the next chapter.
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CHAPTER 3

ANALYTICAL MODEL

The analytical model presented in this chapter is that

presented by Chung and Smith [6]. This model had not pre

viously been supported by experimental results. The theory

as presented is a one-dimensional, coal combustion model

that incorporates a unique approach to the reaction rate.

This approach will be discussed in detail.

The chapter contains a discussion of the simplified

combustion chemistry used as well as the devolatilization

model. The combustion theory is developed for the one-

dimensional case and includes radiative heat transport in

a simplified sense.

Simplified Chemistry

Chung and Smith assumed that the combustible elements

react with oxidant at an infinitely fast rate according to

the following stoichiometric relationships:

C + 0? » CO2 (3-1)
2H + (1/2) O2 »H20
N + O2 ^ NO2
S + O2 ^ SO2

The combustion products are then assumed to readjust

according to the following equilibrium relationships:

C02—»C0 + (1/2) O2 (3-2)
1/2 N2 + NO2—^2 NO (3-3)
CO + H2O CO2 + H2 (3-^)

These gas phase chemical reactions are those simplified
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reactions considered by Lewis [33]i along with the disso

ciation reaction introduced by Chung. It is well known that

these reactions are the predominant ones that influence the

thermal aspects of combustion.

The combustible part of coal consists primarily of car

bon, hydrogen, nitrogen, oxygen, and sulphur, in proportions

that can be determined by ultimate analysis. However, it

has been pointed out by Spaulding [3^1 that in solid fuels,

oxygen is usually bound with hydrogen in the form of H2O.

Chung chose to modify the relative mass of hydrogen in coal

combustibles to be that given by the ultimate analysis

reduced by one-eighth of the oxygen mass in the coal com

bustibles .

The chemical reactions indicated by equations 3-1, 3-2

and 3-3 are those that were used by Lewis. However, Chung

included the shift reaction indicated by equation 3-4, since

Spaulding determined this reaction to be important in high

temperature combustion.

The coal is assumed to contain H2O in an amount equal

to that associated with the oxygen content of the coal.

When evaporated, the H2O will participate in the shift reac

tion given by equation 3-4 along with the H2O that is

generated in the combustion reaction of equation 3-1•

If it is assumed that the combustion reaction given in

equations 3-1 through 3-4 proceed at an infinitely fast

rate, then this implies that the combustion of the coal par

ticle is controlled by the following:
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a) rate of coal devolatilization

b) diffusion of the reactants across the diffusion
layer surrounding the coal particles

c) conduction of heat across the conduction layer

d) diffusion and conduction within the coal particles.

The coal particle combustion model is illustrated in Figure

3-1. An examination of the relative orders of magnitude of

the known rates given for the combustion reactants listed

and compared to the devolatilization and diffusion rates

justifies the assumption of infinitely fast rates [35]. At

this point the only additional rates involved are the sur

face gasification rates of the char by CO2 and H2O. This

will be discussed later.

Devolatilization

Of the phenomena that take place during the combustion

of coal the least known is the rate of devolatilization of

the coal particles. In the previous sections, this was

discussed in some detail. In these studies [7,8] it was most

often assumed that the devolatilization occurred instan

taneously with the burn-out of the char being the single

rate controlling step. In many of these studies it was

assumed that the amount of volatiles to be produced was

given by proximate analysis or some other estimated value.

Devolatilization is known to exert a strong influence on the

combustion of pulverized coal since devolatilization rate

and its yield affects both ignition and flame stability.

Volatile yield depends on both heating rate and combustion
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temperature of the coal particle. This type of behavior is

indicative of all chemical reactions in which the final

pyrolysis reaction product (volatile yield) depends on the

path of the reaction as well as its degree of completeness.

In previous work [8] the rate of devolatilization has been

given as a first order Arrhenius reaction or

V = K (V* -V) (2-3)

In the previous analyses that have been discussed, one

significant deficiency is that the combustion reaction was

not included. In any real situation, this reaction is

taking place simultaneously with devolatilization. As a

result, it has been impossible to develop any type of analy

tical description of the devolatilization process that has

general applicability. As was pointed out, the analyses are

strongly tied to the availability of empirical data.

Previous attempts to model the devolatilization process

using a single first order rate equation have been defective

from the standpoint that the asymptotic value, V*f of the

-volatiles was based on the proximate analysis or fixed by

some experimental constraint. With the single step reaction

it was impossible to predict the ultimate volatile matter in

the coal because the ultimate yield was fixed by the asymp

totic value. The fraction of volatile matter that can be

volatized from a coal is not fixed. As stated previously,

with increasing heating rates and final temperatures, the

amount of volatile release varies greatly. The combustible

component of coal cannot be viewed as consisting of material
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that can be volatilized and/or portions that cannot be vola

tilized. In principle, it should be possible to volatilize

all of the combustible components of coal; i. e., at high

temperatures the so-called fixed carbon portion of the coal

combustibles will also volatilize. It seems plausible to

assume that the rate of volatilization is a function of the

total particle mass at any given instant of time rather than

some fixed fraction of the initial particle mass. There

fore, it is possible to model the rate of devolatilization

with a single reaction if the rate of devolatilization is

formulated as a function of the coal particle mass. As the

volatilization proceeds, there is a decrease in the devola

tilization rate since a greater fraction of the remaining

coal mass consists of those volatiles that have higher acti

vation energies.

Chung modified the rate law in the following manner:

,  dm, m, ;
L  exp[-[:/(Vs)l. <3-5)
S  bO

where mg is the mass of the combustible portion of the coal

particle at any time, t,mgo is the initial portion of the

coal particle that is combustible and 3 will be determined

from experimental results.

If it is assumed that the coal particle is spherical

and homogeneous and that the diffusion of the volatile

matter through the layer surrounding the coal particle is
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subsonic, then the partial pressure of the volatile matter

at the gas-solid interface is that corresponding to satura

tion. Therefore, the saturation partial pressure for the

volatile matter can be given as:

•^0 % I
''b = fr r"' (3.6)

0  so

There is a given ash content of coals considered, so that

any combustion model must include ash vaporization. It is

assumed here that the partial pressure of the ash at the

coal-gas interface is proportional to the instantaneous mass

fraction of the ash within the coal particle. This is the

same basic assumption as used in computing the partial

pressure of the volatiles at the gas solid interface. In

this context, the partial pressure of the ash is given by

the following relationship:

P9 =» expCAg - Bg/T^) (3-7)

The constants Ag and Bg are chosen such that the partial

pressure of the ash corresponds to the saturation pressure

of Si02. Silicon dioxide is chosen since it is the major

ash constituent.

The analysis includes the surface reaction of CO2 and

H2O with the char particle. It is well known that the rates

of surface reaction of CO2 and H2O in the char are very
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small at low temperatures. This is not true at the higher

temperatures which are encountered in this work. Higher

coal particle temperatures exist due to the fact that near

stoichiometric amounts of oxygen are present at the particle

surface. When the char temperature is above approximately

2500°K throughout the combustor, there is a sufficient

amount of oxygen present to cause the surface combustion

reaction to be the predominant reaction. In this case, the

surface reaction of the oxygen with the char will be much

greater than that between the char surface and CO2 and H2O.

In the case of a fuel rich mixture, such as that investigated

in this work, the oxygen is depleted by combustion as indi

cated in equation 3-1 which in turn results in the the con

version of CO2 to CO and O2 via the equilibrium gas phase

reactions of equations 3-2 and 3-4. The oxygen that is

generated thus diffuses towards the surface for additional

combustion according to equation 3-1. This is the major

char gasification mechanism in a fuel rich combustor of

•finite size. However, it is possible in fuel rich com

bustion that the direct surface gasification of the char by

CO2 and H2O may become important if a long residence time

occurs.

Due to the suspected secondary nature of the CO2 and

H2O reactions with the char surface, Chung proposed to

include these reactions in an approximate manner. An

assumption was made that the gasification reaction between

the C02> H2O and the char is chemically rate controlled in a
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regime where it is significant when compared to the other

combustion reactions. If this assumption is true, then the

surface reaction rate will be given by

(m^ + m,)
' Vbs Pg — (3-8)

In keeping with the assumptions made previously about

the reaction rates of the combustibles, the surface reaction

by the CO2 and H2O gasifies combustibles whose consti

tuents are carbon, hydrogen, nitrogen and sulfur. The com

bustibles thus given off then proceed through infinitely

fast reactions described by equations 3-1 thru 3-4. The

gasification rate due to the H2O and CO2 was then determined

by equation 3-8 and the particular chain of reactions leading

to the final equilibrium state described by 3-2 thru 3-4 is

not important since these reactions are assumed to take

place instantaneously.

Using the reaction rate equation for the H2O and 002,

•equivalent partial pressure is deduced in the same manner as

the partial pressure for the volatiles at the gas/solid

interface, so that the following relationship results:

R,. m, + jn-,
''bs ' -p Vbs "g < -15 1 <3-9)

0  ̂

Thus the total partial pressure of the combustible gas at

the gas/solid interface is a sum of the partial pressure of
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the volatiles at the gas/solid interface plus the partial

pressure of the gases given off by the surface reactions of

•^^2 and H2O, This type of formulation is used in the

subsequent analysis of coal particle combustion.

Development of the Model

The following assumptions were made:

1) the coal particles were assumed to be spherical
and uniform in size,

2) the proximity of the coal particles was such
that a single particle combustion analysis
would be valid for each particle,

3) the oxidation reactions represented by equa
tion 3-1 could be taken as a single one-step
irreversible reaction,

A  (oxidant) + B (fuel) ► C (product) where the

coefficients. A, B, and C are representative

stoichiometric coefficients,

4) the combustion products of the above
reaction immediately redistribute them
selves by meams of equilibrium reactions
represented by equations 3-2, 3-3 and 3-4 when the
products enter the gaseous stream,

5) the diffusion flame sheet solution is valid,

6) the coal density remains constant during
combustion,

7) the rate of volatilization is represented
by the modified Arrhenius reaction rate law
incorporating rate of devolatilization as a
function of the particle mass,

8) temperature and material composition are
uniform in the solid particle and a quasi
steady state analysis is valid through the
combustor following ignition.
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The assumption of a single, one step irreversible

reaction is valid because of the extremely fast chemical

kinetics in the gas phase reaction.

In assuming that the diffusion flame sheet solution is

valid, it will be noted that at high rates of devolatilization

the flame sheet will be established in the diffusion layer

at some distance from the coal particle, but as the coal

devolatilization rate decreases the flame sheet will tend to

be located on the surface. In other work by Chung [37] this

flame sheet description of combustion gives results which

are identical to those obtained from the description of the

diffusion controlled surface combustion. Thus if the dif

fusion controlled flame description is correct then automa

tically the diffusion controlled surface combustion will be

correct in the limit of small volatilization rates.

In previous coal combustion models [4?], two limiting

assumptions have been made concerning the coal density

during devolatilization and combustion. One assumption is

•that the coal particle size remains constant and that the

density is allowed to decrease as the devolatilization and

combustion proceed. The other assumption is that the coal

density remains constant, but the coal particle size is

allowed to decrease with the process of devolatilization and

combustion. Neither assumption is correct, but no detailed

understanding of the behavior of coal size and density

exists during combustion. Either assumption would introduce

the same order of magnitude of discrepancy in the calcula-
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tions [47]. Therefore for convenience Chung chose to use

the constant density assumption in his analysis.

The characteristic time for the diffusion layer

surrounding the particle to adjust itself to the changing

properties in the free stream is much less than that

required to change the properties of the free stream. It

is reasonable to assume that a quasi-steady state combustion

analysis will be valid for all periods except ignition.

Any accurate analytical formulation of the ignition

characteristics of coal particles is quite formidable due to

the very rapid increase in the particle surface temperature

which is associated with ignition. Chung employed an aymp-

totic technique that was used by Ahluwalia [36] to obtain

the ignition solution. In this analysis it is assumed that

the solid fuel is a sphere immersed in some gaseous environ

ment with a given oxidant concentration. At time t = 0, a

constant radiative flux is applied uniformly to the surface.

The solution then describes the particle surface temperature

variation with time.

Ignition is fundamentally an asymptotic process which

describes the transformation of fuel from a state of no che

mical reaction to one of self-sustained combustion [36].

The point of ignition is defined as the point where an

inflection is first observed in the temperature time history

of the particle. This point represents the end of the pre

dominantly external heating period and the beginning of pre

dominant combustion.
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Consider the representation of the coal particle in

Figure 3-1 showing a particle of radius R located in some

gaseous mixture of oxidant, combustion products, and chemi

cally inert species. In the layer around the particle, the

thermal chemical interaction is taking place and it is this

region that is defined as the diffusion layer.

If chemical changes are assumed to occur by a single

reaction step then the Shvab-Zeldovich [35] form of the con

servation equation is particularly useful. For species con

servation

V • (pvC. - pDVC.) = W. i - (3-10)

Using the expression for the divergence in spherical coor-

dinat-es we find

fi . P H o -4^ {r pvYj) = {r^pD 3^+Wi (3.11)

For the case where four species are being considered, i.e.,

oxygen, fuel, ash and inerts, one can write the following

specie conservation equations:

Conservation of Oxidant

(3-12)

Conservation of Fuel

d  ̂ d , 2 . _ (3-13)
dr ' 3r (i" pD ) + M|,

Conservation of Ash Vapor

gp-CrpvCg) = ^ (r^pD gpi) (3-14)
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Conservation of Inerts

^(Avc,) = ^(r^po^) (3-15)

The conservation equations for ash and inerts do not contain

rate terms for gas phase reaction since the model assumes

no gas phase chemical production of these species. Based

on the formulation for the four species then it follows for

the combustion products:

Conservation of Combustion Product

Cj = 1 - (Cg + Cjj + Cg + Cg) (3_16)

.Conservation of Energy

For conservation of energy the Shvab-Zeldovich equation is

pv ( J C dT) - V { y cpdl)
T  P
0  0

-0

-  (3-17)

Using the expression for divergence in spherical coordinates

then

^(r^PVcpgT) = ^ ^ ) + "A

As previously stated, the model assumes two component

devolatilization of the combustion products and of the

vaporization of the ash. Referring to Figure 3-2, the mass

fraction and temperature profiles between the gas solid

interface, W, and the interior location of coal particle, S,

can be visualized.

Considering the i^^ species continuity relationship
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Figure 3-2. Profiles of Fuel and Ash Mass Fraction
and Temperature [5]
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(3-19)

where "1 = % ̂ V"t (3-20)

and
V  =^0 1 ^ ^ (3-21)

Introducing equation 3-20 into 3-19 and write the following:

(3-22)

In the above equations, v^, Vj^ and Vq represents the r

directional absolute and relative velocities of the ith

species and the mass averaged velocity respectively. It

should be noted that these equations will be valid irrespec

tive -of the states of the materials.

Defining and Cgw to be the mass fractions of the

combustible gas and the ash vapor, respectively, at the inter

face and letting Z'^g and Z'gg be the mass fractions in the

combustible matter and ash, respectively, comprising the

coal at any given time, then:

*bw '^w bw

'9w ~ ^9w (3-23)

and

9s

= Ps Z'

r- P

bs ""S " bs

.
9s

'"'o's = <P%'„

with Pick's First Law PV = -Dp « (3-24)

dC.
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An equation like 3-25 can be written for each species. At

the interface the net rate of production of combustibles and

ash can be found by considering the mass balance. The com

bustible is transported by diffusion across the interface at

the rate

/dCj,
w  (3-26)

At the same time the combustible component is transported

away from the interface by normal convection at a rate given

by

(3-27)

and toward the interface at the rate

pv Z. (3-28)
0  bs

Thus the net rate of production is simply the normalized

relative mass flux of the ash or

F = . (3-29)

•F is defined positive in the -r direction at the surface S.

Combining equations 3-26, 3-27, 3-28 and 3-29 we have

pO(^)„ " PV„(Cb„ - Z'l,, - F) (3-30)
In a similar manner for the ash

dCo

F8(-dA ° "VSw - ̂ '9s (3-31)

Note that

^'bs * ̂'Os ' ^ (3-32)
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since the coal is considered to consist of only two com

ponents, that is combustible material and ash. However, in

the case of the mass fractions of the combustible gas and

ash vapor at the interface their sum will not necessarily

equal to one because other gaseous species will be present

at the interface.

The overall conservation of energy between the inter

face W and the surface S can be stated as

Volatilization Energy = (Heat Transfer by Conduction)-

(Heat Transfer by Radiation)

(3-33)

The volatilization energy will be related to the latent heat

of volatilization, i.e., the energy required to "drive off"

the combustible and vaporize a portion of the ash of the

particle. In this sense the latent heat, L, must be a

weighted average of the latent heats of volatilization of

the combustible and ash. Thus

(3-34)

where

^bs = Z'bs ̂  P

Z  =Z' -F'9s ' 9s

In other words the weighting factors Z53 and Zgs

mass fractions of the combustible and ash vapor portion of

the coal particle corrected for the relative mass flux of
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the ash. Referring again to equation 3-33 the net energy

gain of the particle is

=  - q, "-36)

Net energy Conduction Radiation
for thru diffusion lost by
volatilization layer particles

The boundary conditions at the gas stream and particle

surface can be considered for r ^ o® and r = R. For the

condition r » oo the boundary conditions are obvious

•-a.' (Oxidant)

Cb'0. (Fuel)

o

8

(Ash Vapor)

(Inert)

T  = T  .
00

(3-37)

For r = R,i.e.,the particle surface, the boundary conditions

for the fuel and ash vapor are:

cx (3-38)PD^= pv (C^^- Z - F)

pD PV (Cg^^ - Z'g^ + F) (3-39)

For the oxidant at r = R

c  . 0
a  rir

which implies a flame sheet in the gas phase [37]. For the

inerts

dC^
(3.41)
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where K R, d ^ /T—

^  "o ' R- Z'bs V- +
0  ° (3-42)

\'I0 ^11 ^ "^7

' F h' ~S7~ ' ̂'bs -r ®xb(-Ws'
0  ■ ^

C,.^!>eKo{A,.B3/V. <3-'*3)

The chemical source terms in equations 3-12 thru 3-16 and

3-18 are a function of species mass fractions, pressure and

temperature. The pressure is assumed to be equal to the

local freestream pressure and thus the conservation

equations along with 3-36 and 3-^*1 are a self-consistent

boundary value problem if pv, Vq, Z'^g, Z'gg and F are known,

To render equations 3-38 thru 3-^1 a self-consistent

set of surface boundary conditions, four auxiliary equations

are required. Equations 3-32, 3-42, and 3-43 are three of

them. The fourth will be an equation relating Z'gg to F and

this will be done subsequently.

In the relationship for the mass fraction of the fuel,

equation 3-9, this relation is obtained by using the

expression for the saturation partial pressure of the com

bustibles along with the saturation pressure deduced for the

CO2, H2O surface reaction via the equation of state. The

relationship for the mass fraction of the ash vapor,

equation 3-43, is deduced using the partial pressure that

corresponds to the saturation pressure of 8^02 via the

equation of state. The conservation equation 3-15 for the
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inert species is completely decoupled from the rest of the

equations and thus the inert species have no direct effect

on the energetics of the problem as would be expected. The

conservation of combustion product relationship, equation

3-16, gives the mass fraction of the combustibles from the

solution of the other equations; therefore the present

problem is reduced to being concerned with the conservation

of oxidant, fuel, ash vapor, conservation of energy and the

associated boundary conditions. Thus, the combustion rate

and therefore the rate of generation of the combustion pro

ducts as defined by the set of equations 3-1 can be deter

mined .

'A diffusion flame will be established if the gas phase

reaction is sufficiently fast. With this in mind, it is

convenient to eliminate the gas phase reaction terms between

the conservation of oxidant, conservation of fuel, and con

servation of energy relationships. This type of manipula

tion can be found in Williams [35] and will not be repeated

tiere. However, it is accomplished by defining new variables

a  . -Ac + -£3-

dM. c T (3-42a)
ft s " p X

^  " Ah„
0

where T is the diffusion layer gas temperature. Using the

stoichiometric relation along with the conservation
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equations for oxidant, fuel and energy they can be combined

to produce the following:

tic.

^ (r^pvo^) = ^ )cF P'^F

Ccfi.

af (r pvajj) = (r pDg^) (3-43a)

^ (r^vy) = ^ (r^pD^)

In a one-dimensional spherically symmetric system the over

all continuity equation can be written as:

ifi' = 4TTr^pv^ = constant (3-44)
Using 3-44 with equations of the type given in 3-43a i.e.

(3-45)r^pVo iti'

W

then

dr

d

dr

47rr^pD
rti' dr

da,,
dr dr

2
4Trr pD

m'

do^l
dr -

dy d

r

4Trr pD dy ,
"37 J"37 d r i- ifi'

Introducing the dimensionless variable

I - I (4TrZ = m' r^pD)"^

then equation 3-46 reduces to

dr

(3-46)

(3-47)
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-

dc dC^

dOb
.2d Ob

d? dc2

dy = _ d^Y
^

(3-^8)

 dc-

The solution to this type of differential equation is

y = A + Be"^

thus the solutions for equation 3-48 are:

exp(-c)

'b = 4 ^4
Y  = kg + kg exp(-c)

,  , , . (3-49)cj, = kg + k^ exp(-c)

The constants through K5 are constants of integration.

In order to effect a closed form integration of equation

3-47 an average constant value of pD is assumed. Next a

set of boundary conditions are derived for and

Y which in turn correspond to the original boundary con

ditions given for the mass fractions of oxidant, fuel and

temperature given in equations 3-37 through 3-41 with a view

of the definitions given in equation 3-42. Application of

these boundary conditions to equation 3-49 and subsequent

manipulation of solutions gives the following:
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m pH

3pm,

6-,R"
In

bM. m,
7  + __b _1
bs aM, in

a  q (3-50)

Ah.

*pq

ITI5.

af'l in„
a  q

in5,.R
[exD( —^

Ah.
0  .

m5.

^) - 1]/C ̂  ) Ah R]
3pm oD "-e °

(3-51)

Z9S-'
bM. m

1

aM. m.

^  ''b

•9s

T9

m.

ni.

s " ̂9

(3-52)

Keeping in mind that an ultimate global solution for the

combustor flow is to be developed, these relationships have

been expressed in terms of global combustor variables mj^,

mg, mg, m, and p. On examining equation 3-40, the mass

fraction of the combustibles at the coal surface is defined

in equation 3-43. This term will approach zero as the vola

tilization process within the coal particle nears comple

tion. Equation 3-50 becomes the relationship which gives

the combustion rate of the char by the diffusion limited

surface reaction.
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With this development in mind for the analysis of the

combustion of a coal particle we now will consider the glo

bal behavior of the gas solid mixture.

In Figure 3-3 is shown a schematic of a constant area

one dimensional flow of a chemically reacting mixture of gas

and solid particles. The main velocity of the flow of the

particle and the gases is assumed to be equal and with this

assumption, the following conservation equations govern the

flow:

dpu. _ n
3x ° (3-53)

du dp
p"ax--®r (3.5^)

dh
= -u

(3-55)
puA ̂  = -Q

As previously mentioned in the discussion of combustion che

mistry, the species that are being considered consist of

oxygen, carbon monoxide, carbon dioxide, nitrogen, nitrogen

.dioxide, nitric oxide, water, sulfur dioxide, ash, and

hydrogen. In the following, these will be referred to by

subscripts of 1 through 10 respectively; however, in the

case of the solid particles, they will be denoted by the

subscript s. Thus, in writing the species conservation

equation the following relationships result:

dm

pU = ~m (3-56)
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Figure 3-3. One-Dimensional Combustor Model
[6]
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dm, M-i aM, M,

pu ̂  = -l/2( )W3 - ( ̂  )Zy ^bs ^ • (3-57)

dmp

P" RJ ̂ ^3 •
(3-58)

^•"3 ^3 »

p"d3r= ^bs'"^w3.

(3-59)

dm- M-

P" 37" = l/2( pr )W5 .
5

(3-60)

dmc Mc

P" ^ ^bs "^ + W5 ,
(3-61)

dmr Mc

"" ar 4 '"5 (3-62)

dm, M, M,

p" 37"" ̂bs ^ - ( RTq^'^IC (3-63)

dmo M
"8

P" 33r ^  ̂bs (3-64)
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(3-65)pu - m Zg^

"37" ~ ̂ 10
(3-66)

^^'9s _ mF
P" 3x

(3-66a)

The source terms for the species that occur on the right

hand side of these equations have been constructed to

satisfy the previously discussed chemical reactions. Note

that a relationship (equation 3-66a) now exists between the

mass fraction of the ash Z'gg to the normalized relative

mass "flux, F.

The total enthalpy of the reaction mixture as given

by Chung, [37] can be defined for equation 3-55 as:

2

h = E m, h, + ̂

= E m,(Cp, T, + h,") + ̂
2

= m c T + m c T + ̂  + m (&h°-L) (3-67)g  pg 9 s ps s c s

M, H, , ,
+ nijihj ,r- + V''5 "lO^'lO ■ * 1-9'

2  0

Assuming the gaseous mixture to obey the equation of state:

'■4'.
(3-68)
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where

The effect of combustion is reflected in the conservation

equations for the combustor through the mass fraction of the

solid species, ms^ in the mass rate of generation of total

gaseous species per unit volume, m, and the particle surface

temperature Tg. Equation 3-55 governs the mass fraction of

the solid species mg. qj fg are given by equations 3-50

and 3-51 respectively.

At this point, there are 21 equations (equations 3-55

thru 3-68 and 3-50 thru 3-51) and there are 28 unknown func

tions. Seven additional relationships are required and

these become equations 3-32, 3-34 and 3-34 (two equations)

as well as the following relationships for the mass frac

tions and the equation governing the particle radius.

m  + m = 1 (3-69)
g

'"g " (3-70)

s

The gas phase reaction terms, that is the chemical

source terms, W, and the heat transfer, Q, are functions of

the 28 variables that we have previously discussed. Thus, a

self-consistant set of 28 equations and as many unknown

functions are now obtained. It should be pointed out that
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detailed consideration does not have to be given to the che

mical source terms since the gas phase reactions are con

sidered to take place at such a rate that the gas phase

mixture is in a state of chemical equilibrium. Thus these

terms will be eliminated between the governing equations

with the aid of the appropriate equilibrium relationship.

For the high temperatures that are involved in the pre

sent work, the predominant mode of heat transfer will be by

radiation. However, cases could develop such that the con-

vective heat transport through the wall boundary layer will

not be negligible. In reality, both solid particles and

gaseous species interchange in heat with the combustor wall

•Much work has been carried out on the radiative trans

port properties of combustion gas products and one such

relationship has been developed by Heywood and Womack [38]

for cylindrical combustors of diameter Dq given as follows;

Qj^ = 4,77 X 10'^( ̂  ) [e ( )^ - e„( TO

with

(3-72)

= 1.53 X10"^ /rr
g  g c

where the temperatures are in °R, Dq, A^,, and Vq, are in

ft., ft.2, and ft.3 respectively. Qpg is then the radiative
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loss in Btu per ft.3-sec of the gas. This relationship is

valid when the combustion products do not contain par

ticles .

In a combustor, such as that employed in the present work,

the solid particles play a dominant role in the radiative

scattering and transport. With solid particle dominant

radiation a one dimensional analysis can only be made with

the assumption that the net radiative heat loss to the com

bustor wall of width Dx at x is equally shared by all par

ticles contained in the mixture volume of Dc2 dx/^ at x.

With this in mind the following relationships can be

written:

= 4.77 X 10 ®

s s s c

where

In the above equations temperatures and lengths are in

degrees Rankine and feet respectively, Q^g and qp are in Btu

per ft.3-sec and Btu per ft^-sec respectively. The calcula

tions can be made for either qp or Qpg and these may be

substituted in equation 3-55 for Q depending on the particle

density in the combustor. The code, as developed, is able

to accept either case.

84



Considering again the conservation equations, the gas

phase chemical reaction rates will be eliminated by manipu

lation, employing the appropriate equilibrium relationship.

With this in mind equations 3-53 thru 3-67 and 3-71

will be transformed into a simpler set of equations and

through appropriate manipulation and combining of these 16

equations the following set results:

dx ' C " w' bs ̂  ' (3-74)

dm)20 "2 ,
"3^ {3.75)

^"^45 ,'''4 3 , •
~Sx~ " rTr ^ ^N^bs ̂H  ' ̂ ' (3-76)

3^46
= 0 . (3-77)

dniyo H, . (3-78)
-sr = ( 4 ̂ '7) ̂ bs ■" •

„  (3-79)
= 0

dx
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dmj, Mp

~d^ " ̂ ^ ^S^bs ̂  ' (3-80)

mg = mso(Z'95)Q - m^Z'g (3-81)

Ml Ml
ni3o ' '"l "■ 1/2 pnm3 - ^niiQ,

'10
(3-82)

M2 Ml M1M2
"120 " " 1/2 ZHJT^'^IO' (3-83)

,  ̂4■"45 " ""^4 ■*■ 1/2 M7 '"s '
5

(3-84)

M. M.
"^46 = 2( + l/2( ^ ) n, (3-85)

M

""70 " "^7 ■*" ( ^ '"lO '
10

(3-86)

(3-87)

86



The equations with the gas phase reaction terras produce

three equilibrium relationships in the limit of an infini

tely fast reaction rate^ They describe the equilibria of

the equations and they are:

{ 5. )V2 , 1 ^ ( "2 u lV2 „ (, 88)

where

(nig)^ _ 1
"'5(m4m K2 , and (3-89)

^ (!!i)V2. (pvl/2^ M .1/2 , <<3■"10 ' >"1 ^0 ^ ^ ̂ ^ iq" ^ '
(3-90)

= exp(10.463 - ),
9

Kp = exp(10.169 - ). and (3-91)

K3 " exp(2.946 - 5.346^x 10 ^
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In equations 3-88 thru 3-91 Tg and P are in degrees Rankine

and atmosphere respectively and equations 3-91 are valid in

the temperature range of interests, i.e., 3000 to 6000

degrees R. The remaining equations are 3-53 thru 3-56 and

they are reproduced here for completeness.

dpu _

(3-92)

dx (3-93)

puA ̂  = -q

d"s

(3-99)

(3-95)

'  "-s

9j_- mF
m, (3.96)

These equations can be solved by numerical integration.

At this point, of the I6 equations, equations 3-53 thru

3-67 and 3-75 have been replaced by an equal number of

equations, that is by 3-7^ thru 3-8l, 3-88 thru 3-90 and

3-92 thru 3-96. These equations along with the 12 auxiliary

equations 3-67 thru 3-76, 3-32, 3-3^f 3-35 and 3-50 thru

3-52, constitute a complete set of 28 equations defining the

28 unknown functions. However, before they can be solved, a

set of initial conditions must be specified for equations

3-74 thru 3-80 and equations 3-92 thru 3-96. The initial

conditions for 3-74 thru 3-80 are obtained from those of the
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chemical species such as mi, m2, etc. at X = 0 via equations

3-82 thru 3-87.

As previously stated the ignition period is not taken

to be quasi-steady state because of the thermal shock

involved in the the heating of the coal particles and the

ignition solution is analyzed separately. The composition of

the coal presented by the ultimate analysis is transformed

to an oxygen and ash free basis in the following manner.

Let Z"i be the mass fraction of the i^^ constituent of the

coal by the ultimate analysis. The oxygen and ash free

basis mass fractions are given by:

^ _ 2" ^0'' i = C, N, and S ,
ash

Z"h -(1/8)Z"o
=  1 - Z"

ash (3-97)

(9/8)Z"q

Z(, = 0.

The net heating value of the coal must also be on an ash

free basis hence:
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Ah° f - "VAn - L - I _ ^rr
ash

and

bM.

'"o = (air ) • <3-99)
d

HV is the lower heating value of the coal.

The conversion of the chemical species specified in

equation 3-1 has been assumed to take place at the diffusion

flame according to the one step simple reaction as pre

viously presented. Thus the conservation of mass at the

diffusion flame requires that the average molecular weight

of the gasifying fuel can be evaluated by the following

equation:

aM, M, Mc M7 Mq , ,

^b ' ^ T~ ̂^v h -

After the coal properties have been transformed to the

appropriate basis, the 12 initial conditions for equations

3-74 thru 3-80 and 3-92 thru 3-96 are obtained from the

following relationships using equations 3-81 thru 3-87, The

point at X = 0 denotes the end of the ignition process, then

these relationships have been derived to satisfy the che

mistry and mass conservation requirements as previously set

forth at X = 0,
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F. fl - Am' ) (3-101)
m„ = ^
'  F

K - ̂ "^'s
m^ = ^ ' (3-102)

m2 = 0 .

'C

(.767)F.
a

mg = 0.
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(3-103)

M-

m3 = mgj(Am'^) Z(,( ) , (3-104)

ti^
"I4 = = , (3-105)

"5 - Zn ̂  . (3.106)

m. = 0, (3-107)

m7 = m^j(Am'^)[Z^ z^j . (3-108)

'"S " ' (3-109)

(3-110)



f^lO " 0, and
(3-111)

where

Z' = _lL 7"9so ash' (3-112)

I  _ Ss ̂ ^so "
' VsT^'^h" - L) ' (3-113)

F = puA.
(3-114)

With the above 12 equations 3-101 through 3-112, the ini

tial pressure is specified, pu is already specified

through F which is given by equation 3-114 and the enthalpy,

h, is implicitly specified from equations 3-101 thru 3-112

thru the definition which is equation 3-114.

The particle surface temperature at X = 0, i.e., Tgo

which appears in equation 3-113 must be consistent with that

given by the combustion solution in equation 3-51. The

determination of the initial conditions requires an inter

active solution over Tgg, i.e., the initial particle tem

perature.

At this point, the analytical solution has been

formulated. In the devolatilization relationship (equation

3-5) the pre-exponential factor, Kq, activation energy, Ey
A

and the factor 3 must be determined from existing

experimental results. Available values vary greatly as

shown in Chapter 2. The values for Kq amd Ey were chosen by
A

Chung from reference 39. The factor 3 was determined
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by Chung from analysis of data given in reference 40.

The experiments in references 39 and 40 were chosen

because the experimental conditions were for heating rates

and final temperature approaching those that would be

expected in a high temperature coal combustor. The values

determined by Chung were

Activation Energy, Ey = 5.9 x 107 ft-lb/lb-mole

Pre-exponential factor, Kq = lO^Vmin

6 Factor = 11/3

These are the values that were used in the analysis of the

experimental data in this work.

In Chapter 2 the activation energy and pre-exponential

factor were chosen such that the analytical solutions were

forced to fit the experimental results. In the present work

values were chosen based on other experiments and were not

adjusted to fit the data.

The results of the solution of the model will be

discussed in Chapter 5. A sample print-out of the solution

is given in the Appendix.
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CHAPTER 4

EXPERIMENTAL APPARATUS AND PROCEDURE

The experimental work reported here was performed using

a pulverized coal oombustor shown schematically in Figure

4-1. The combustor consists of an oxidant preheater shown

in Figure 4-2 and a water cooled cylindrical coal combustor

shell (variable length) that had a diameter of 14 inches.

The preheated oxidant injection velocity and spatial distri

bution was varied by changing injection schemes. Oxidant

was injected coaxially with the coal jet as well as through

a multiport injector shown schematically in Figure 4-3. The

assembly of the multiport injector in the combustor is shown

in Figure 4-4.

Combustor Configurations

The three fundamental combustor configurations employed

in the tests are depicted in Figure 4-5. In configuration

(a) the basic feature is that of coaxial oxidant injection

with no recirculation. In configuration (b) the primary

feature is coaxial oxidant injection with recirculation. In

configuration (c) the oxidant is injected through a multi-

port oxidant injection plate with strong recirculation.

Data used in this work were collected from tests that

were performed using the three MHD flow train configurations

shown in Figures 4-6, 4-7, and 4-8. During these experi

ments, data were taken for coal flow rates over the range of
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Figure 4-5. Coal Combustor Configurations
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0.5 lbs/sec to 1 lb/sec. Combustion pressure was varied

from approximately 2 to 5 atmospheres.

The flow train depicted in Figure 4-6 consisted of the

oxidant preheater/coal combustor with a sonic nozzle on the

discharge feeding into an MHD generator channel. In this

configuration the combustor performance was evaluated using

an MHD generator for diagnostics, i.e., combustor perfor

mance was related to power produced by the MHD generator.

In the flow train shown in Figure 4-7, the combustor installa

tion was the same as that in Figure 4-6; however, the conduc

tivity channel was installed to measure the plasma conduc

tivity exiting the combustor. The flow train depicted in

Figure 4-8 consisted of the oxidant preheater/coal combustor

with the coal combustor portion of the assembly being much

longer. In this configuration the combustion gases pass

through a nozzle into a conductivity channel and through a

device that is used to throttle the flow to increase the

combustor pressure. The coal flows in Figures 4-6 and 4-7

•were nominally 1 lb/sec while in Figure 4-8 the flows were

nominally 0.5 lbs/sec.

For the purposes of this report, major sources of data

in all three flow train configurations consisted of the gas

analysis taken near the combustor discharge, heat transfer

data that was taken from the combustor as well as slag and

particle size analysis. Data were taken to examine the

effects of mixing and residence time on combustor perfor

mance. Combustor residence time was changed by either
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holding the flow rate constant and increasing the combustor

pressure by throttling or by physically increasing the com

bustor volume. Effects of mixing were evaluated by changing

the method of oxidant injection into the coal combustor.

Coal Characteristics

In all of the experiments the coal was fed into the

combustion chamber under highly dense phase conditions with

coal injection densities of approximately 23 pounds per

cubic foot. The coal was fed into the combustor using

nitrogen as a carrier gas with a ratio of coal to nitrogen

of 100:1 by weight. The coal used in each test was Illinois

#6, 70% through 200 mesh, with a nominal size of 50 microns.

A typical fuel analysis is shown in Table M-1 and a typical

sieve analysis is shown in Table 4-2.

Gas Analysis

The high temperature, dense particle populations found

in oxygen blown coal combustors make water cooled sampling

•probes the only reliable method of measuring the gas phase

composition with any accuracy. The gas analysis stream used

in this work is an extraction method with continuous moni

toring of species of interest through dedicated instrumen

tation. The sample conditioning system is shown in Figure

4-9. In this system a sample is drawn by a teflon diaphragm

pump through a heated filter and sample line to a sample

conditioner. The sample conditioner consists of a refri-
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TABLE 4-1

TYPICAL FUEL ANALYSIS

COMPONENT % Variance

Moisture 3.0 + 1.0

Ash 12.5 ± 2.5

Sulfur 3.9 + 0.2

Carbon 66.0 + 3.0

Hydrogen 4.9 + 0.2

Nitrogen 1.2 + 0.1

Oxygen 8.5 (by difference)

BTU/# (HHV) 12,100 + 150

Volatile Matter 38.9 (proximate analysis)

Fixed Carbon 61.1 (DAF Basis)

Ash Analysis (percent of ash) Variance

Si02 53. + 3.0

AI2O3 14. + 2.0

F ©2^3 21. ± 2.5

CaO 3.9 + 0.5

K2O 2.3 + 0.3

Na20 0.3 + 0.1

Ti02 0.9 + 0.1

MgO 0.9 + 0.1

SO3 4.0 + 0.5

105



TABLE 4-2

TYPICAL SIEVE ANALYSIS

AFTER PULVERIZATION

%  ■in Sieve Sieve Size

2.0 percent on 100 150 micron

8.3 percent on 140 105 micron

13.3 percent on 200 75 micron

10.3 percent on 270 53 micron

14.6 percent on 325 45 micron

51.5
100.q

percent pass 325
TOTAL

45 micron
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geration bath of ethylene glycol. The water is condensed

from the gas stream at 5°C and rejected from the system.

The dry gas is then pumped to the gas analysis instrumen

tation. The following gases were continuously monitored:

CO2 infrared method 0-100 pet, + 1 pet

CO infrared method 0-30 pet, + 0.3 pet

CO infrared method 0-2000 ppm + 20 ppm

H2S amperometric method 0-10,000 ppm + 1000 ppm

SO2 pulsed fluorescence 0-5000 ppm + 50 ppm
method

NO chemiluminescent 0-25 pet, + 0.25 pet
method

O2 fuel cell Zr02 0-25 pet, + 0.25 pet

•An additional capability was an on-line chromatograph

which updates every two minutes for H2, N2, O2, CHij and

other fixed gases. The gas analysis system has a switching

device allowing different locations to be analyzed for gas

composition. As indicated, carbon dioxide and carbon monoxide
r

are analyzed using an infrared method. The infrared instru-

■ments are non-dispersive IR units from Infrared Industries,

Santa Barbara, California. Infrared is the most accepted

method for CO and CO2 analysis [44]. Pulsed fluorescence is

used for measuring SO2 concentration and this method has

become most accepted in recent years. Chemiluminescence

analysis is used for NO^ measurement. Hydrogen sulfide is

measured using the amperometric method and this is the

general method that is used when analyzing this gas [44].

The oxygen content was measured using an oxygen specific fuel
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cell oxygen analyzer. This instrument is accurate but has a

slow response time compared to other methods available.

However, it is widely used in the utility industry and

elsewhere for monitoring and controlling combustion pro

cesses .

The gas chromatograph is a Beckman GC 725 and has been

modified to be an online chromatograph with automatic

sampling sequence. A thermal conductivity detector provides

a universal type of sensor for components in concentration

ranges above 0.5%. A molecular sieve-column is used for

H2, N2, O2, CH4, and CO in a 4 minute analysis time.

Calibration standards from Union Carbide are used to obtain

response factors for the instrument.

In all cases calibration standard gases from Union

Carbide were used to check the accuracy of the instruments.

An analog digital converter interfaces the typical

instrument output of 0 to ICQ millivolts with the UTSI data

acquisition system, which has a scan rate of more than 200

data points in 0.5 seconds. This provided more than adequate

response to the instruments and sampling time involved.

The difficulty with this measurement is that gases in a

high temperature equilibrium state when the samples are taken

are changed due to the decrease in temperature after

passing through the water cooled probe and sample con

ditioning system. However, it is felt that since the total

carbon in the feed coal is being measured and compared with

the carbon content of the combustion gases the inaccuracies

109



introduced are taken into account.

Heat Transfer

The heat transfer to the combustor was determined by

measuring the cooling water flow rate through each cooling

circuit and then measuring the cooling water inlet and

outlet temperatures using thermocouples. Calculation of

the heat carried away by the cooling water in a particular

segment allowed the heat flux distribution to be determined.

Particulate and Slag Measurements

Particulate size distribution was measured using a

cascade impactor. The cascade impactor is a Brink impactor

modified by the Babcock & Wilcox Company. Details of the

impactor are given in Reference 41.

Slag and particle depositions were analyzed using opti

cal microscopy, scanning electron microscopy, and energy

dispersive x-ray technique. These methods were used to

determine the mineral composition of slag deposited within

• the flow train as well as to evaluate particle sizes and

particle composition.

In addition to these diagnostic measurements, in a

few of the experiments, MHD generator power was measured.

These measurements were made to evaluate the combustor per

formance in terms of MHD requirements. No details of these

measurements are given here; however, the operation of these

devices is well documented in the literature [48].
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In addition, the input stream variables were measured

using conventional methods. These consisted of measuring the

oxygen and nitrogen flow rates using orifice plates and

pressure drop transducers. The coal flow was measured

using change in coal hopper weight as well as a Micro-Motion

flow meter. Details of the operation of the Micro-Motion

flow meter are given in Reference 42.
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CHAPTER 5

EXPERIMENTAL RESULTS AND COMPARISON WITH THEORY

In Chapter 4 it was pointed out that the experimental

data were taken in three flow train configurations repre

sented by Figures 4-6, 4-7 and 4-8 (Pages 100,101,102).

To facilitate discussion of the experimental data within

this chapter we will refer subsequently to each of these

configurations as FTl, FT2, and FT3. The flow train

referred to as FTl consisted of the coal combustor using a

preheated oxidant, with the combustion gas exhausting

through a sonic nozzle into an MHD generator through an

exhaust duct to the atmosphere. Within this experimental

configuration, primary diagnostic techniques consisted of

gas sampling downstream of the diffuser (on the order of 1

ms from combustor discharge), generator power production,

heat loss measurements from the combustor and flow train and

combustion chamber pressure. Analyses were also made of

slag deposits within the flow train.

In the flow train referred to as FT2 the experimental

setup consisted of an oxidant preheater, with the coal-fired

combustor discharging through a sonic nozzle into a conduc

tivity channel and then into the exhaust. For the purposes

of this work, the primary measurement techniques were com

bustion gas sampling just downstream of the conductivity

channel (on the order of 1 ms from combustor discharge),

heat loss measurements within the combustor and flow train,
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combustion chamber pressure and slag analysis.

The configuration referred to as FT3 consisted of the

coal combustor with an expanded volume in conjunction with

an oxidant preheater. The discharge gases of the combustor

passed through a nozzle into a conductivity channel and

through a throttling valve used to vary combustor pressure.

Beyond the throttling valve the combustion products flowed

through the balance of the downstream components. In the

FT3 configuration the primary experimental data were

obtained using a sampling probe downstream of the coal

injector, heat transfer measurements in the flow train and

combustor, the combustion chamber pressure, slag analysis

and particle size measurements. In all three cases the

input flows were monitored as well as the other facility

parameters that are required to operate each flow train.

In Figure 4-5, (Page 99), three fundamental oxidizer

injection schemes are described. To facilitate discussion

of the experimental data, the configuration depicted in 13a

will be referred to as the NR (no recirculation) oxidizer

injection scheme. In this configuration the basic flow pat

tern is one without recirculation. The oxidizer is injected

into the combustion chamber with velocities on the order of

30 ft/second. The oxidizer injection scheme depicted in

13b will be referred to as the MR (moderate recirculation)

configuration. This configuration allowed for the increase

of the coaxial oxidizer velocity and created recirculation

zones within the coal combustor. In this configuration the

113



oxidizer velocity was on the order of 75-150 ft/second. The

injection scheme depicted in Figure 13c will be referred to

as the SR (strong recirculation) configuration. The basic

feature of this injection method was that high velocity

parallel jets of oxidizer entered the combustion chamber

through orifices producing a region of strong recirculation

over the first few inches of the coal combustor. In this

configuration the oxidizer velocities were on the order of

800 feet/second.

In summary, the experimental flow train configurations

will be referred to as FTl, FT2, and FT3 and will be as pre

sented in Chapter 4. The oxidizer injection schemes will be

referred to as NR, MR, and SR.

The three oxidizer injection schemes generated signifi

cantly different recirculating patterns within the coal com

bustor. Variable combustor volumes were used with the dif

ferent injection schemes at constant combustor pressure to

investigate the effects of residence time on the combustion

•of pulverized coal. In addition, in configuration FT3 the

effects of residence time were studied by increasing the

combustion pressure by throttling the discharge flow.

Coal particle heating rates for these tests were on the

order of 10^ degrees K per second while final combustor tem

peratures were in excess of 2800° K. No provisions were made

in these tests for measurement of the combustor temperature;

however, from generator performance and electrical conduc

tivity measurements, it is well known that for combustion
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conditions such as those described here the final tem

peratures will be near 3000°K.

The data summarized in Table 5-1 are presented in

three major groups defined by the oxidizer injection scheme,

i.e., NR, MR, and SR. The primary data were obtained from

heat transfer measurements and combustion gas sampling with

particle size measurement and slag analysis as secondary

techniques. These data will be discussed for each fundamen

tal configuration.

Experimental Heat Transfer Measurements, Coaxial Oxidant
Injection

Heat transfer measurements made at the various axial

locations of the combustor were indicative of the gas tem

perature at a given section. In deducing the progress of

combustion within the chamber, variations in heat flux can

be used to evaluate its progression. The heat flux was

determined by evaluating the heat absorbed by the cooling

water circulating through the cooling tubes at a particular

•location within the combustor. Under the harsh environment

of the MHD coal combustor, conventional diagnostic techniques

are not applicable. The indirect measurement of average

heat flux distribution offers a simple means of monitoring

the rate of heat release in the combustion process.

Figures 5-1 through 5-3 are representative heat flux

distributions obtained for the first four cases listed in

Table 5-1. Figure 5-1 and 5-2 are heat flux distributions

obtained for combustion residence times of 24 and 21 milli-
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seconds respectively. For both of these cases there is no

significant difference in the heat flux distributions.

Figure 5-3 is a heat flux distribution obtained for a com-

bustor residence time of 39 milliseconds. Comparing these

data to that in Figure 5-1 the increased heat release with

the added combustion residence time is indicated by the

increase in the heat flux near the discharge end of the com

bustion chamber. In the case of combustion residence times

of 21 and 24 milliseconds, the carbon conversion efficiency

was 92 and 93$ respectively. The carbon conversion effi

ciency was 98$ for combustion residence times of 37 and 39

milliseconds. The effect of the increase of combustion

residence time is to increase the carbon conversion. In the

NR oxidizer injection scheme the mixing zone is quite long

and consequently a long time must be given for the oxidant

to mix with coal and to lead to the subsequent heat release.

Figures 5-4, 5-5 and 5-6 are representative heat flux

distributions for the MR oxidizer injection scheme with

■various combustion residence times. Figures 5-4 and 5-5 are

the heat flux distributions for a combustion residence time

of 16 milliseconds with different oxidant velocities. In

these cases the heat fluxes within the coal combustion

chamber remained very low with low carbon conversion effi

ciencies. Figure 5-6 is a heat flux distribution for a com

bustion residence time of 30 milliseconds. The heat fluxes

for this configuration show an increase in the portion of

the combustor that was added to increase residence time.
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In this particular scheme the carbon conversion was 84 and

86? for a residence time of 16 milliseconds and was 97? for

a residence time of 30 milliseconds. A significant result

on comparing this data to that collected with the NR con

figuration is that for the same carbon conversion efficien

cies the residence time has been decreased by approximately

9 milliseconds by increasing the injection velocity of the

oxidizer. This points out the importance of mixing on the

pulverized coal combustion process. It is important to

reiterate the strong dependence of the MHD process on tem

perature (nearly exponential); therefore a minimum volume

combustor must be developed for MHD application.

Carbon Conversion for Coaxial Oxidant Injection

Stickler [43] has conducted experiments at the AVCO

Everett Research Laboratory with a coal combustor very simi

lar to the NR and MR configurations used here. The coal

combustor at AVCO features a coaxial injection of preheated

oxidizer (1700°K) with an oxygen concentration of approxima

tely 40?. Injection velocities of 32 to 147 ft per second

were typical of his experiments. These values are near the

range of those that were used in this work for the coaxial

oxidant injection schemes. The coal used by Stickler in

these experiments was a Pittsburgh Seam HVA bituminous that

is very similar to Illinois #6. In Figure 5-7 carbon utili

zation as a function of residence time is shown. The pre-,

sent results as superimposed upon those presented by Stickler

124



r
o

L
n

< N

1
0
0

p
 8
0

o
 6
0

C
D

c
r

0
 
4
0

1
- 1
 2
0

o
c

L
d
Q
-
0

O
 S

X
o

 o
 
-
 
•
 

X
•
 
•

a
 *
 

X
O

 1
 

„

a

a

&

L.

o

X

X

<()
 =
 s
t
o
i
c
h
i
c
m
e
t
r
i
c
 r
a
t
i
o

o
 4)
= 
1.

15

X
 4)
 =
 0
.
9
4

St
ic

kl
er

 [
 
4
3
]

°
 □ 

<t
>=

0.
68

•
 4

)(
.8

6-
.9

6)
P

re
s
e

n
t 

R
e

s
u

lt
s

- 
- 

' 
*

1
 1

0
10

 
15

 
20

 
2

5
 

30
PL

UG
 

FL
O

W
 T

IM
E 

SC
AL

E 
(m

s)
3

5
 

4
0

 
4

5

Fi
gu

re
 5

-7
. 

Ca
rb

on
 u

til
iz

a
tio

n
 d

ep
en

da
nc

e 
on

 p
lu

g 
flo

w
 r

es
id

en
ce

 t
im

e.



show very good agreement between the two sets of experi

mental data. Stickler's results along with the present

results indicate that for coaxial oxidant injection, high

carbon utilization can only be achieved by having long resi

dence times. He pointed out that the type of behavior exhi

bited in Figures 5-7 would not be characteristic of all

coals. Stickler's study included lignites which showed

similar behavior; however, at residence times less than 20

milliseconds the carbon utilization was normally less than

50$.

Experimental Heat Transfer, Multiport Oxidant Injection

Figure 5-8 is a typical heat flux distribution obtained

for the SR oxidizer injection scheme. This heat flux

distribution shows a very rapid heat release near the coal

combustor exit. These high heat release rates are due to

the rapid mixing that occurred due to the "flame holder"

action of the oxidizer injection plate. Figure 5-9 presents

a comparison of heat flux distributions for the two fun

damental schemes discussed i.e., the coaxial injection

scheme (NR, MR) and the multiport injection scheme (SR). In

the case of the multiport oxidizer injection the heat

release rate is almost one and one-half as great. The

results show that heat release rate is strongly dependent on

the rate of mixing between the coal particles and the oxi

dant .

Experimental Carbon Conversion Summary

Figure 5-10 is a summary of carbon conversion as a func-
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tion of residence time for the cases studied. Two signifi

cant results can be concluded by examining the data:

1) For a given residence time the total carbon
conversion is significantly increased with increase
in mixing.

2) The rate of carbon conversion is increased
dramatically with increase in mixing.

The calculated carbon conversion is also shown in Figure 5-10.

The calculation agrees very well with the multiport oxidizer

injection case (which will be discussed later). This might

be expected since the theoretical model assumed perfect

mixing. The agreement between predicted and the experimen

tal values for the SR case also indicates the good mixing

obtained in this injection scheme. Proceeding in time, the

slope of the calculated carbon conversion versus time

decreases. This is explained by noting that as devolatili-

zation proceeds, the "bound" carbon consists of molecules

with higher activation energies and thus the rate of conver

sion decreases in time. As the slope becomes nearly linear

(range over which these experiments were conducted) the dif

ference in carbon conversion rate can be examined. In both

cases the near linear behavior occurs above 80? carbon con

version. It must be kept in mind that the experimental con

ditions were not identical and a comparison of pertinent

average conditions is as follows:

Parameter Multiport Coaxial

Stoichiometry 0.93 0.95

Preheat IMTO^K 1665°K

% 02 in 57.9$ 67.6$
oxidizer
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As shown, the coaxial case had higher average oxidant pre

heat and oxygen concentration with a slightly higher average

stoichiometric ratio. The effect of all three parameters is

to increase the rate of carbon conversion.

A quantitative comparison of the carbon conversion is

difficult due to the differences in test conditions.

However, a comparison can be made if the effects of preheat,

O2 concentration and stoichiometric ratio are examined

parametrically. Based on a parametric evaluation, the

values for the coaxial case were adjusted to the average

conditions of the multiport case as shown also on Figure

5-10. Comparing the carbon conversion at the "same" con

ditions, it is shown that the increase in mixing increased

the carbon conversion by approximately 22.5? at 16 ms. If

the slopes are taken to be linear for carbon conversions in

excess of 80?, then the carbon conversion rate of the multi-

port case is found to increase by a factor of 2.43 over the

coaxial case.

Qualitatively the effect of increase in mixing is to

increase the oxygen concentration at the coal particle sur

face thereby increasing the diffusion of oxygen. With the

increase in diffusion the volatile release rate is

increased.

The experimental results indicate that for the con

ditions of these experiments, the rate of carbon conversion

is mixing rather than kinetically dependent.
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This conclusion is supported by both heat transfer and gas

analysis. The implication is that there is a strong rela

tionship between rate of mixing and rate of carbon conver

sion. The coupling of mixing through diffusion, which

depends on the concentration of oxygen at the particle sur

face, affects the rate of carbon conversion. At present

there does not exist a model to calculate numerically the

flow field and mixing rates for the multiport injection con

figuration. However the experimental results indicate the

rate dependent effect of mixing and thus emphasize the

importance of combustor aerodynamics on the combustion of

pulverized coal.

Comparison of Theoretical and Experimental Results

The experimental data were compared to calculated carbon

conversion efficiencies and heat loss using the combustion

model described in Chapter 3. The combustion model used is

one-dimensional; therefore, no two-dimensional effects such

as mixing are considered. Within this context it was

impossible for the theoretical model to distinguish the

behavior of the NR and MR oxidizer injection coal com-

bustors. However, the comparison between the theoretical

values and the calculated values in the case of the SR oxi

dizer injection scheme is good. Typical results for this

comparison are shown in Figures 5-11 through 5-14. Figure

5-11 is a comparison of experimentally determined heat loss

for the SR oxidizer injection combustor with heat loss
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calculated from the theoretical model. The characteristic

shape of the calculated heat loss is very near to that

measured for the coal combustor. Figure 5-11 shows the

heat loss measurements for four combustor conditions. The

comparison between the calculated values and the experimen

tal values is good in all four cases provided that the

calculated values are shifted three and one-half inches from

the coal/oxidant injection point. Recalling that the model

assumes complete mixing it becomes necessary to adjust the

calculated values by a "pseudo mixing length". Within the

initial portion of the combustor, mixing as well as ignition

must occur and the model assumes both to happen instan

taneously, At the point 0 in Figure 5-11 the experimental

heat loss has a value of four to six percent. This is the

loss that occurs in the oxidant preheater and injection

plate. The model cannot predict these losses and therefore

a direct comparison of heat flux will not be valid.

The radiation model presented in Chapter 3 is very

•simplified in that it assumes the radiative heat sink is

uniformly distributed in the radial direction. This is

obviously not true in the real case. The calculated maximum

heat flux is much higher than the measured heat flux and

peaks much earlier as shown on Figure 5-12. The consequence

of this comparison is that the calculated gas and particle

temperature in the initial portion of the combustor is not

correct. However, when the calculated heat flux approaches

the measured value then the calculated temperatures will be

near the actual temperature.
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Figures 5-13 and 5-14 are comparisons between experi

mental and calculated carbon conversions for the SR oxidant

injection cases. Excellent agreements are found for both

near stoichiometric conditions (Fig. 5-3) and slightly fuel

rich (Fig. 5-4).

In summary the model predicts quite accurately the cum-

mulative heat loss and carbon conversion provided that an

adjustment is made for the "pseudo mixing length". This

agreement gives confidence in the calculation of glo

bal parameters such as gas temperature, particle tem

perature, velocity, gas composition, etc. provided that the

coal/oxidant injection is such that rapid mixing occurs.

Parametric Study

Figures 5-15 through 5-19 are the results of a parametric

study of the effects of stoichiometry, oxidant preheat, and

oxidant composition on carbon conversion. The trends shown

in Figure 5-15, 5-16, 5-17 and 5-18 compare favorably with

experimental data that have been gathered by researchers [43]

as to the general behavior of various types of coals. For

increases in stoichiometry and preheat temperature, carbon

conversion rate will increase. For a given residence time

and oxidant mixture, the carbon conversion is not a strong

function of preheat temperature. However, as shown in

Figure 5-16 carbon conversion is strongly affected by the

oxygen concentration in the preheated oxidant. Figure 5-17

shows the carbon conversion as function of residence time at
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a given stoichiometry for various oxidant preheat tem

peratures. As the preheat temperature is increased the car

bon conversion increases at the same residence time; however,

the asymptotic behavior should be noted. Figure 5-18 shows

carbon conversion as a function of residence time and pre

heat for a mixture ratio near air. The required residence

times for total carbon conversion becomes much greater than

500 ms as would be expected.

Figure 5-19 shows the gas temperature as a function of

carbon conversion efficiency and stoichiometry. The data

presented are for an oxygen concentration of 68/t and preheat

temperature of 3000®R. These conditions are near those that

are "the subject of this experimental work. Figure 5-19

shows that the maximum gas temperature is attained before

carbon burn-out. In the case of coal-fired MHD combustors

the objective is to obtain a high gas temperature and carbon

utilization becomes of secondary importance. Therefore, in

the case of MHD combustors, optimum power generation should

• be sub-stoichiometric with a residence time such that the

carbon conversion is at a level where maximum gas tem

peratures can be achieved. At the same time, heat loss must

be minimized which leads to the utilization of a minimum

volume combustor.

The experimental results indicate that for high carbon

utilization the carbon conversion process is strongly depen

dent on the rate of mixing between the coal and oxidant.

Experimental data for the cases in which mixing was not

rapid showed that to achieve high carbon utilization, it was
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necessary to increase the combustion residence time signi

ficantly. In the case of MHD corabustors this is not a

desirable feature because of the increase in heat loss with

combustor volume.

Free Carbon

Particulate sampling was performed using the modified

Brink's impactor as previously described. Particle size

measurements [M4] ranged from 0.2 microns to 2 microns and

are shown in Figure 5-20. Analysis of the particles showed

that K2SO4 was the dominant specie with some fly ash.

Upon examination using the ASTM method [45], no carbon was

found. Based on these experiments the conclusion was

that no submicron carbon particles were present in the

exhaust flow at the experimental conditions encountered here.

After each run the slag deposits within the combustor

and flow train were sampled. Analyses were made for BTU and

carbon percentage by the ASTM method. These tests show no

carbon was present in the slag. These results were verified

by the ASTM method with low loss on ignition (less than 1/2

percent) and the BTU value of the sample being zero. Ash

deposits collected on the gas sample probe also were ana

lyzed and no carbon was found in these slag deposits.

The results of the particle size measurements and slag

analyses indicate that under the conditions for these

experiments, no free carbon was present.

Particulate sampling and slag analysis are direct

methods of determining the presence of free carbon but in
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configuration FT3 an indirect method is available. In

Figure 4-8 (Page 102) a secondary combustor is shown. The

purpose of the secondary combustor is to provide an oxygen

rich combustion zone to complete the combustion reaction

(the primary combustor is nominally sub-stoichiometric).

The secondary combustor is designed to complete the com

bustion of hydrogen and carbon monoxide while producing

nitrogen oxide below EPA limits.

The performance of the secondary combustor is evaluated

by taking combustion gas samples before and after the com

bustor. The combustion gases entering the secondary com

bustor contain primarily CO, H2, C02> N2 and H2O. After the

combustion reaction in the secondary combustor no CO is

found and the carbon balance before and after is in

agreement. This would not be the case if free carbon was

burned in the secondary combustor, i. e. the downstream

total carbon would be greater than that determined from the

upstream gas sample. As previously reported [46] no free

carbon has been observed in the combustion gases of the pri

mary combustor. This method is indirect, but does support

the conclusion of no free carbon based on particle and slag

analysis.

The conclusions reached are that under the conditions

of these experiments, total carbon burn-out occurs in the

combustor and no free carbon exists in the exhaust flow.

These results are confirmed by the particle and ash analysis

results as well as observed performance of the secondary

combustor.
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CHAPTER 6

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

Summary

The work described here was part of a coal-fired MHD

combustor development program. Satisfactory MHD combustor

performance requires high combustion gas temperature

(approximately 2800°K) and which in turn dictates a

design with minimum heat loss. A minimum heat loss design

will have a low surface to volume ratio. The high tem

perature requirement implies high heat release rates and

thus short combustor residence times. Heat release rates in

an MHD combustor will be of the order of 10^ BTU/sec while

in conventional pulverized coal combustors the heat release

rates are on the order of 103 BTU/sec.

To attain low heat loss and short residence times, it

becomes necessary to design the combustor with a high rate

of mixing between the fuel and oxidant. This requirement

was met with the multiport oxidant injection plate designed

as part of this project.

Diagnostics in an MHD combustor are very difficult due

to the high temperature and particle densities. The only

alternative was to use the heat flux distribution in the

combustor in a qualitative sense to determine increases in

heat release rates. When coupled to the gas analysis this

proved to be adequate in evaluating changes in combustor

performance with variations in oxidant velocity and distri-
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bution and residence time.

The experimental results showed strong coupling

between mixing rate and heat release rate (i.e. carbon con

version) . In conditions such as those encountered in a

pulverized coal MHD combustor, increasing mixing rate

increases the oxidant diffusion rate relative to the kinetic

reaction rate.

These experimental results establish the basis for the

design of coal-fired MHD combustors and when compared to the

theoretical model impacts present devolatilization theory.

Present one-step, first order reaction models will not pre

dict high rate devolatilization. However, the results of

the present work show that a formulation in which the rate

of devolatilization is dependent on the instantaneous coal

particle mass will predict the experimental results. In

Chapter 2 a review of present work in this area was pre

sented and the general trend towards increasing complexity

of analytical models was observed. However, the results

•presented here demonstrate the applicability of a

one-step,first-order reaction model provided that a high

rate of mixing occurs. Together, the experimental results

and the theoretical model support the conclusion that dif

fusion rate increases with increase in mixing rate.

The parametric study showed that maximum combustion gas

temperature is attained with carbon conversion on the order

of 85$ at a stoichiometry of 0.85, oxidant preheat tem

perature of 3000°R and oxygen concentration in the oxidant
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of 68$. In a pulverized coal MHD corabustor, where raaxiraura

gas temperatures are desired, carbon conversion should be

less than 100$, The optimum carbon conversion would depend

on stoichiometry, oxidant preheat temperature and oxygen

concentration in the oxidant.

It has been speculated that at coal-fired MHD combustor

conditions, operated sub-stoichiometrically, free carbon

will exist in the form of soot. During these experiments no

free carbon was found using presently available methods for

determination. This conclusion was reached by both direct

and indirect methods. In the case of coal-fired MHD flow

trains, this conclusion impacts the design of the secondary

combustor in that it should be designed to convert CO to

CO2 rather than to convert carbon to CO2.

Conclusions

Based on the results of this work the following conclu

sions can be reached:

1. At the experimental conditions investigated in the
present work, the combustion process becomes
dominated by the mixing rate of the oxidant and
fuel. Rapid mixing will increase volatile yield
rate; however, there is a finite rate at which the
reaction will occur based on mass transfer to the

particles.

2. With high oxidant preheat temperature and oxygen
concentration, pulverized coal can be totally
oxidized in residence times less than 25 millise

conds provided that the rate of mixing of the oxi
dant and fuel is rapid.

3. Since efficient MHD combustors require high
temperatures with low heat loss, it is desirable
that the combustors be designed such that rapid
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mixing occurs between the oxidizer and fuel. The
residence time should be reduced so as to

maximize peak temperature (rather than carbon
conversion). Under these conditions the maximum
gas temperature will be reached with minimum
heat loss.

4. For a bituminous coal at high heating rates
(approximately 105 degrees C per second), high
final temperatures (approximately 3000°K) and sub-
stoichiometric conditions, total devolatilization
occurs rapidly; i.e., the carbon content of the
coal particles is converted to carbon monoxide and
carbon dioxide and no free carbon is found to exist

in combustion products.

5. The theoretical one-dimensional model described in
this work will predict the observed experimental
behavior provided that the mixing of the oxidizer
and fuel is very rapid. The model is limited in
its applicability because an estimate of the mixing
length is required. As indicated, it will not
accurately predict combustion behavior for cases
such as coaxial injection of the oxidizer and fuel.

6. Rapid devolatilization can be modeled by single
rate equation if volatile yield is taken as a
function of the coal particle mass rather than a
discrete fraction of the initial coal particle
mass.

7. Based on the model, volatile yield rate increases
with the following:

a. Combustion pressure

b. O2 partial pressure in oxidant

c. Oxidant temperature

d. Stoichiometry in the reacting flow

e. Residence time

8. Based on studies using the theoretical model, in
conditions where high temperatures are important,
such as in MHD combustors, the carbon utilization
should be limited to about 85$ at substoichiometric
conditions because peak gas temperatures occurs
somewhat before complete carbon conversion.
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9. The theoretical model can be used to study oxygen
blown gasifiers and could be used to aid design of
these systems. The model does consider the
carbon surface gasification reaction which would
be important in coal gasifiers.

10. Gas analysis is a reliable way of measuring carbon
conversion in conditions such as those described
in this work. Because of high ash vaporization
it is doubtful that the ash tracer method of
anaylsis will reliably predict carbon conversion.

Recommendations

The following recommendations are made for further

work:

1. The model could be improved by introducing
aerodynamic effects such that the initial mixing
region could be described theoretically.

2. A further improvement could be made by introducing
a statistical distribution of coal particle size.

3. Further experimental work should be done in the
area of reducing the carbon utilization to
achieve maximum temperatures such as those
required for MHD combustors.

4. In the case of MHD combustors where carbon
utilization is not of primary importance, the
effects of unburned carbon on conductivity are
unknown and need to be investigated.

5. Experimental studies should be performed to
determine the effect of oxidant preheat tem
perature on volatile yield in combustion systems.
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