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PREFACE

The study of coal for the production of energy is certainly not a new area of research.
Many research works were carried out to improve the efficiency of industrial and domestic
facilities. In the sixties, however, because of the availability and low cost of petroleum, coal
consumption decreased and the research effort in this area was minimum.

Meanwhile, the situation has totally changed.Considering the reserves of oil and the
instability of regions where they are located, it is becoming absolutely necessary to develop
other sources of energy.The major alternative to oil appears to be coal, at least for the near
future. Indeed, the reserves known today represent several centuries of energy
consumption.It is therefore becoming urgent to develop efficient and non polluting
technologies to produce energy from coal. The main possibilities are :

. liquefaction
. gasification
. directed combustion.

Research and development efforts on liquefaction have been considerably reduced
because of high cost of technologies involved and poor prospects for the next two decades.
Research works on gasification are progressing; it is a promising approach.

However, direct combustion either in pulverized coal furnaces or in fluidized beds is the
more promising way of expanding rapidly the utilization of coal. These techniques are
already used in some facilities but many environmental problems remain, slowing down their
development.

It is of primary importance to be able to achieve a proper physical description with
accurate models of the different processes occurring in industrial facilities,in order to develop
efficient and non polluting equipments.

Beginning in the early eighties, many laboratories have been involved in coal sciences.
Several computer codes have been developed, describing flow aerodynamics with some
coupling with chemical reactions. In order to avoid the manipulation of empirical parameters
which make these models inappropriate for solving practical problems, it is necessary to
introduce data relative to the fundamental mechanisms of the combustion of a coal particle. It
is also important to take into account the different types of coal and for a given coal the
heterogeneity of maceral composition and size of the particles.

At the Twentieth Symposium (International) on combustion held at Ann Arbor (Michigan)
in 1984, a fairly large number of papers were concerned with the combustion of coal. We
noticed that, unfortunately, it was difficult to do an acceptable synthesis of the results
published by the different laboratories. We decided at that time, encouraged by our
colleagues from M.L.T. involved in coal combustion science, to organize a workshop to put
together for a week the specialists of the domain in order to establish the state of the art and
formulate recommendations for future work.

The final programme was divided into six sessions. Eight main lectures were completed
by twelve communications.

In the first session a review of coal properties known to be important to coal
combustion behaviour was presented.
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When coal is subjected to high temperature in oxidative or not oxidative atmosphere,
devolatilization occurs. In the second session, three main lectures were devoted to the
kinetics of devolatilization, the role of volatiles in coal combustion and the
morphological transformation of coal during pyrolysis.

Heterogeneous combustion of the char obtained by devolatilization of coal was reviewed
in the third session.

The largest obstacle to the public acceptance of increased coal use is the perception that
coal combustion is polluting. The fourth session addressed this key problem.

Much of the recent progress in the understanding of coal combustion is attributable to

new advanced diagnostics. The fifth session reviewed the techniques for in situ
measurements of coal flames.

The sixth session was concerned with the transfer of fundamental results to the modeling
of burners and boilers.

The last part of the meeting was devoted to a synthesis of the workshop by three
sub-committees.

The question, comments, and answers submitted in a written form have been edited in the
present volume.

Special thanks are addressed to the Scientific Committee, Profs. J.B. Howard, H.
Jiintgen and F.E. Lockwood, Dr R.E. Mitchell, Profs. A.F. Sarofim and T.F. Wall, for
their efficient collaboration in the preparation of the meeting.

We are grateful to C. Denninger, F. Muiler, P. and S. Wagner for their technical
assistance before and during the workshop.

J.LAHAYE
G.PRADO
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COAL CHARACTERIZATION IN RELATION TO COAL COMBUSTION

Harald Jintgen
Professor Dr.rer.nat.

1. INTRODUCTION

Most coals are used worldwide for combustion today. Gene-
rally all kinds of coals are applicable for combustion.

The major methods of burning are fixed bed firing, fluidized
bed firing and suspension firing. The last technique is
used in big industrial plants for electric power generation.
In fixed bed firing heating rate is slow (a few K/s),

and combustion time ranges from minutes to hours, depending
on particle size. In fluidiz§d bed gombustion heating

rates can be estimated at 10~ to 10° K/s, burning tempe-
ratures are between 800 and 900° C, and burning times

are in the order of minutes. In suspension firing heating
rates also are high, temperatures are more than 1500° C,

and burning times are in the order of seconds. In these
firing systéems characteristic and very different particle
sizes are used: Lump coal in a range from 5 to 50 mm in
fixed bed firing, crushed coal in a size range from 1

to 5 mm in fluidized bed firing, and pulverized coal with
sizes of below 100 p in suspension firing.

It is generally agreed that particle size of coal is the
most defining parameter with respect to the dominant reac-
tion mechanism of combustion /1/. Beyond that coal proper-
ties also influence the combustion behaviour. As combustion
of coal is a complex process consisting of several parallel
or consecutive reactions, which are partly governed by

heat and mass transfer phenomena, it can not be expected
that there are simple correlations between parameters

of physical and chemical coal structure on the one hand

and overall characterization parameters of coal combustion
on the other hand. There is the fundamental need to have

a clear picture of the influence of coal properties on
combustion behaviour, because coal properties are very
significant for practical questions of design and operation
of combustion technology. There is the need to design
boilers for a much wider range of coals, for equipment

both smallér and larger than previously used, and for

more exact operation conditions /2/.

The relationship between coal properties and combustion
behaviour can be considered under various aspects. First

of all it has to be taken into account that coal properties
systematically change with coal rank. Some chemical, physi-
cal and calorique properties of coal are needed for achie-
ving the heat and mass balance for boiler design.



As previously shown the particle size is a fundamental
question of using different burning technologies, and
hence it follows that design of crushing equipment is

a precondition of boiler performance. Therefore mechanical
properties of coal are important for the characterization
of crushing behaviour and grain size distribution.

An especially important task is the prediction of the
combustion behaviour. That is only possible, if the mecha-
nism of the basic steps of combustion is identified, and
if a relationship between the characteristic coal proper-
ties and important parameters of each basic step has been
established. Then there is the hope that the modelling

of single steps of combustion and their coaction can also
be performed.

To meet the demand for minimizing the discharge of sulfur,
nitrogen oxides, and particulates the correlation between
the occurence of nitrogen and sulfur in coal and the forma-
tion of correspondent gaseous compounds during combustion
must be understood better. Also coal properties by which
boiler slagging and fouling are affected are of great
interest.

The aim of this paper is mainly to discuss the relationships
between coal properties and performance of basic steps

of combustion like pyrolysis, ignition and combustion

of pyrolysis products, and of ignition and combustion

of residual char. Another important point is the description
of coal nitrogen in respect to NOX formation.

2. CLASSIFICATION OF COAL ACCORDING TO RANK

Coal is a chemically and physically heterogeneous rock,
mainly containing organic matter. It principally consists
ofcarbon, hydrogen and oxygen and on less amounts of sulfur
and nitrogen. Coal also contains ash forming inorganic
components distributed as discrete particles of mineral
matter throughout the coal substance.

Coals originated through the accumulation of plant debris
that were later covered, compacted and changed into the
organic rock we find today. The conversion - called "coali-
fication" - is based on biological reactions in the first
stage, followed by a second phase in which geochemical
reactions take place. This phase can be described by a

very slow pyrolysis reaction under specially low rates

of heating /3/4/. This transformation successively leads

to peat (in the case of humic coals) lignite, bituminous
coal and anthracite. The progress in this coalification
scale (figure 1) is called the rank of coal and is suitable
for coal classification. Coal properties determining rank
like moisture content, carbon content, content of vola-
tile matter and mean reflectance of vitrinite are listed

in table 1. There the relationship to the rank is also
shown.
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Typical ultimate analysis of coals of different rank are
given in figure 2. From there it can be seen, that with
increasing rank the H/C ratio and the 0/C ratio are decrea-
sing.That can be interpreted - as will be shown in the
following - by a loss of functional oxygen containing
groups and by an increase of the aromaticity of the coal-
macromolecule.

The properties of coal are not only influenced by their
rank but also in a certain extent by the kind of precursor
material and the kind of the environments during the coali-
fication process. So humic coals are developed in mostly
oxidative environments and pass through a peat stage in
which the so called huminification takes place. Sapropelic
coals which are relatively rare are formed in more reduc-
tive environments and do not pass a peat stage.

The petrographic components of coals are defined as mace-
rals and can be characterized by microscopy. They are
derived from different precursor materials. Single mace-
ral are summerized in maceral groups, those precursor
materials, H/C ratio and aromaticity values are listed

in figure 3. The most frequent maceral group in humic
coals is that of vitrinites. Therefore the determination
of the rank is based on the mean reflectance of the vitri-
nite.

The development of the different macerals can be best
demonstrated in the H/C versus 0/C diagram shown in figure 4
D.W. van Krevelen has given an extensive explanation in

his book /5/.

A diagram of more practical purpose is that of figure 5
in which experimentally derived relationships between
volatile matter, carbon content, hydrogen content, H/C
ratio and mean reflectance are shown /6/. A correlation
between the maximum vitrinite reflectance and the content
of vitrinite on C, S, H and N is given in figure 6 /7/.

3. COAL PROPERTIES NEEDED FOR ESTABLISHING HEAT AND MASS
BALANCE FOR COAL COMBUSTION

The standard coal data needed for setting up the mass
balance, their relationship to coal rank and to other
parameters are listed in fiqure 7 /8/. Most data, with
the exception of ash content, mineral matter, S-content,
N- content and specific heat of coke are related to rank
parameters as volatiles, mean reflectance or ultimate
analysis.

In the next figures some examples of correlations of these
data are given for special coal basins. Figure 8 shows

the C-, H-, and O-content of coals from the Ruhr district
as a function of volatiles /9/. In figure 9 the correlation
between volatiles and C-content is presented for lignites



and hard coals /10/. Here data of coals from mostly Poland
are compared with those from Bulgaria, CSSR, FRG, France
and USSR. It follows from this figure that the scattering
of data for the different coals basins 1is especially large
in the range of volatiles between 35 and 50 %. Figures

10 and 11 are related to a broad band of solid fuels with
ranks between peat and anthracite from Bulgaria /11/.

Figure 10 gives relationships between C-, H-, O-content

and volatiles, and figure 11 presents a correlation between
the sum of O- and S-content and the C-content of coals.
This strong correlation shows that sulfur and oxygen are
exchangable to a certain extent which means that in coal
genesis organic sulfur can be formed by a chemical reaction
with oxygen containing functional groups.

As to the physical and caloric properties of coals true
density and porosity as a function of volatiles are given
in figure 12 /12/. The true specific heats of bituminous
coals can be correlated to the atomic ratio H + 1.3 0/C,
where H is the aromatic H-content, and to thé tempera-
ture (flgure 13) /13/. The true specific heat of coke

is only dependent on temperature. A correspondent correla-
tion for blast furnace coke in the temperature range up

to 1000° C is given into /14/:

-3 7 L2

Cp = 0.837 + 1.54 . 10 "T - 5.4 . 10 T (kJ/kg K)

Figure 14 shows the relationship between net caloric value
and volatiles for coals from the Ruhr district /9/. There
are also a number of different formula describing the
caloric value as a function of the ultimate analysis of
coal and the heats of combustion of the elements, e.g.

Q (cal/g) = 80,30 C + 339 H + 22.5 S - 37.70 /15/
or 0

Hu (MJ/kg) = 33.91 + 121,42 (H - 3 ) + 104,67 /l6/

in which C, H, S, O mean the content of C, H, S and O
in % in water- and ashfree coal.

4. COAL PROPERTIES NEEDED FOR CHARACTERIZATION OF GRAIN SIZE
AND OF CRUSHING BEHAVIOUR

As mentioned in chapter 1 the particle size of coal is the

most defining parameter with respect to the dominant mecha-
nism of combustion. Therefore the characterization of particle
size distribution is very important for systematic combustion
studies in research and for the design and operation of combus-
tion equipment used for the different firing systems fixed

bed firing, fluidized bed firinbg and suspension firing.

It is not the task of this paper to describe methods for
the determination of particle size distribution. However
it shall be stressed that particle size of coal can change
during the course of combustion. First changes can occur
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during pyrolysis of high volatile bituminous coals con-
taining large parts of vitrain (litotype consisting on
distinct maceral groups). Here different effects of swelling
combined with grain size expansion or of destruction of
grains combined with grain size reduction have been ob-
served. Parameters governing the behaviour of different
coals during pyrolysis are on the one hand process para-
meters as heating rate, on the other hand coal properties
as the rank and the maceral composition of coals. This
may also be one of the possible explanations for some
observations that the combustion behaviour of macerals

is different /21/. Some more information of change of
particle size and density are given in chapter 5.

Particle size of char is also influenced by combustion
at high temperatures. As in this temperature region film
diffusion is rate determining and the particle burns at
outer surface. The particle size decreases during com-
bustion, which is also confirmed by experiments /17/.

From the point of designing crushing equipment the crushing
behaviour of coals is important. An empirical test for

the characterization of the grindability of coal has been
developed by Hardgrove. 50 g of an original grain size
between 0,59 and 1,19 mm is ground in a ball mill. After
sixty revolutions the coal is sieved over a sieve of 75 p
and the grain fraction passing this mesh - MP - is deter-
mined. From there the Hardgrove Index °H is calculated

as follows

°H = 13 + 6.93 MP

A high Hardgrove index therefore means a high grindability.
The grindability of coals in a wide range of rank is presen-
ted in figure 15 /9/10/. The picture above shows that
there are two maxima of grindability, the first in the
region of lignites, the second in the range of hard coals.
The behaviour of hard coals is given more distinctly in
the picture below together with a mathematical correlation
for both areas on this side and beyond the maximum. It

is interesting to see, that the maximum of grindability

is at the same volatile content, which also characterizes
the minimum of porosity (figure 12).

5. COAL PROPERTIES NEEDED FOR THE PREDICTION OF COMBUSTION
BEHAVIOUR AND MODELLING OF SINGLE STEPS OF COMBUSTION

5.1 Previous Results on Combustion Parameters and Chemical

Many attempts have been made to establish empirical corre-
lations between parameters of combustion behaviour of

coals like ignition temperature or burning time and coal
properties corresponding with coal rank /17/18/19/20/21/22/.
In many cases the correlations found are quite poor or

the scattering of the measured points is very large. A
general result of these tests is that ignition temperature
is as lower and burning time is as shorter (using corres-
ponding particle sizes) as lower the rank of coal is.

A fundamental discussion of concepts of coal structure
in relation to combustion behaviour is given by P.H. Given
/23/. He comes to the following conclusions: Two aspects



of structure are in principle quite distinct: structural
aspects determining mass transport within coal particles
and structure in the sense of organic chemistry. He comes
to the conclusion that the pre-existing pore structure

in coals does not seem to be relevant for mass transport
during pyrolysis and combustion because the pore structure
is changed very much in the course of degradation of these
coal macro-molecule.

He further stresses the importance of the mobile phase

in coals for fast formation and ignition of volatile matter
and also elucidates the different behaviour of macerals:

so exinites are of high hydrogen and aliphatic hydrogen
contents and of high volatile matter yield. Presumably,
therefore, they should readily ignite and show rapid burn
out. In contrast burn out is much less complete with coals
having substantial contents of fusinite and semifusinite
(belonging to the maceral group inertinite) /24/. According
to his conclusions on the role of various induvidual struc-
ture features the aromaticity will tend to decrease pyro-
lysis and combustion rates and retard burn-out. The reverse
is true for hydroaromatic and other aliphatic structures.
The presence of OH functional groups will increase pyrolysis
rates.

If the aim is to confirm and to extend these general con-
clusions in more detail a precondition of better under-
standing the coaction of coal structure and its combustion
behaviour is a fundamental knowledge of the combustion
mechanism of single coal particles. Therefore in the follo-
wing a short survey shall be given on the description

of single reaction steps in relation to relevant coal
properties. These are the devolatilization as a function

of chemical coal structure, the ignition and burning of
volatiles depending on amount and chemical composition

of volatiles, the formation of char considering the swelling
behaviour of coals and the change of particle size and
porosity during devolatilization, and the ignition and
combustion of chars depending on reactivity and particle
size.

A survey on. experimental methods and results of Bergbau-For-
schung GmbH of the course of combustion of individual

coals particles is given by Jlintgen /25/26/27/28/29/30/.
Finely ground coal partjcles are heated up with a definite
rate between 150 and 10  K/s using an electrically heated
wire cloth. The reaction behaviour can be analysed by

rapid gas analysis using a fast operating mass spectrometer
and by optical observation using a high speed camera.

As it is shematically shown in-figure 16 (above) the com-
bustion of the coal particle takes place in the three
steps: heating up and formation of volatiles, ignition

and combustion of volatile matter, and ignition and burn

of of the char. This can be derived from the measured
CO,-formation as given in the left hand picture below
of“figure 16 for the combustion of coals of different
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rank but of the same particle siﬁe in an air atmosphere
when heated up with a rate of 10° K per minute. Two clearly
seperated peaks can be distinguished on the graph. The
first one is ascriable to the burning of the volatiles,

and the second one to the combustion of the char. It can

be seen clearly, that the intensity of the first peak

is increasing with the content of volatile matter, and

that the ignition temperature of volatiles shifts from

430° C to 600° C with decreasing content of volatiles

from 39.5 % to 10 %. The second peak is studied in more
detail by burning the correspondent coal chars made by
pyrolysis in oxygen free atmosphere at the same heating
rate. Results are shown in the right hand picture of figure
below. The most important results are that chars ignite

at higher temperatures compared with the volatiles, that
ignition temperatures of chars increase from 590° C to

860° C, if volatiles of precursor coals decrease from

59,5 % to 10 %, and that burning times of chars also in-
crease with decreasing volatiles of precursor coals.

More detailed studies have shown that the mechanism is
more complex and depends on grain size, rate of heating
and amount of volatiles. Results with a high volatile
coal are shown in figure 17. In the left hand picture

the three observed mechanisms are explained: 1) particle
ignition without seperate ignition of volatiles; 2) suc-
cessive ignition of volatiles and char particle; and 3)
simultaneous ignition of volatiles and char particle.

The right hand picture shows under which conditions the
different mechanisms take place: mechanism 1) in the case
of very small particles in a wide range of heating rates,
mechanism 2) for larger grains and relatively low heating
rates, and mechanism 3) for larger grains and high heating
rates.

In the foregoing chapter the significance of devolatili-
zation for combustion of coal particles has been shown.

Now correlations between devolatilization and chemical
structure of coal shall be discussed in more detail. There-
fore first of all some aspects of chemical structure have
to be taken in mind.

Coal seems to be a two component system consisting of
a macro-molecule also called coal matrix and a so called
mobile phase of single molecules with relative small mole-
cular weight which-are trapped in the holes of the macro-
molecular network. Many efforts are made to elucidate
the nature of the macromolecule, whereby methods of oxi-
dative or reductive degradation of the macro-molecule
are used with the identification of the soluble degradation
products /5/31/. Besides this kind of investigations also
?Qectroscopic and other physical methods as "NMR- and

C NMR-methods are used to analyse the overall distribution
of aliphatic, hydroaromatic and aromatic hydrocarbon struc-
ture and to identify functional oxygen and sulfur containing
groups. All knowledge of the chemical structure of the
macro-molecule can be condensed and schematically demon-
strated in a model structure.



The concept of mobile phase is discussed recently in great
detail /33/. It appears that there are two (or possibly
three) populations of protons in coals. Mobile protons

could be in relatively small molecules which are enclosed
within the macro-molecular network. From some other obser-
vations e.g. a comparison of the amount of small molecules
received from extraction, pyrolysis and hydrogenation

it could be concluded that the content of relatively small
molecules is larger than expected from the previous results
of extraction measurements alone and is equal to the content
of substances containing mobile protons. However, there

is a disagreement on the admissibility of extraction experi-
ments. An other argument for small molecules in mobile

phase is the fact that many molecules received from extrac-
tion, pyrolysis and hydrogenation experiments are of bio-
logical origin and so received without chemical alteration
during the preparation methods for their recovery.

As to the chemical constitution of macro-molecule only

some characteristic results shall be discussed here. Fi-
gure 18 shows the mean content of different oxygen func-
tionalities in coals in a wide range of rank /34/. Oxygen
functionalities are determined by different chemical methods
and infrared spectra. Lignites contain high oxygen contents
and a great variety of functionalities like phenolic hydro-
xyl, carboxylic acid groups, carbonyl groups, ether groups
and methoxy groups. In hard coals there occur only phenolic
hydroxyl, carboxylic acid groups and to a small extent
carbonyl groups. Ether groups have an especial significance
for the behaviour during pyrolysis. Figure 19 gives a

survey on the distribution of carbon and hydrogen in vitrain
coals /35/. It can be seen that aromaticity of carbon

and hydrogen is increasing with rank while non aromatic
structures are decreasing. The significance of the different
structures for the pyrolysis behaviour of coals will be
discussed in chapter 5.4. An example for a coal model
molecule /33/ is given in figure 20. It can simultaneously
summerize and illustrate the main chemical structural
features of coal. Nowadays its construction is possible

by computer assisted analyses of main results of functional
groups and C- and H-distributions in coals. By construction
of a space filling model it can be determined whether

the proposed chemical structures are sterically accessible

/36/.

The coal model reflects the macro-molecule of a coal with
83 wf % C. It consists of polynuclear aromatic-hydroaro-
matic ring systems linked either by bridges of methylen,
ethylen or ethers. Oxygen is also present in the form

of phenolic OH groups and in heterocyclic bondings. The
distribution of S and N is similar. This picture represents
only a part of the macro-molecule and is, in turn, linked
to the rest of the macro-molecule by other bridges.

11
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To propose a relation between coal structure and its be-
haviour during pyrolysis a discussion of the different
specific bonding energies between the aromatic units and
the hydrocarbon bridges or ether bridges linking them

is fruitful. From general knowledge on bonding energies

in organic molecules as shown in figure 21 it can be con-
cluded that the C-C bond energies in the coal macro-mole-
cule increase in the following sense: C-C bonds in bridges
(dependent on size of the attached aromatic structures),
C-C bonds between alkyl groups and aromatic structures,
C-C bonds in aromatic rings. It may be expected that in
pyrolysis the sequence of cracking of C-C bonds as a func-
tion of temperature is in the same sense as the strength
of bond dissociation energies of the different bond-types.
In this way the first reaction will be the cracking of
weak bonds in the aliphatic hydrocarbon bridges resulting
in the formation of alkyl aromatics followed by the clea-
vage of alkyl groups and the formation of alkyl radicals
and aromatic ring structures. The strong aromatic C-C
bonds lead to the fact that the aromatic ring system stays
relative stable during pyrolysis. Corresponding conside-
ration can also be made related to the cleavage of ether
groups which bond dissociation energies in general are
somewhat greater than those of aliphatic hydrocarbon brid-
ges. These considerations are very important for the mecha-
nism of pyrolysis which is discussed in more detail in
chapter 5.4.

As to the mobile phase, considerations on the biological
origin of small molecules in coal can give some more eluci-
dation of this problem.

The formation of biomarker compounds - also called geo-
chemical fossils - from biological precursors 1is strongly
related to the kind of precursor material and to the geo-
chemical history of coalification. Most biomarker hydro-
carbons are directly formed by the so called lipids (fats,
waxes, vegetable oils, terpenoids, steroids) /37/. The
transformation of diterpenoids e.g. dehydroabietane in
phenanthren during coalification from lignite to anthra-
cite is proven by identification of correspondent inter-
mediates and products in coal extracts /38/. Also biomarker
compounds like pristane, phytane and farnesane are iden-
tified in coal extracts /39/. As biological precursor
molecule for hopane derivatives, found in coal extracts,
bacteriohopanetetrol, a cell membrane compound of special
bacteria, could be identified /40/. Different biomarker
compounds like straight chain alkanes are also found in
supercritical coal extracts /41/ and in the light oil

of coal hydrogenation /33/42/. Recent experiments performed
at Bergbau-Forschung have shown, that most of biomarker
compounds found by extraction can be found without or
with only small chemical alterations in the products of
mild coal degradation, using hydrogen donor solvents,

in those of pyrolysis and of hydropyrolysis /43/.

According to the origin of these compounds of lipids it
is to assume, that exinites are most rich on mobile phase



and on biomarker molecules. This recently has been proven
by the comparison of fast pyrolysis results of a humic

and a sapropelic coal. An example is shown in figure 22.
Here the yield of straight chain alkanes with C-numbers
between 15 and 33 after 10 s shock heating in a Curie-Point
apparatus at 1 bar H, is plotted against the C-number

for two different codls at temperatures of 600, 700 and
800° C. It can be seen that the sapropelic coal Lady Vic-
toria (45 % Exinites) has a five times greater yield on

C to C2 hydrocarbons than the humic coal Westerholt

(13 % Ex1%ites). It is also interesting to see that the
yield is only little influenced by the temperature of

shock heating. So it can be concluded that even hydro-
carbons with high carbon numbers can destillate out of

the coal particle of a size between 0.063 and 0.1 mm during
shock heating without remarkable decomposition. In the
study it could furtheron be shown that high pressure and
high particle size lead to secondary reactions within

the coal particle with decomposition of these hydrocar-
bons by cracking reactions /44/.

5.4 Devolatilization of Coal in Relation to its Chemical

The overall reaction of pyrolysis takes place by heating
up coal in an inert atmosphere and leads to the products:
char, tar and gas. For the burning behaviour tar and gas
formation is the most important point of view. Pyrolysis
is studied very intensively during long time /5/26/45/46/
/47/48/49/50/51/52/. Parameters influencing kinetics and
mechanism are kind and particle size of coals, heating
rate, final temperature, kind of gas atmosphere and gas
pressure. The kinetics of pyrolysis are complex. It can

be assumed that many secondary reactions take place in
parallel reactions which are of first order related to

the special pyrolysis products formed by the correspondent
reaction /53/. According to the residence time of primary
products in the particle or in the hot gas atmosphere
surrounding the particle consecutive reactions between

the products of primary reactions can take place. These
are preferred in cases of high residence times especially
in large coal particles and under the conditions of high
gas pressure. The primary reactions often consist of
cracking reactions mostly with the consequence of forming
coke into the coal particle and of reducing the yield

of liquid and gaseous products. In combustion systems

with fine coal particles and high rate of heating a minimum
of secondary reactions and a maximum of yield of the liquid
and gaseous pyrolysis products can be expected.

The mechanism of pyrolysis /54/55/ has to be understood,

if correlations between pyrolysis behaviour of coal and

its chemical structure are to be derived. Here the following
points shall be discussed in more detail: the destilla-

tion of mobile phase, the formation of tar and gas mole-
cules by degradation of the macro-molecule and the formation
of char by condensation of big aromatic clusters within

the solid particle. From this conclusions can be drawn

to the correlation between the CH-distribution in the

coal macro-molecule and the evolution of pyrolysis products.
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As shown in figure 22 the destillation of products from
the mobile phase can be studied by performing pyrolysis
experiments and identifying molecules formed by lipids
precursor molecules. Additionally the study of kinetics

of the formation of tar and methane during pyrolysis can
give some evidence on the behaviour of molecules of mobile
phase. It can be assumed that a molecule of mobile phase
is trapped in holes of the coal matrix because transport
processes are very slow at room temperature due to the
fact that the molecule has to pass bottle-neck pores.

It has been shown that activation energy of activated
diffusion - the transport mechanism in bottle-neck pcres -
is sharply increasing with molecular size /56/. The trans-
port, however, can be accelerated by increasing temperature.
So it can be expected that in the temperature range of
350° C the diffusion is not more inhibited and the mole-
cules of mobile phase can evapourate and diffuse through
the holes of the solid out of the grain. This process

is not combined with a formation of gases, because these
can desorb at much lower temperatures and also the diffusion
out of the particle can take place at lower temperatures
due to their smaller molecular size.

Other liquid hydrocarbons can be formed by the degradation
of the coal macro-molecule. However this formation is
combined with a gas formation as will be shown in the
following. Therefore the destillation of molecules of
mobile phase can be proven by the comparison of the for-
mation of tar, which contains both products from mobile
phase and from the degradation of the macro-molecule,

and the formation of methane which is only a byproduct

of degradation of the macro-molecule.

Figure 23 (left hand picture) shows that tar formation
during pyrolysis of a high volatile coal at low heating
rates begins at about 250° C in 1 bar nitrogen. With in-
creasing gas pressure the begin of tar evolution is shifted
to higher temperatures and the amount decreases. In contrast
to this, methane formation begins at 400° C and is indep-
endent of gas pressure (right hand picture) /57/. From

these findings it can be concluded that tar formation

begins at lower temperatures than methane formation and

is pressure dependent. That means that the destillation

of mobile phase begins earlier during pyrolysis and the
first fraction of formed tar consists of molecules of

mobile phase. Tar compounds of degradation of macro-molecule
are only formed at higher temperatures when the methane
formation begins, which is not pressure dependent.

The significance in relation to combustion is that aliphatic
hydrocarbons can evolve very early during pyrolysis, if

coal contains a great content of mobile phase as e.g.
exinites rich coals. It can be assumed that also the ig-
nition temperature of these compounds is especially low.



The degradation of the macro-molecule can be explained

by taking as an example the degradation of an ethen molecule
which is substituted by phenanthren and by tetralin as

shown in figure 24. This is a very simple but typical

model molecule for the macro-molecule of coal. The first
step consists of a hydrogen donor reaction by aromatization
the tetralin system in naphthalene.It follows the cleavage
of the weakest bond between the carbon atoms of the ethen-
bridge, lateron also the alkyl residues can be cleavaged.

In the presence of exessive hydrogen from the hydrogen

donor reaction the radicals can be saturated with hydrogen
forming naphthalene, phenanthrene and methane. These pro-
ducts can leave the solid particle by suitable transport
processes. If not enough hydrogen is present radicals

can combine to bigger aromatic structures which cannot

leave the grain anymore because transport processes are
inhibited. These aromatic structures can condensate at
higher temperatures to big aromatic clusters under formation
of hydrogen.

This simple picture, which does not consider the role

of ether groups during degradation clearly shows the diffe-
rent role of CH-distribution: hydroaromatic hydrogen is
necessary to saturate radicals which are formed by cleavage
of weak C-C bonds.

Figure 25 summarizes the main reactions of pyrolysis /55/
consisting of desorption of water and gases at about 120° C,
destillation of mobile phase, beginning at temperatures

up to 250° C, and forming an aliphatic tar, degradation

of macro-molecule under formation of an aromatic tar and
gases beginning up to 400° C, and the condensation of

big aromatic structures to char, combined with formation

of H,, CO and N, which begins at about 600° C.

In figure 26 an overall picture is given describing the
coaction of main reaction steps in a coal macro-molecule
which is composed ofa variety of aromatic-hydroaromatic
structural units linked with different bridge elements

and containing in its holes a great variety of molecules

of mobile phase. These can destillate and leave the par-
ticle by diffusion, if temperature is high enough to allow
free diffusion. The cleavage of bridges and saturation

of radicals is dependent firstly on the bond energy of

C-C or C-0 bonds in the bridges and secondly on the amount
of hydroaromatic structures which make the hydrogen avail-
able for the saturation of radicals. According to the

size of bond energies the degradation may take place in
several steps. Figure 27 gives a summary of the significance
of the different CH-distributions for the product formation
during pyrolysis. CH,, CH .and CH in side chains or bridges
result in the formation of C, to C, hydrocarbons. Hydro-
aromatic CH., makes the hydrogen available for saturation

of radicals®and in this way has an important function

to decide how much radicals can be saturated to molecules
leaving the solid. CH-aromatics lead to tar and coke depen-
ding on the number of aromatic rings and on hydrogen avail-
able.

15
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As pointed out in chapter 5.2 an important step of coal
combustion is the ignition and burning of volatiles. Fi-
gure 16 shows that ignition of volatiles is dependent

on amount of volatiles and of rank of the parent coal.

In more detail it must be expected that there exist corre-
lations between quality of volatiles and their ignition
behaviour. Unfortunately there are no exact correlations
available. Since tar is the main volatile product of pyro-
lysis, the amount of tar evolved and its characterization
dependent on rank of coal may be interesting to interprete
the ignition behaviour. Figure 28 shows (above) the tar
formation during pyrolysis at 3 K/min and 200 K/s depending
on gas pressure for anthracite and hard coals of different
rank /57/. It can be seen that the amount is increasing
with volatiles, though it is not proportional to volatiles,
and that the tar amount is greater, if higher heating

rates are used. The tar quality is characterized below

by the C/H ratio and the sum of CH (aromatic plus aliphatic)
and phenolic OH. It can be seen that the C/H ratio is
decreasing with increasing volatiles. That means, that

the aromaticity is decreasing. The same conclusion also
follows from the sum of CH + OH. Summerizing it can be
concluded that the lower ignition temperature of volatiles
with increasing volatiles can be explained by the increasing
amount of tar and by the decreasing aromaticity of tars.

As concluded in chapter 5.3 the pore structure of coal

is not relevant for combustion, since the pore structure
is very much changed by pyrolysis. This development is
dependent on kind of coal, rate of heating and final tempe-
rature of pyrolysis. Also internal surfaces are changing
during char formation. In general internal surface increases
with increasing temperature of pyrolysis, goes through

a maximum and then decreases. The position and height

of the maximum is highly dependent on kind of coal and
method used for determining internal surface /58/. Details
of this and other studies shall not further be discussed
here. However an other fact arising with char formation

is so significant for the burn-out of residual char es-
pecially at high temperatures that it shall be mentioned
here. For swelling coals the particles in general change
their size and as a consequence also its apparent density
and porosity, as reported in /17/. Here the statement

is made that chars from nonswelling and swelling coals
behave differently during combustion. While for chars

from non swelling coals mean diameter and density of a
sample decrease after partial combustion, for chars from
swelling coals the mean diameter of a sample decreases
whereas its density rises after partial combustion. This
rise is attributed to the more rapid combustion of the
very-low-density particles.



A more detailed study of the change of vitrain and durain
particles from high volatile bituminous coals pyrolysed

in a wire net apparatus and filmed with a high speed camera
shows the very different behaviour of the individual coal
lithotypes /59/. Some results are summerized in figure 29.

The left hand picture above shows the principle development
of particle size during fast pyrolysis under helium pressure.
The grain first swells very much, reaches a maximum of
particle size at 800° C, and then begins to shrink. The
relative extension of the particle can be correlated to

the tar formation as shown in the left hand picture below.
The right hand figure shows the different behaviour of
vitrain and durain particles for two different coals.

By addition of these curves the average change of mean
particle volume and density can be predicted. This result
is very important for the combustion behaviour of char
particles of swelling coals, however, these findings elu-
cidate only the principle of possible effects. Further
experiments are underway at Bergbau-Forschung at pressures
of 1 bar and in the presence of oxygen.

5.7 Combustion of Char

According to temperatures different mechanisms are res-
ponsible for the combustion of char: the chemical reac-
tion at low temperatures,the film diffusion at high tempe-
ratures ,and a transition range at temperatures in which
pore diffusion is rate determing. The reaction rate in

the temperature region, where chemical reaction is rate
determining is governed by the chemical reactivity of

the char, while in the region of film diffusion the reaction
rate mainly depends on particle size. In the transition
region reactivity and pore effectiveness factor are rele-
vant parameters determining reaction rate.

Figure 30 shows the temperature dependence of the effective
reaction rate in the three regions. It is determined by

the activation energy in the region of chemical reaction

by the half of this activation energy in the region of

pore diffusion , and is very low in the region of film
diffusion /60/. In figure 31 intrinsic rate data of carbons
and chars per unit area of internal surface are given

as a function of temperature /61/. Corrections are made

to extrapolate the literature data to an oxygen pressure

of 1 bar, taking account reaction orders related to oxygen
between 0,3 and 1, and to an effectiveness factor of 1

to avoid influences of transport phenomena in pores. The
average. activation energy is 179 kJ/mole, the spread for
individual data lies between 124 and 290 kJ/mol. The value
for pure carbons is 250 kJ/mol. The intrinsic rates depend
on the internal surface area (which in the figure is extra-
polated to 1), the degree of graphitization and catalytic
effects ensuing from the presence of ash compounds. It

may be, that the degree of graphitization and the internal
surface of chars is a function of the rank of the precursor
coals as it can be supposed from figure 16. Other results
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of kinetics of heterogeneous reactions are reported in

/82/.

Figure 32 shows that at very high combustion temperatures
of 1500 and 2000 K particle size is the determining para-
meter. So burning t%mes decEease with decreasing particle
diameter between 10~ and 10 p from about 6 s to 0,1 s.
Burning times can be calculated by the Nusselt square

law equation in which burning time is a function of the
square of the initial diameter.

6.. CHARACTERIZATION OF COAL IN RELATION TO ENVIRONMENTAL
PROBLEMS OF COMBUSTION

As mentioned in chapter 1 the demand for minimizing the
discharge of S- and N-compounds and the trace elements

is an important task to meet environmental impact of coal
combustion. Related to this problem the characterization

of S, N and other compounds in coal leading to the discharge
of HCl, HF and trace elements is neccessary.

S is general converted to SO, with only traces of SO, in coal
combustion, the latter and parts of SO, can be absor%ed in

flue ash, if these contains suitable mIneral Ca compounds.
Sulfur in coal mainly exists in inorganic form, mostly as pyrite,
and as organic sulfur, bound directly in substances of mobile
phase or in the macro-molecule of coal. S-analytic is important
from the point of its removal before burning. Pyritic sulfur

in principle can be removed by mechanical methods of coal pre-
paration, if size of pyrite crystals is not to small. Aslo

the microbiological conversion of pyritic sulfur into sulfuric
acid at pH of about two using Thiobacillus ferro oxidans /63/64/
65/ is under development to remove pyritic-sulfur distributed
very finely in the coal particle. The removal of organic sulfur
is much more difficult, reductive chemical treatment leads

only to low degrees of removal with undesired side reactions,
changing the coal substance. Therefore great research effort

is made also to convert organic coal sulfur in sulfuric acid

by microbiological processes. As model compound mostly dibenzo-
thiophene is used which in principle can be degradated by
oxidative biochemical reactions /66/67/. It could be found,

that also the analogous heterocyclic nitrogen compound, the
carbazole is attached by bacteria /68/. A new organism was
developed from a mixed culture of naturally occuring soil micro-
organisms by mutagenic alteration of the microbial DMA. The
microorganism is capable of oxididzing the sulfur in dibenzo-
thiophene, but does not break the carbon ring structure of

the molecule. This organism is also able to remove up to 47

% of the organic sulfur from coal /69/.

It is well known that Nitrogen oxides are formed according
to three different mechanisms during coal combustion: at high
temperatures above 1200° C'mainly from oxygen and nitrogen
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and to a small extent by the reaction of radicals like OH with
nitrogen and at lower temperatures above 750°C by reactions

of coal-nitrogen with oxygen. This latter reaction is especially
important for coal combustion processes at low temperatures

like fluidized bed combustion, but also plays a significant

role in coal combustion in general. The fate of coal nitrogen
during coal combustion is studied by several authors /70/71/
/72/73 /83/84/ with the result that there is no simple relation
between coal nitrogen and nitric oxide formed by combustion.
Also the behaviour of various nitrogen containing species as
NH,, amines or pyridin in relation to nitric oxid formation

has been investigated in gas flames /74/75/. A further object

of research has been the formation of nitrogen containing species
during pyrolysis /76/77/78/. As a result of these studies it

can be stated, that the following nitrogen containing compounds
are formed during pyrolysis: the gaseous compounds N,, NH,,

and HCN, various liquid compounds as amines and heterocycfes,
and nitrogen bond in the graphitic lattice of the formed char.
The oxidation behaviour of the gaseous and volatile nitrogen
containing species seems to be different from that of the nitro-
gen in char. On the one hand the latter seems to react mostly

to NO, on the other hand this primarily formed NO can also

be reduced to nitrogen by the carbon content of the char.

To find correlations between nitrogen content and occurrence
in coal and NO_ formations during combustion these findings
may be discuss&d in more detail. Typical results of nitrogen
distributions in volatiles are shown in figure 33 after vacuum
devolatilization /78/. From this it follows that percentage
of parent-coal nitrogen retained in char is dependent on tem-
perature and on kind of coal. The nitrogen in char decreases
with increasing temperatures, and as shown in /77/, tempera-
tures of about 1900° C are needed to release the nitrogen
completely from char. In the temperature range up to 1200° C
the main amount of nitrogen is found in tar. As to the
nitrogen in volatiles the amount in tar is in principle
proportional to tar formation and therefore a function

of coal quality (see figure 28), and decreasing with rank.

Model combustion studies /79/ show that the behaviour

of nitrogen containing hydrocarbons is very different

during combustion as a function of oxygen content (fi-

gure 34). So pyrrolidin forms only a small amount of NOX,
main product is HCN, while pyrrol and methylpyridin forfi
increasing parts of NO: From there it follows that NO
formation during combustion is a function of chemical®consti-
tution of the substance burnt and especially of the kind of
nitrogen bonding.

Therefore it seems to be very important to study the chemical
constitution of N containing compounds in tar. A first result
investigating a pyrolysis tar (Fischer-carbonization) of a
high volatile coal from the Ruhr district is shown in figu-

re 35. The tar was seperated in fractions of different basity
and different N-content by ion exchange (right hand picture)
Also the molecular weight distribution of the tar fractions
has been determined by gel permeation chromatography (left
hand picture). It can be seen that in general the part of com-
pounds with low basity and high potential for NOX—formation
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is high. However the total N-content and the molecular weight
distribution of the different fractions are different. Fractions
4 and 5 (bases 2 and bases 3) have a high mean molecular weight
and at the same time a high total content of nitrogen, while
the fractions with a relatively low molecular weight have part-
ly a lower nitrogen content. That means, that pyrolysis tary
compounds with low N content have been envolved firstly and
substances with higher N content later on. This result must

be confirmed also for other tars. Surely a modelling of homo-
geneous reactions during burning of these substances will be
possible in principle, if the pyrolysis rate of these fractions
is known and if the behaviour of individual N-containing sub-
stances during combustion is understood better.

A next question is, whether the N distribution on char

and on volatiles is influenced by the heating rate. Some
results of Bergbau-Forschung /81/ performed in a wire

net apparatus comparing the nitrogen remaining in the

char at a final temperature of 950° C dependent on particle
size and heating rate are presented in figure 36. It can
be seen that the heating rate between 200 and 1000 K/s

has no influence on the nitrogen content of char, while
the nitrogen content increases with increasing particle
size. It can be assumed that nitrogen containing tar of
high molecular weight is cracked into coke and gas during
pyrolysis of grains with greater particle sizes, therefore
their N content is higher.

The next figure 37 shows a typical result of the NO forma-
tion during combustion of the residual char in the wire-

net apparatus, whose wire-net is flown through by a helium-
oxygen-mixture with an oxygen content of 9.9 %. It can

be seen, that the ratio of NO/(CO + CO,) is constant during
the combustion and that a part between®80 and 100 & of

the char-nitrogen is converted to NO. Therefore the kinetics
of NO formation can be established, if the kinetics of

the CO and COz—formation are known.

Also the problem of NO reduction by a char has been investi-
gated at Bergbau-Forschung /81/. It could be observed

that the reaction rate is very high at the beginning of

each experiment, however after about 80 minutes, an inhi-
bition of reaction takes place (figure 38). Further experi-
ments to establish the kinetics of reduction have been
performed with this char after reaching the steady state.

It is assumed that the inhibition is caused by the inter-
mediate formation of surface oxide complexes. Activation
energies for the chemical reaction of NO reduction have
been determined to be 120 kJ/mol. The transition tempe-
rature from chemical kinetics to pore diffusion as rate
determining step depends on particle size and NO concen-
tration. Above this temperature reaction rates become

not only dependent on concentration of NO, but also on
particle size as shown in figure 39. The concentration
dependence follows a typical Langmuiur-Hinshelwood kinetics.
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The last findings were used to estimate the NO-reduction
effect by the char in a fluidized bed (figure 40) taking
into account the parameters listed in figure 40 and,two
different carbon concentraticns of 0.7 and 2.1 g/cm” which
are typical for fluidized bed combustion of a high vola-
tile A bituminous coal and an anthracite. Due to the higher
carbon content of the fluidized bed during combustion

of anthracite a higher degree of NO reduction is to be
expected.

From this short presentation of some newer results it
follows that the knowledge of N content and molecular
weight distributions of fractions with different basity
is very important for modelling the NO_-formation during
combustion of volatiles. Correspondent®data depend on

the kind of coal. Furtheron the extent of nitrogen in
char, which depends on grain-size .and temperature of car-
bonization, has significance for flame modelling because
this part of fuel nitrogen is converted into NO nearly
completelyduring burning. The kinetics of NO formation

is strongly correlated to that of CO and CO, formation.
Also the reduction of NO by the char is of Importance.

It can lead to a remarkable reduction of NO content depen-
dent on temperature, particle size, NO concentration,

and carbon content of the bed.

7. CONCLUSION

For establishing heat and mass balance for coal combustion
moisture content, ash content, ultimate analysis, true

and apparent density, calorific value, specific heat of

coal and specific heat of coke are needed. These data

are available for many coals and mostly related to volatiles
or other rank parameters. Also the grindability of coal

can be characacterized to design crushing equipment.

For understanding and predicting the combustion behaviour
of coals and for modelling of reactions in flames coal
properties should be related to the individual steps of
coal combustion like devolatilization, ignition and burning
of volatiles, char formation, and burning of char. The
significant properties relevant for these steps are listed
in figure 41. Here the forefold and partly complex influence
of particle size is especially remarkable. Particle size
influences devolatilization, ignition and burning of vola-
tiles, ignition of char at high temperatures and the co-
action of all individual steps of coal combustion.

As to the devolatilization,the rate of the chemical pyro-
lysis reactions is determining for particles with sizes
below, let say 100 p, for heating rates of combustion

in suspension firing systems. For greater sizes transport
processes become rate limiting with the consequence that
tar yield becomes lower and overall rate decreases. For
ignition of volatiles the amount of volatiles evolving
from a single particle is the dominant parameter. It de-
creases with decreasing particle diameter. Therefore the
concentration of volatiles around the particle is so small
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for very small particles that volatiles can not ignite
(figure 17). For the burn-out rates of char particles

at very high temperatures particle size is the dominant
parameter (figure 32). The coaction between the single
steps of coal combustion is mainly governed by volatiles
and particle sizes. For high volatile coals and suitable

- not too small particle sizes - ignition of volatiles
takes place at low temperatures, so the particle is heated
up very fast by the burning of volatiles and can burn
itself with high rates. For low volatile coals, however,
not enough volatiles are evolved, therefore they can not
ignite, the particle itself is only ignited at high tem-
peratures and burning times can only be shortened by small
particle sizes.

Some further properties significant for the environmental
impact of combustion are the content of pyritic and organic
sulfur on the point of view that removal of both kinds

of sulfur before combustion needs different measures.

For predicting NO formation during coal combustion the
total nitrogen content, the nitrogen distribution in gases,
tar and char during pyrolysis, the molecular weight distri-
bution and the chemical structure of nitrogen containing
compounds in tar compounds are important. Regarding the
behaviour of nitrogen components during combustion it

can be assumed that the nitrogen in the volatiles is mostly
responsible for the first step of coal burning in air
staged combustion, while the nitrogen in the char governs
the second step of coal combustion. Here oxidation of
nitrogen mainly leads to NO and the kinetics of this reac-
tion are strongly correlated to that of CO and CO, for-
mation. Furtheron the reactivity of char regarding the
reduction of NO to nitrogen is of great interest.
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“RANK” AS PARAMETER OF TRE DEGREE OF COALIFICATION:
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FIGURE 1: Classification of coal according to rank
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FIGURE 25: Main reactions during pyrolysis
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FIGURE 26: Mechanism of pyrolysis
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DISCUSSION
T.F. Wall

From your understanding of coal chemistry what opportu-
nities do vyou see for simplifying the feed material prior to
experiments (e.g. by chemical means or by mild pyrolysis) to
simplifying the interpretation of experimental results.

H. Juntgen

Mild pyrolysis with low final temperatures between 400
and 520°C as prestep seems to alter cocal in the sense of for-
mation of higher rank coals with more simple devolatization
behaviour (P. Hanbaba, H. Juntgen, W. Peters, Brennstoffchemie
48 (1968), S. 368-376). Also by extraction or mild hydrogena-
tion the devolatilization behaviour can be changed (G. Lowen-
thal, W. Wanzl, H. Juntgen, paper at seminar Organische
Kohlechemie, 11.9.85 TU Clausthal). These experiments may
contribute to a better understanding of the complex devolata-
lization behaviour of coal in relation to its chemical struc-
ture.

E. Suuberg

1) The presentation suggested a molecular hydrogen (Hp)
intermediate in formation of tars. Other workers have postula-
ted direct abstraction of hydrogen by neighboring species,
involving no Hp intermediate. Then, too, there is increasing
evidence as vou presented for the role of "Guest" molecules in
formation/release of high molecular weight species during
devolatilization. Since the question of hydrogen transfer will
be key in future, more detailed models of tar formation, can
you <clarify your position regarding the nature and importance
of H-transfer reaction. Do you have direct evidence of an H2
intermediate during tar formation ?

2) It is well known that coals have high free spin den-
sities as revealed by E.S.R., but these were not really sug-
gested in the coal structure that you presented. Do you feel
that these radicals are important in the combustion, devolati-
lization processes of interest here ?

H. Juntgen

1) The most important step of pyrolysis is the cleavage
of weak bonds resulting in the formation of radicalic species.
The consecutive reactions depend very strongly on the extend
of hydrogen available to saturate the radicals with hydrogen.
In the model suggested (figure 24) as main source of hydrogen
the aromatization of hydroaromatic rings in the coal molecule
is discussed. Here details of the mechanism of hydrogen trans-
fer are omitted. I agree that it will be a topic of future
research to more clarify the nature of hydrogen transfer
reactions. In contrast to the tar formation for distillation
of "mobile phase" no hydrogen transfer is necessary. It can be
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assumed that most small molecules of mobile phase have left
the particle before reactions of degradation take place, as
shown in figure 23.

2) I assume that free spin densities are related to
great aromatic clusters of coal macromolecule. These also can
in principle be saturated by hydrogen transfer during pyroly-
sis, 1if enough hydrogen species are available. On the other
hand big mclecules have slow diffusities in the coal particle
with the consequence that they tend to react each with ano-
ther, after cleavage of the bridges during pyrolysis. There-
fore they preferently form char and not tar.

P.R. Solomon

1) On the basis of studies on model polymers in our labora-
tory, hydrogen in ethylene bridges is also donatable. Also
substitution on the rings, especially oxygen containing sub-
stituents is very effective in lowering bond energies.

2) To what extent is bond breaking involved in the release
of the '"mobil phase" either to lower molecular weights to
enhance diffusion or to detach some bonds to the matrix ?

H. Juntgen

1) 1 agree, that ethylene bridges can contribute to hydro-
gen transfer by disproportionation reactions, however hydro-
aromatic CH2 - groups may play a preferential role as hydrogen
donors. - I further agree that the binding forces between
C-C-atoms in the coal macromolecule depend very strongly on
oxygen containing substituents in the aromatic rings of the
macromolecule. This question could not treated here in detail.

2) This question cannot be answered with last certainity. I
assume that in most cases no bond cleavage is involved. 0On the
one hand, the single molecules of "mobile" phase have a
relatively low molecular weight and are only trapped in the
matrix of the macromolecule, on the other hand, diffusities of
e.g. long chain paraffines in "bottle neck pores" are strongly
temperature dependent and can reach values high enough for
diffusion =&t 300 to 400°C. Maybe that a fast diffusion of
three to five ring systems (e.g. hopan derivatives) can only
be reached if first bridges of macromolecules are broken.

G. de Soete

With respect to vyour study on char-nitrogen transforma-
tion into NO.

What effect have

1) Temperature

2) C0/CC, ratio
on the fraction of char-nitrogen converted into NO ?
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H. Juntgen

We have investigated the effect of temperature 1in the
range between 1000 and 1100°C. In this range we have not de-
tected significant differences of NO-formation during oxida-
tion of char-nitrogen. The relationship between N-conversion
into NO and the C(0/CO02-ratio is not investigated in detail
till now wusing the wire net technique. Therefore we cannot
answer this question related to the behaviour of the single
coal particle. However we have observed that the NO-formation
during oxicdation of char-nitrogen is dependent on the lenght
of the <char layer, if studied in a fixed bed reactor. Here
NO-formation during N-oxidation and NO-reduction by the carbon
of char plays together. Hence it can be expected, that in

carbon layers e.g. in fixed bed or fluidized bed r=z2actors
relations between C0/C02 ratio and extend of NO-formation
exist, however this relation may be also influenced by the

oxygen available.

J. Lahaye

In commenting data published by I. SMITH in 1982 you
mentionned that there is a correlation between intrinsic reac-
tivity and degree of graphitisation. The degree of graphitisa-

tion is often difficult to determine. Walker, Laine and
Vastola developped a method to determine the active surface
areas (A.S.A.). Are these results correlating intrinsic

reactivity and A.S.A. ?
H. Juntgen

In principle the parameters influencing intrinsic char
reactivity are porosity and accessible internal surface (under
reaction conditions), active sites for the oxidation reaction,
structure of graphitic lattice in the char and catalytic in-
fluences of ash components. The most experimental studies (see
also right hand picture of figure 16) show that char reactivi-
ty can be related to temperature of char formation and rank of
the parent coal. It is not quite clear, in which way tempera-
ture of char formation and rank of parent coal influence the
structure parameters mentioned above and which parameters are
most important governing the intrinsic reactivity. It could
be that the active sites for the oxidation reaction are
identical with the lattice defects of the graphitic structural
units in the char. We found that intrinsic char reactivity
could not be correlated to porosimetry and internal surfaces
of chars made from hard coals measured at room temperature. We
have not wused the ASA method developed by Vastola and Walker
and can not report on correspondent results of correlations
between char reactivity and ASA (accessible surface area).

J.B. Howard

You discussed changes in the particle size distribution
due to swelling and hreak wup of particles. From available
information on kinetics of softening, swelling, and resolidi-
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fication, and considering particle concentrations and levels
of turbulence of interest in pulverized coal flames, one can
predict that some particles may agglomerate during the pyroly-
sis stage of pulverization. Such predictions are of course
very difficult and wuncertain. Would you comment on this
question of particle agglomeration.

H. Juntgen

We have not investigated this question in detail. I
would assume that the agglomeration of particles in coal
flames depends on the probability, that particles can stick
together during softening 1in the pyrolysis zone of the coal
flame. Hence it follows that the density of the air-born dust
cloud, the velocity of the single particles, and the time
between softening and resolidification of the particle, which
latter depends on heating rate, are important parameters
governing the agglomeration of particles. Summing up it can be
concluded that particle agglomeration in coal flames car not
predicted from the behaviour of an individual particle alone.

A. Williams

In your lecture you did not place any emphasis on the
role of the inorganic species present in cosl in relation to
the way in which it can influence the pyrolytic reactivity of
the coal macromolecule and labile species. The inorganic
species, in particular the sulphur groups, can bond with these
components and influence their rates of reaction, and there is
some eivdence from microwave pellating experiments with coal
to support this supposition. Please can you comment ?

H. Juntgen

Certainly inorganic species can influence reaction beha-
viour of coals and coal related chars very much. Effects are
depending on the chemical kind and the distribution of
inorganic species in the coal particle. Examples are the
catalytic effect of pyritic sulphur on hydrogenation rates,
the <catalytic effect of alkaline and earthalkaline species on
gasification with steam and/or on char oxidation. In general
alkaline species are movable in the particle under the condi-
tions of gasification or oxidation and therefore always
effective. Ca species are not movable, therefore their effect
depends on distribution and binding in the coal macromolecule.
Ca 1ions irn humic acids of 1lignites have a high catalytic
effect on gasification reactions, in contrast to Ca in coarse
ash particles is not very effective.

P.J. Jackson

1) Have you information available on the chemical beha-
-viour of elements such as sodium and calcium, which are either
adsorbed on the internal surface of coal, or combined with the
organic structures ?
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2) (Not spoken). What is the evidence that inertinite is
derived from carbonized wood ?

H. Juntgen

1) The answer is given in the comments to the question
of Professor A. Williams.

2) In contrast to the precursor materials of the mace-
rals of the wvitrinite and the exinite groups it seems to be
difficult to relate the macerals of inertinite grcups to
distinct and well defined precursor materials. According to
Mackowsky (Microsc. Acta 77 (2), 114 (1975)) fusinite and
semifusinite can be related to "carbonized" woody tissues,
while micrinite can only be related to unspecified detrital
matter and sclerotinite to fungal spores and mycelia.

J. Beér

You have mentioned two phenomena observed in the screen
experiments : heterogeneous ignition in small coal particles
and changes in particle size during pyrolysis. Drop tube
experiments of Timothy at MIT show that homogeneous ignition
is maintained in 38 um bituminous coal particles even at 100 %
02 concentration for freely suspended particles. Also, drop
tube experiments show that devolatilizing particles are
subject to significant centrifugal acceleration (about 100 to
200 g) which can be instrumental to the explosive fragmenta-
tion of freely suspended particles. Do you agree that the
screen-heating technique might not provide full information on
particle ignition mechanism and the size <changes during
pyrolysis as it pertains to pulverized coal combustion.

H. Juntgen

I assume that screen heat up techniques give comparative
results of ignition behaviour using coals of different volati-
les and particle size and demonstrate in principle the role of
the heating rate. In this way the complex interplay of devola-
tilization, 1ignition of volatiles and ignition of char can be
understood in principle and the results can be transferred to
the more complex behaviour in drop tube experiments. According
to figure 17 (right hand picture) it can be expected, that for
38 um particles (of 39.5 % VM) at heating rates of more than
1000 K/s simultaneous ignition of volatiles and solid
particle takes place which is not in contradiction to the drop
tube experiment of Timothy at MIT, mentioned in your comment.

Additional effects of e.g. centrifugal acceleration may
then be studied in more detail in drop tube experiments. At
Bergbau-Forschung results in drop tube and screen-heat up
techniques are compared at time.

As to the explosive fragmentation of particles it also
can be observed by using screen-heat up techniques. The most
important parameters governing particle size change including
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explosive fragmentation of particles during pyrolysis are the
tar evaluation rate and the maceral composition.

John H. POHL

Are the result from experiments in which the coal is
held difficult to extrapolate to the conditions of pulverized
coal combustion ? Five potential reasons may make extrapola-
tion difficult : 1) heating rate, 2) temperature, 3) sample
proximity, 4) surrounding atmosphere and 5) time resolution of
the apparatus. Given the complexity of coal and coal reactions
and our current knowledge and possible change in dominate me-
chanisms ; the results are empirical, the rates of reaction
change with extent of reaction, and the devolatilizative
reactions have time constants of 10's ms at the conditions of
pulverized coal combustion, while the resolution of held
samples is on the order of seconds. Does this result in deri-
vation of a average rate constant which is too low and is
difficult to apply to pulverized coal flames ?

H. Juntgen

I agree that extrapolation of results of combustion of
thin coal layers wusing a wire net technique to flame condi-
tions is difficult. However these experiments give a first
comparative picture of the behaviour of different coals at
different conditions. Parameters as mentioned in your comment
as heating rate, temperature, surrounding atmosphere can be
measured and also systematically varied 1in wire technique
experiments (which is not always possible under flame condi-
tions). High time resolution can be reached by using a flight
of time mass spectrometer or a high speed film camera. It
could be showed that the reaction parameters of coal devolati-
lization are not changed in a range of heating rates between
10 -2 and 10 =% K/min using small particles. By the theory of
non-isothermal reaction kinetics results can be extrapolated
to higher heating rates. (H. Juntgen and K.H. van Heek, Fuel
47 (1968), 103-117). Therefore 1 believe that experiments
using a wire net technique are very useful to explain and tec
interpret the behaviour of different coals in flames. Hcwever
an intensive discussion is necessary to compare results gained
in wire net experiments and in flames. In this connection it
is most important to investigate the same coals by the diffe-
rent methods. I refer to the paper of P.T. Roberts showing
that model calculations combined with laboratory measurements
can predict the coal combustion efficiency in boilers.

M. HERTZBERG

The term "ignition" can have many meanings or defini-
tions in combustion. It can refer to the temperature at which
flame propagation is initiated, or, it can refer to the tempe-
rature at which a pile of particles will self heat in a
smouldering mode. In addition, one can observe ignition of
single particles, or, alternatively, of large clouds of
particles.



58

In your presentation, you indicated that for small par-
ticle the ignition is heterogeneous. Would you please define
the "ignition process" involved in that observation in terms
of the experimental details.

H. Juntgen

In the experiments described using a wire net technique
ignition is observed by the beginning of CO2 formation, measu-
red by a time of flight mass spectrometer. The wire net with a
thin layer of coal particles was heated electrically and the
temperature was measured by a thermocouple combined with the
wire net. Ignition of volatiles takes place at the time (and
temperature) of first COy-formation of the first sharp C02
peak (1, in figure 16, left hand picture), ignition of char
takes p%ace at the time of first COgy- formation of char com-
bustion (T, in right hand figure of fiqure 16). Additional
experiments to determine ignition of volatiles and char are
performed by observation of the coal layer using a high speed
camera. Here comparable results could be established. In this
way ignition conditions could be studied as a function of rate
of heating, particle =size and volatile content of coals.
Typical results are summed wup in the right hand picture of
figure 17.

M. Hertzberg

I should 1like to make a comment in support of Prof.
Beér's earlier comment regarding the gas-phase ignition of
coal particles. Our data strongly support the viewpoint he has
expressed. We measure the auto-ignition temperature of coals
injected 1into a preheated oven at a high dust concentra-
tion. The auto-ignition temperature for Pittsburgh sub
bituminous <coal 1is insensitive to particle size for diame-
ters less than 50 ym. Above that size, the auto-ignition
temperature increases. For the higher rank coals, the
auto-ignition temperature increases markedly. The totality of
the data for particle size and rank dependance strongly
supports the viewpoint that the ignition process is controlled
by the —combustible volatile content and that it involves the
volatiles as they are penetrated by pyrolysis and premix with
the air. That autoignition process 1is a more accurate
simulation of what would occur in a coal burner than the
ignition of a single particle or a small array of particles
held on a screen.

H. Juntgen

For an answer on your comment a more accurate comparison
of the results of the autoignition process and the results of
the wire net technique 1is necessary possibly with the same
coals. I am convinced that a comparative study would give
useful hints of a better understanding of ignition behaviour
of different coals and of parameters influencing it as par-
ticle size, volatile content, and heating rate.
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COAL CHARACTERIZATION BY A LASER MICROPROBE (LAMMA)

J.F. MULLER
Laboratoire de Spectrométrie de Masse et Chimie Laser
Université de Metz - 57012 METZ CEDEX 01 - FRANCE

1) INTRODUCTION

The characterization of coals, which are complex and hete-
rogenous polymeric materials, requires the implementation of
numerous physicochemical or spectroscopic techniques.

The different organic phases of coals, called macerals
(from latin macerare - to macerate), have different structures
because they don't have the same origine : - exinite, the re-
productive organs of vegetables (e.i. sporinite), - vitrinite,
humic substances that come from lignite and cellulose, - iner-
tinite, lignite and cellulose that have previously undergone
carbonization (forest fires) or oxydation on peat bogs. These
three big maceral groups can be distinguished morphologically
by microscopic optics (petrographic analysis). Moreover, the
vitrinite reflectance (V.R.), that increases with the rank of
the coal an consequently with the degree of coalification,
gives indications on coal reactivity. If there are relations
between the V.R. and the degree of aromaticity mesured by
Nuclear Magnetic Resonance (N M R) of the solid or by Fourier
Transformed Infrared (IR-TF) (1) (2), the structural patterns
(that are more of less polymeric) of each of the coal compo-
nents are more difficult to identify.

Mass spectrometry potentially offers an alternative for
reaching this objective. Unluckily, there is a parameter that
cannot be circumvented : the desorption of such structural
patterns <c¢enerally requires soft ionization techniques, but
does not aliow to break up the cohesion (or the compacity) of
coal that is linked to the bond energies (interaction of the
Van Der Waals type). They can only be overcome by very high
energies that cause too much fragmentation themselves.

Most of the soft ionization techniques have been more or
less successfully tried

- field desorption

- desorption followed by chemical ionization

- fast atom bombardment.
On the whole, only a 1little significant information has been
obtained.

On the other hand, mass spectrometry by pyrolysis at the
curie point (3) has provided interesting and reproducible re-
sults
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A given —coal or maceral, finely grinded, deminerralized,
and then placed on a tungtene filament, is pyrolized by ultra-

rapid induction under vacuum (T=610°C heating time : 6 sec.).
The gaseous pyrolysis residues are 1ionized by an electron
beam. The ions obtained are accelerated and analyzed by a ma-

gnetic deflector or a quadrupole mass spectrometer.

The ionized fragments of the mass spectra are very repre-
sentative of the different basic patterns (for example
alkyls, naphtyls) or of the carboned structure. Factorial
analyses of the fragments allow to classify the coals with
repect to their grade and their origin (4). But this technique
cannot in any way give punctual information directly from the

solid. This is the reason why the LAMMA impact laser micro-
probe (punctual laser pyrolysis) seemed to be a promising
technique. Actually, the first tests done in our laboratory

and by another team (5), have convinced us that it allows the
characterizations of organic matter as well as its mineral
residues on a scale close to the micrometer.

However, it was necessary to know before hand the different
laser ionization parameters, because, as with the other
techniques previously mentionned, the soft desorption -
strong intermolecular bond energy duality cannot be avoided.

I1) LASER IONIZATION PARAMETERS

The ponctual laser ionization of solids was developed quite
early in the United States, in particular by Vastola (6), then
in France by J.F. Eloy (7) ans in Germany by F. Hillemkamp and
R. Kaufmann (8).

The principle 1is quite simple : the ions generated by the
impact of a laser beam focused on a solid sample are analyzed
under vaccum by different type of mass spectrometers : first

by magnetic deflection, then by flight time, or by a combina-
tion of the two (9).

The LAMMA (LAser Microprobe Mass Analysis), developed by
Leybold Heraeus, allows the focusing, by optical microscope,
of the pulsed laser beam and the creation of a microplasma.
The analyesis of the ions obtained this way is done by a time
of flight mass spectrometer with a high transmission coeffi-
cient, ensuring a spectral resolution M/ M close to 800 for
the 208 isotope of lead. Two configurations have been finali-

zed, one for ion transmission analysis (LAMMA 500), the other
for solid material reflection analysis (LAMMA 1 000). An
English company, "Cambridge Instruments", also sells a reflec-

tion microprobe named LIMA (Laser lonization Mass Analysis)
that also wuses a time of flight mass spectrometer, but uses
different focalizing and visualizing optics.

The ions (negative or positive) that are obtained from the
lase impact point (microplasma) gain through the acceleration
lense (V=+3KV) a kinetic energy and therefore a speed that
remains constant during their trip down the spectrometer tube,
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inself brought up to a potential of 3 KV (Faraday trap).

N
N=

q Vv = my 2 v [2 (9 V] t = k (m/q)

1
2

The electrostatic reflector that is introduced half-way
through allows to get rid of the initial energetic ion distri-
bution because 1ions that have the same mass but slightly
different energies are focalized on the 17 dynode electron
multiplier made of a copper-beryllium alloy. These reflectors

allow us for the moment to reach spectral resolutions close to
2 000.

The electric signals that correspond to each burst of ions
of the same mass arriving upon the detector are amplified then
stored in a fast transient recorder (100 or 200 MHz) that has
a storing memory that is more or less large.

The larger it is (e.g. 32 Ko), the less it will limit the
spectral resolution of the device. The benefits and the dyna-
mics of the amplification are also important parameters. They
must be high if we want to avoid signal saturation phenomena
and approach the conditions for a real semi-quantitative
analysis.

The specificity of the technique lies essentially in the
laser-matter interaction phenomena, in which the type of laser
is the dominating factor, but where the nature and the struc-
ture of the analyzed material in a solid state play a part
that is just as important.

The main laser-matter interaction parameters can be divided
into four types

1) The irradiancy value of the laser beam expressed in
W/cn?

If the irradiancy value is less than 106 W/cf, proton
adsorption by the material will respect the laws of Lambert
and Bur. Our the contrary, if the diameter is superior to 106-
107 W/cn®, proton adsorption is not linear and is accompagnied
by a series of procedures (Cf § II 4). At a very high irra-
diance 1010 W/cn®, the plasma is considered as hydrodynamicand
the ejection of particles is explosive.

2) The relative geometry of the laser beam and of the acce-
leration lenses with respect to sample surface

On the whole, the transmission analysis (LAMMA 500) is more
sensitive, and leads to a better spatial resolution. The
effects of the matrice are also minimized if the cuts are as
fine as obtaining a spatial resolution of about 1 micron all
the while keeping an acceptable sensitivity threshold.

In a reflection analysis configuration, it is difficult to
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achieve an impact with a diameter of less than 2 uym, and the
matrice effects are more sensitive. Also, ion ionization at
90° and extraction at 60° seems better than inversed geometry
(ionization at 60° and extraction at 90°).

3) Interaction time

This is determined essentially by the duration of the laser
pulse which, according to the type of laser, goes from one pi-
cosecond ot a few hundreds of microseconds (especially the CO0p
laser).

Interaction time also dependes on width, the depth and the
vaporization time (which is linked to the physical parameters
of the analyzed material: network energy, relative fusibility,
conductivity, molar absorption coefficient) of the impact
point, or on the phase changes during irradiation.

In most cases, since interaction time is less than 1 micro-
second, there is a local thermodynamic equilibrium (LTE) at
the impact point. In this system, the system that is charac-
terized by a unique medium temperature is replaced by a serie
of sub-systems that each have a different temperature (atomi-
zation temperature, ionization temperature,...). FEach sub-
system locally checks the Boltzmann, Maxwell and Saha laws.

This L T E conception will work only if the temperature is
high enough, and this requires a high electronical density of
thg microplasma and therefore an irradiancy superior to
10°W/cnf. Under theses conditions, the degree of ionization can
be determined by the simplified SAHA-EGGERT relation, in which
the coulombian depression potential (or extraction potential)
of a given element is not substracted from the ionization po-
tential of the same element (10).

NgNj -
LALSILE S 10" 1 3/249 L(T)
No
in which L(T) = 5_-1L3_P.1 P is the ionization potential

T is the Kelvin temperature.

Knowing the degree of ionization, it is possible to evalua-
te the microplasma temperature, which, according to the
irradiancy and the type of material, can vary between 6 000°
and 15 000°K.

4) Laser beam wavelenght

The laser ionization at medium irradiance (108 W/cw® < @ <
10 10/ cn) is a series of complex phenomena whose respective
effects are difficults to dinstinguish: no linear multiphonic
absorption accomapgnied by photoelectron emission, creation
of hole-electron couples, then surface loads followed by atom
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or molecule ionization and secondary electron emission. During
the first nanosecond, important energy transferts inside the
matter lead to the forming of a dense plasma which rapidly
expands under vacuum (about 2 to 5 nsec.). During the expan-
sion, many ion-molecule reactions occur, forming clusters (CF
§ IIIl 2) or cationized molecular peaks (CF § III1 3).

Multiphonic absorption by the material being the first step
and microplasma expansion being the last, it is perfectly
understandable that the influence of the wavelength, especial-
ly during absorption, is very often concealed by the characte-
ristics of the microplasma. This explains why, up to the
appearance of excimer lasers and the works of Egorov (11),
many authors pretended that the type of laser had little
importance for solid ionization.

In our L.S.M.C.L. Laboratory, we have to prove this influ-
ence and to benefit from it on the analytical level. The acti-
vidted Neodym-Yag (Q switchched, 7= 12-15 nsec), the wave-
length emission (1 060 nm) of which is doubled (X = 532 nm) by
the intercalation of a ‘thermostated K D P crystal, pumps a
coloring laser, which, with respect to 1its nature, emits
another monochromatic laser beam into the visible field. The
adjunction of a frequency doubling and frequency mixing
crystal (with a residual infrared) allows us to obtain a U V
beam with two wavelengths that can be distinguished by a prism
and be injected alternatively into the optical path of the
LAMMA microprobe.

This system makes it possible to vary the irradiance of all
wavelengths and to install four analytical protocols adapted
either to the information that is wanted at the type of mate-
rial:

i) High irradiancy resonant analysis, aimed on selectively
decreasing the detection level of a given element. As for
coals, these techniques can be applied for following an ele-
ment that appears only as a trace in different organic or
mineral matrices.

ii) High irradiancy non resonant analysis, that makes the
most of ionized cluster detection and identification detection
in the case of coals, whether they are hydrocarbonized (CpHp*)
or a metallic origine (XpOa)(XpOa) (X = metallic element).

iii) Two step analysis (low, then high irradiancy) reserved
for organic and then mineral analysis of microparticles ("fly
ash" or individual airborn particles).

iiii) Finally, the low irradiancy desorption laser which is
being developed and which we will not discuss here (Characte-
rization of organic molecules).
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III) APPLICATIONS EXAMPLES

1) Use of resonant ionization (12)

The sensitivity that is gained using resonant ionization is
illustrated here 1in the analysis of a standard steel contai-
ning 0.538 % of Molybdéne (I.R.S.I.D. standard n° 108/1).
Under usual conditions (A= 266 nm; E ~ 2puJ) the major ele-
ments are detected and the relative added intensities of the
main elements, corrected with respect to their respective
ionization potentials (SAHA Law), allow to find the composi-
tion of the alloy within 3%. Molybdene can be detected by
increasing the energy which causes a saturation of the other
signals. On the other hand, if we vary the wavelength from 310
nm to 320 nm the intensities of the peaks that correspond to
the different Molybdene isotopes are considerably increased to
313.26 nm and to 311 nm. These wavelength correspond to two
Molybdene emission rays that are listed in the charts (13).
Their respective intensities are inversely proportional to the
Einstein coeffcient, i.e. the 1lifetime of the Molybdene
intermediary metastable excited states. This is totally in
accordance with the resonant ionization theory (R I S) (14).
Indeed, in a M(w , w, € )M * type double photon mechanisme, the
longer the lifetime of the intermediary state, the more it is
likely that the second photon be absorbed.

Therefore, if the <coloring laser wavelength is adjusted to
313.26 nm, the sensitivity threshold of Molybdene is divided
by factor 50. Parallel to this, the other elements are less
ionized and the corresponding peaks are less intensive.

This procedure has been successfully put into application
with Cadmium, Erbium and Copper (15) (16) (17).

2) Analysis of coals or of hydrocarboned particles
(18) (19) (20)

The analysis of a series of 19 coals (6 of which were
French - CERCHAR Minibank) and a various kerogenes (I F P sam-
ples) was done according to the following protocol:

1 - The absorbance - density curves obtained after diffe-
rential gradient centrifugation (D G C) of finely grinded and
demineralized French coals show that the latter have relative-
ly low differences of density between the different maceral
groups and especially between vitrinites and inertinites...
This allowed wus to use on one hand perfectly demineralized
coal samples and on the other very rich maceral fractions
(especially for exinites and vitrinites). Several LAMMA
microprobe analyses were implemented with these samples:
demineralization control, Hydrocarboned cluster analysis, fly
ash analysis.

a) Demineralization contrel

The sensitivity (1 to 10 ppm for most elements) of the
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LAMMA microprobe has proved that it is an excellent tool for
studying the demineralization of finely grinded (2 to 5 um)
coals. Indeed, the minimum grinding time that ensures good
HF/HC1 demineralization must be found for a given coal, with-
out degrading the organic matrice too much (depolymerization).

Moreover, before demineralization, it is possible to obtain
more information from particles that are very rich in elements
concerning the nature of the existing elements (pyrite, clay,
gypse, etc...) and by joint analysis of the positive and nega-
tive spectra (CF § III 2).

b) High irradiancy coal analysis ( &> 108 W/cmf)

The average positive spectrum (after 30 laser impacts) of
pyrite enrichened kerogene has several elements of informa-
tion:

i) The nature of the present metal ions: sodium, magnesium,
aluminium, potassium and vanadium have concentrations that can
be evaluated between 50 and 200 ppm. On the other hand sulphur
and iron have a higer concentration.

ii) This high concentration is seen in the detection of io-
nized clusters of the (5C2b+1 H)* (m/z=45, 69, 93, 117) and
FeCpH+ (M:z=81, 105, 129, p=2,4,6,...). These ions only ap-
pear when an elements, submerged in a hydrocarboned matrice,
goes above a concentration threshold of about 0.4 to 0.5%.
With high irradiancy (f >108 W/ew’), the S+ or the Fe*+ ions
formed in the microplasma are '"solvated" by successive colli-
sions with hydrocarbonated fragments (neutral or radicalar)
that come from the matrice. Therefore, ionized clusters of the
ChH+ type can also be detected in petroleum residues that are
rich in vanadium ( =4 000 ppm).

iii) The hydrocarboned matrice itself leads te the forming
of clusters of the CphHp*(or C. H =) type. The more the hydrogen
level goes up, the higher tHe h (in the case of paraffins and
of lignites), whereas to the contrary, m goes towards zero
when it is very pure graphite.

iiii) This last particularity has been used to evaluate the
C/H ratio of the hydrocarboned particles of mine dust coals or
of combustion residues. In the case of most coals and kero-
genes, this ratio is between 0.2 and 1.8 (cf. the Van Krevelen
diagram). In anthracites, the C+ and C,H+ ions are dominant,
whereas in lignites or kerogenes (CnHZT CnH3+or ChHyt+) are
much more intensive while Cj are almost unexisting.

After several tries, the even order clusters (even n) were
eliminated, because of the risks of spatial interference with
elements such as magnesium, aluminium, silicium or titanium.

Taking into account only the relative intensities of the
odd order clusters and m=1 and 2, a linear relation was found
between the H/C ratio determined by centesimal analysis and
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te intensity ratio R.

R = 1.45 (H/C) - 0.45 (r = 0.97)

+
R =%. b %%%ﬂ%%T—l with n = 3, 5, 7, 9.
n

This methodology should be very wuseful for evaluating on
site the H/C ratio of the carboned materials included in the
heterogenous systems such as rocks.

3) Two time particle analysis (22) (23)

When the irradiancy is too high, it is impossible to record
a positive spectrum, then a negative spectrum from one parti-
cle with a diameter of about 1 to 3 um. It is ejected after
the first impact (a transfer of thermal energy into kinetical
energy) .

Very low wavelength irradiation (X < 240 nm) allows to com-
pensate for inconvenience. Indeed, desorption tests on hydro-
carbon aromatic polycyclics (HAP) show that under these condi-
tions (X = 228.5 nm).

- The energy threshold at which the molecular peak M°+ ap-
pears was decreased of a factor close to 10 with respect to A=
286 nm, their network energy was not too high.

- The ionization yield is higher than at 266 nm or 286 nm.
- Certain ions appear (M°* or others) without any apparent

damage to the surface of the sample. Laser photoablation can
be considered.

In fact, studies made at 228.5 nm and 291.7 nm with absor-
bed H A P mixtures on amorphous carbon particles (2-3 um) or
on hematite have lead to several interesting results (23):

- at 228.5 nm, the ionization energy threshold goes down a
factor 10, without causing any particle movement.

- with the same wavelength, the HAP detection threshold is
divided by a factor going from 7 to 3 according to the
type of PAH.

- these two decreases are not as distinct if the support
particles are made of asbestos alumine or of pure sili-
cium, and this shows the influence of the interaction
between the absorbed organic molecules and the nature of
the surface.

These experiments lead to the -establishment of a two step
low wavelength particle analysis proptocol. The first consist
in characterizing the eventual organic molecules absorbed at
very low energy (E ¢ 0.05 upJ). During the second with the same
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particle, a higher energy laser impulse (E> 2 ZJ, 8 > 1(8-W/cnf)
is triggered, so as to detect the consecutive elements and the
nature of the majority mineral support by analyzing the clus-
ters.

IV) CONCLUSION

The LAMMA laser impact microprobe is particularly adapted
to the analysis of either mineral or hydrocarboned microparti-
cles (21).

The characterization of individual particles is the field
in which this technique offers the most advantages: in addi-
tion to establishing histograms of preponderant elements or of
elements to appear only as a trace, it allows to do a two step
analysis with low energy and weak wavelength molecule desorp-
tion followed by an identification of high energy mineral
compounds. Moreover, it is possible to look for elements that
appear. as a trace (tracing elements that characterize a given
origin) by adjusting the laser beam wavelength to a ray that
belongs to one of them. Finally, the on site evalutation of
the H/C ratio opens interesting perspectives in the on site
analysis at bituminous rocks, or of various <coals and
kerogenes.

All these elements put together allow to find the origin of
a particle, to follow its evolution, to evaluate its toxicity
level. In the more specific cases of coals, the LAMMA micro-
probe combines morphological recognition (optical microscopy)
and on site analysis of organic matters with mineral
distribution.
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DISCUSSION

H. Juntgen

You have reported two results : on the one hand the cor-
relation between CpH%/CpH* seems to show that CpHY correla-
tes to aromaticity and G H5/Ccf the aliphatic groups of coal.
On the other hand, the energy of laser treatment is so low
that only desorption of molecules takes place. Are the results
related to destruction of macromolecules or to identification
of small molecules from the mobile phase ?

J.F. Muller

In this experiment (LAMMA), the laser energy is relati-
vely high and 1is enough to distroy macromolecules and small
molecules of the mobile phase. At the laser impact, we can
observe phase. We can observe a thermal spike followed by a
micro-plasma with formation of elemental ions (C+ for exam-
ple). These react with neutral species (or radicals) by ion-
molecule processes and give cluster ions (ChHy). In this
experiment, the energy 1is too high for the desorption of
organic molecules from the solid phase. On the other hand, if
the laser energy is reduced, no ion is detected : the lattice
energy (or bond energy) of the solid coal particle is too high
for desorption.

J.B. Howard

Please comment on the extent to which the distribution
of species measured in the mass spectrometer is representative
of the distribution of species formed in the pyrolysis.

J.F. Muller

In the LAMMA spectrometer, the distance between the la-
ser impact point and the accelarating lens of T.0.F. masspec-
trometer 1is approximately equal to 3 mm. In this space, the
micro plasma is in extension with collisions in the gas phase
(formations of clusters ions or quasimolecular ions). The
quasimolecular ions ((M + H)*, (M + Na)*, (M - H) ... etc of
organic molecules are produced by ions molecules reactions :
the neutral organic molecules are desorbed from the peripheric
surface of the thermal spike and react whith elemental ions
(H*, Na*) produced in the center of the laser impact. We ob-
served a delay between the zero time of the laser pulse and
the quasimolecular ion formation (delay = 1us or more). Now
we are testing and comparing the ion distribution of laser
ionization with two kinds of spectrometers : first is the
T.0.F. spectrometer and second 1is FfFourier Transform Mass
Spectrometer (FTMS 2000 from Nicolet). We are also testing the
double ionization : one laser for thermalization and vaporiza-
tion, second laser for ionization of gas phase in RIMS
conditions (Resonant lonization Mass Spectrometry).
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KINETICS OF DEVOLATILIZATION

J. B. HOWARD, W. S. FONG, AND W. A. PETERS

Department of Chemical Engineering and Energy Laboratory
MASSACHUSETTS INSTITUTE OF TECHNOLOGY

1. INTRODUCTION

Quantitative description of coal devolatilization is desired as
input for overall descriptions of coal combustion mechanisms.
Devolatilization 1is very complex, involving multiple chemical reac—
tions coupled with transport processes, and a purely fundamental
description. is not yet feasible. In practice we resort to the use of
simplified global devolatilization models, which can be an effective
approach if properly used. However, failure to observe the inherent
constraints of simplified models can lead to inaccurate conclusions.
These topics are addressed in the next section.

More complete descriptions of devolatilization are being formula-
ted in terms of global chemistry of primary decomposition of the coal
structure to form a high molecular weight intermediate, metaplast,
which participates in subsequent (secondary) reactions leading to char
or coke as well as lighter products including gases, or is transported
out of the coal. The transport process occurs in competition with the
secondary reactions and can significantly affect the distribution of
products formed. In the case of softening coals, the kinetics of the
development and decay of the softened or plastic condition as well as
the time—dependent viscosity of the melt can be described in terms of
the kinetics of generation and loss of metaplast. This information in
turn permits description of the coupling between transport and second-
ary reactions, and predictions of particle swelling and agglomeration
under combustion conditions.

The last section of the paper presents data useful for the above
type of description, which were recently obtained for a bituminous
coal using an electrically heated wire mesh sample holder and a fast
response high temperature plastometer. The observed kinetics of
generation and destruction of pyridine extractables within the coal
under rapid pyrolysis conditions is closely related to the observed
kinetics of plasticity. The data demonstrate a strong contribution of
coking/repolymerization reactions in depleting the intra—-particle
liquid-phase material. These reactions are found to occur on a time
scale comparable to that of the primary coal decomposition thereby
confirming their importance in devolatilization kinetics.

2. GLOBAL DEVOLATILIZATION KINETICS

The global or overall first-order single reaction rate coeffi-
cient k for devolatilization may be expressed as

k = (dv/dt)/(V*-V) (1)

where V is the amount of volatiles released up to time t, V* is the
limit of V for very large t, and T is absolute temperature.

An Arrhenius plot of k is presented in Fig. 1. The two sets of
points are for the same coal, but they appear to represent quite
different results. The rate coefficients indicated by the two
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straight lines differ by more than a factor of 103 at 1100 K.
However, as is explained below, all the points obey perfectly the same
kinetics. The two sets differ simply because two different heating
rates were used, and the single-reaction description of Eq. 1 does not
adequately reflect the true behavior, which in this case involves
multiple parallel first-order reactions.

Thus the apparent difference in Fig. 1 does not represent inaccu-
rate data, such as poor temperature measurements as some authors have
concluded in other cases from such Arrhenius plots. It 1is a natural
consequence of applying a model too simplified to deal with two very
different temperature—-time histories with only one set of parameter
values. This behavior points up both the need for care in the use of
the single reaction model, which is further discussed later, and the
opportunity for more effective global descriptions.

One of the most successful global descriptions of coal devola-
tilization, which is reviewed elsewhere!, is based on the picture that
the coal decomposes in a large number of roughly independent parallel
first—order reactions. If subscript i denotes one particular reaction
from which the amount of volatiles formed up to time t is Vi, then

dvi /dt = ki (Vi*-V;) (2)
and
ki = koi exp(—-Ei/RT) (3)

where Vi* is the limit of Vi as t becomes very large, and ki 1is the
rate coefficient with parameters koi and E;.

If temperature is constant, solution of Eq. 2 gives

(Vi*=Vi)/Vi* = exp(-kit) (4)
When temperature varies with time, which 1is always the case in
practice, the solution of Eqs. 2 and 3 can be written

(Vi*¥=Vi)/Vi* = exp(—kite,i) (5)
where te,i is the effective isothermal time. If the temperature-time
history 1is approximated as a three-step sequence of heating at
constant rate m to temperature T, holding at T for time 7, and cooling

at constant rate mc (i.e., dT/dt = -mc during cooling), and if the
condition Ei >> RT is obeyed, then te,i in Eq. 5 is found to be
) RT2 RT2 _ RT2
te,i mE: + 7 + mE: = o E: + 7 (6)

where me = mmc /(m+mc ).

The total volatiles are the sum of the contributions of all
reactions. If there are n such reactions then

n
V=YW (7)
1
Substitution of Eq. 7 into Eq. 1, and use of Eq. 2 gives
* * - ¥ —
k= (BEVy  BoEVe 0 kL B P (8)

Vx-v V*-v Vk-v
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FIGURE 1. Arrhenius Plot of Global First-Order Single-Reaction Rate
Coefficient for Devolatilization of a Given Coal. Heating rate:
(x) 104 K/s; (o) 1 K/s.
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From Eq. 5 the factors in Eq. 8 can be written
Vi*-Vi - Vi*exp(—Kkite,i)

Vx-vy

(9)

n
Y Vi*exp(—kite,i)
1

Therefore, Eq. 8 shows that the overall rate coefficient is a
weighted average of the rate coefficients for the individual reac—
tions, and from Eq. 9 the weighting factors are seen to be functions
of the temperature-time history as represented by te,i with Eq. 6.
During a heating process each of the weighting factors decreases from
its initial value, which is the fraction of the total ultimate vola-
tiles yield that will be contributed by the reaction in question, to
its value at a given time which is the fraction of the volatiles yet
to be formed that will be contributed by the reaction in question.
Also the individual rate coefficients vary with temperature in
accordance with Eq. 3. Thus the temperature dependence of the overall
rate coefficient is itself dependent upon temperature-time history.

To illustrate the above behavior, consider a hypothetical coal
whose devolatilization 1is perfectly described in terms of three
independent first—order parallel reactions, each having a pre—exponen—

tial factor ko of 1010 s-1, The other parameter values are given
below:
Reaction Vi*/Vx. Ei, kcal/mole
1 0.25 40
2 0.50 50
3 0.25 60

Figure 2 gives the devolatilization behavior, calculated from the
above equations and parameter values, when this coal is heated at the
indicated rate to the temperature given on the abscissa and then
instantaneously quenched. Thus m is 1 K/s or 104 K/s, r = 0, and mc =
o in Eq. 6.

The points in Fig. 2 are values of 1ln k which would be observed
at temperature T, and which can be written as shown on the ordinate
and computed from Eq. 8. The dashed lines give the values of the
individual rate coefficients as computed from Eq. 3. The numbers on
the points are the percentages of completion of devolatilization for
which the calculation has been performed. Only selected points
instead of a continuous curve have been computed so as to simulate the
usual form of devolatilization data.

In the early stages of devolatilization the values of the overall
rate coefficient are seen to follow in parallel with ki, the indi-
vidual rate coefficient of lowest activation energy, but to be lower
than k1 by a fraction which is initially Vi*/V*¥ = 0.25. Thus the
first term in Eq. 8 is initially dominant. As the fraction of the
coal decomposing by Reaction 1 becomes depleted, i.e., as V/V*
approaches Vi*/V¥ = 0.25, Reaction 2 takes over and the trend of k
then parallels that of k2. At still higher conversions Reaction 3
dominates the overall behavior and the final values of k are identical
to ka as would be expected from the limiting value of the last term in
Eq. 8.
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FIGURE 2. Arrhenius Plot of Global First-Order Single-Reaction Rate
Coefficient for Devolatilization of Hypothetical Coal Described by
Three Separate First—Order Reactions.
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If a straight line were drawn in Fig. 2 so as to approximate the
points for a given heating rate, as is sometimes done in fitting data
points to a simple single-reaction model, the slope would clearly be
less than that of either of the dashed lines for the individual

reactions. Such 1lines are drawn in Fig. 1, where the points are
identical to those in Fig. 2 for completions of devolatilization
between 2% and 86%. Thus we see the well known tendency for overall

single-reaction activation energies to be much less than those of the
individual reactions of the set. Also it is clear, as was mentioned
above, that greatly different values of the overall single-reaction
rate coefficien for the same coal can simply be the consequence of
different temperature-time histories being used.

Extension of the above analysis to the case of a large number of
independent parallel first-order reactions, all having the same pre—
exponential factor ko, and activation energies in a Gaussian distribu-
tion with mean Eo and standard deviation o,! gives

- T ;
o -ERT_ (E-E)  E
exp{—”-; e dT — st RT}dE
'&:%o om To-r (10
-E/RT eV
Sexr (e JEED L4 |
L o To

Equation 10 gives the overall single-reaction rate coefficient as
defined in Eq. 1 that would be observed at temperature T, to which the
coal is assumed to be heated at constant rate m from initial tempera-
ture To.

Values of k computed from Eq. 10 for two different heating rates
using experimental values of ko, Eo and ¢ for Montana lignite? are
plotted as the solid lines in Fig. 3. Each 1line extends from 1% to
99% completion of devolatilization. Within this range the values of k
do not deviate significantly from the straight line on the Arrhenius
plot. Thus unlike the above case of only three reactions, the present
large number of reactions smooth out the transitions occurring as
different reactions become active. Arrhenius parameters for the
single-reaction fit for each heating rate are given in Fig. 3. The
pre—exponentials and activation energies are much smaller than the
multiple reaction parameters ko and Eo used in the calculation. Also,
at a given temperature the single-reaction rate constant for the
higher heating rate is more than a factor of 103 larger than the one

for the 1lower heating rate. This behavior, which is discussed
elsewherel, is equivalent to that seen above for the three-reaction
case. The main point here 1is that the large difference between the

single-reaction Arrhenius lines in Fig. 3 does not arise from dis—
agreements in data or analyses, but is a well understood consequence
of the different temperature-time histories, in this case heating
rates, and the inability of the single-reaction model to describe
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FIGURE 3. Arrhenius Plot of Global First-Order Single—Reaction Rate
Coefficient (k) for Devolatilization of Montana Lignite Described by
Multiple Parallel First-Order Reactions with Gaussian Distribution of
Activation Energies. Pre-exponential (ko), mean (Eo) and standard
deviation (o) of activation energy distribution from Anthony et al.2
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multiple-reaction behavior for the different conditions with only one
set of parameter values.

The overall single-reaction model was previously fitted? to the
same data from which were also derived the multiple parallel reaction
model parameters shown in Fig. 3. Three different sets of single—
reaction parameters were obtained from three different sets of heating
and cooling rates represented in the data, as is illustrated in Fig.
4. Also included in the figure are the two computed single-reaction
cases from Fig. 3. With regard to the effect of temperature-time
history, here represented by the effective heating rate me (Eq. 6), on
the single-reaction parameters, the different sets of parameter values
obtained previously using the different parts of the data separately
(cases B, C and D) are consistent with those computed here (cases A
and E) from the multiple parallel reaction parameters, which were
peviously evaluated using all the data simultaneously. Thus the
single-reaction parameters for the different cases, though differing
substantially, are not in mutual conflict and can be very useful if
each set is applied within its own range of conditions.

3. KINETICS OF PLASTICITY ACCOMPANYING DEVOLATILIZATION
3.1 Introduction to Plasticity Phenomena

Bituminous coals upon heating undergo melting and pyrolytic
decomposition with significant parts of the coal forming an unstable
liquid that can escape from the coal by evaporation to give tar and
light o0il or crack to form 1light gases, leaving behind a solid

residue. Polymerication or cross-linking of the liquid molecules to
form solids also occurs. All the liquid is eventually depleted,
leaving a porous coke residue. The kinetics of these processes are

strongly temperature dependent; therefore their relative contributions
depend on temperature-time history.

The transient 1liquid within the pyrolyzing coal causes softening
or plastic behavior that can strongly influence the chemistry and
physics of the process. Bubbles of volatiles can swell the softened
coal mass3'%4, in turn affecting the combustion behavior of the coal
particles. Undesirable agglomeration of coal particles during
combustion can occur when softened particles collide. Plasticity also
affects the yields and quality of products since the transport of
volatiles through the viscous coal melt affords opportunities for
intra-particle secondary reactions. Figure 5 1is a schematic of
changes in coal physical structure and liquid volume fraction during
the onset, continuation and destruction of plasticity.

3.2 Apparent Viscosity Measurement

A fast response, rapid-heating high-temperature plastometer has
been developed in our laboratory5,6. The instrument determines the
torque required for constant rotation of a thin disk embedded within a
thin layer of coal heated between two parallel metal plates. Heating
rates, final temperatures and sample residence times at final temper-
atures can be separately selected and controlled over the ranges 40-
800 K/s, 600-1250 K, and 0-40 s. The coal layer thickness between the
disk and each bounding plate is small (0.13 mm, or about two particle
diameters for the coal particles tested) in order to achieve near
isothermality across the sample layer under rapid heating conditions.
By calibrating the instrument with viscous liquid standards, apparent
viscosities can be obtained from the experimental torque curves.
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FIGURE 4. Single-Reaction Rate Coefficients for Montana Lignite
Devolatilization under Different Conditions. Data, Atnhony et al.2
Lines A and E computed from multiple parallel reaction model fitted to
the data. Lines B, C and D from fitting single-reaction model
directly to the data. Heating and cooling rates and Arrhenius
parameters as follows:

Heating and Cooling Rates (Eq. 6) E, ko ,
kcal

Case m,K/s me,K/s me ,K/s mole s”1
A 10,000 © 10,000 9.6 890
B 10,000 ~ 200 196 11.1 283
C 3,000 ~ 200 188 10.0 128
D 650 ~ 200 153 9.0 60.7
E 1 © 1 7.7 0.28
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FIGURE 5. Physical Changes in Bituminous Coal during Devolatilization.

The coal studied was a high volatile Pittsburgh No. 8 Seam
bituminous coal (Table 1). The coal was freshly ground under nitro-
gen, washed, vacuum dried at 383 K for four hours and sieved.
Particles in the size range 63-75 um were used. For the measurements
presented here the coal was heated under 1 atm He.

Table 1. Composition of Pittsburgh No. 8 Seam Coal Studied (wt. %,
dry basis, unless otherwise indicated)

Proximate Analysis: Ash, 11.5; VM, 39.4; F. C., 49.1; Moisture, 1.4

wt. % as—received.
Ultimate Analysis: C, 68.8; H, 4.9; O, 8.2; N, 1.3; S, 5.4;
Ash, 11.5




Figure 6 shows typical viscosity curves for this coal as a
function of heating time for different constant heating rates and
holding temperatures. For runs at different heating rates the initial
softening temperatures Ts are rather insensitive to the heating rate,
indicative of physical melting. The temperature (T) at which the
torque has dropped to a certain low value increases more significantly
with heating rate, indicative of chemical decomposition. Apparent
viscosities measured were in the range of a few thousand to one
million poise. The shear rates were about 1.3 s-1.
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FIGURE 6. Apparent Viscosity of Coal during Heating. (Above) Coal
heated at constant rate and then held at temperatures shown on curves.
(Below) Coal heated for extended period at constant rate shown on
curves. Ts, temperature at initial drop of torque. T, temperature
when viscosity drops to 7.2 x 104 Pa s.
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The apparent viscosities reflect the resistance to shear of a
complex, reacting suspension of partially reacted coal, mineral matter
and coke in a polymerizing viscous liquid. Description of the
rheological properties of this system in fundamental terms is diffi-
cult. However, one can relate the relative viscosity to the solids
volume fraction, and hence to the kinetics of 1liquids formation and
depletion in the coal. The existence of bubbles in the melt has to be
taken into account when such a correlation is made. Therefore, the
interpretation of these plasticity curves is more difficult than for
those of less complex liquid-solids suspensions.

Since plasticity arises from the formation of liquids within the
coal continuum, valuable complementary information can be obtained by
determining the amount of liquid in a rapidly pyrolyzing coal par—
ticle. A quantitative study of intra-particle liquids formation and
depletion reactions was therefore performed as described below.

3.3. Liquid Formation and Depletion Kinetics

Coal samples were pyrolyzed using an electrical screen heater
reactor and the liquid left in the solid residue after cooling was
removed by solvent extraction. The reactor’ was an enlarged and
modified version of the one described by Anthony et al.8 About 20 mg
of 75-90 um diameter particles of the same coal used in the plastome—
ter were spread evenly in the central region of two layers of 10.5 cm
x 5.3 cm, 400 mesh stainless steel screen mounted between two elec—
trodes. Heating was achieved by sequentially passing two constant
pulses of current of preselected duration and magnitude through the
electrodes. The volatile products readily escaped from the screen and
were quenched and diluted by the ambient helium gas at 0.85 atm. At
the end of the preset heating interval, pressurized liquid nitrogen
was sprayed onto the screen by automatically opening a cooling valve,
resulting in a quenching rate of 1100-1500 K/s. Other runs featured
cooling rates above 6000 K/s (using a different valve), or below 250
K/s (when the screen was allowed to cool by natural convection).

The weight loss of the sample was determined by weighing the
loaded screen before and after the experiment. This corresponds to
the volatiles (tar, light oil and gas) yield. The extract yield was
determined by Soxhlet extraction of the char left in the screen using
pyridine at its boiling point, drying the extracted char and screen in
a vacuum oven at 383 K for four hours and reweighing. This quantity
is taken as the intra—particle inventory of liquids at the time of
quenching.




raw coal

Figure 7 shows the evolution of the volatiles, pyridine extract,
and the pyridine insoluble char as a function of the heating time, for
two sets of experiments with rapid quenching. The corresponding
temperature-time histories for each set are shown in the lower parts
of the figure. For example, the vertical dotted lines connect two
data points from a single experiment, with the temperature-time
history indicated by the bold line. The solid curves near the data
points are from a kinetic model described below.
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FIGURE 7. Effects of Temperature-Time History on Yields of Volatiles,

Extract, and Pyridine Insolubles.

89



90

An extract yield of about 25% was obtained from the raw cocal. As
the coal was heated, the amount of extract increased to a maximum and
then decreased, the rate of this process being strongly dependent on
temperature, as indicated in Fig. 8. The time interval over which the
extract concentration was high ( > 30 wt % of coal) decreased rapidly

with the final holding temperatures of the experiments. The maximum
amount of fluid material (extract plus volatiles) was as high as 80%
by weight of the raw coal. However, this quantity decreased with

increasing holding temperature, or with increasing holding time at a
given holding temperature, primarily due to conversion of the extract-
ables to coke for part of the reaction cycle, the weight average
molecular weight of these extracts has been found to increase in
parallel with these yield decreases® (see also Fig. 10). This implies
that polymerization is an important pathway in extract depletion and
coke formation. Evaporation aad escape from the coal also contributes
to extractables depletion, as noted above, thereby presumably increas—
ing the extractables molecular weight.

(9]
o

raw coal

N
(@)

wt. %,

20

Pyridine extractables ,

FIGURE 8. Extract Generation and Depletion. Heating rate and holding
temperature: triangles, 470 K/s and 813 K; solid circles, 446 K/s and
858 K; open circles, 514 K/s and 992 K. Cooling rate: all cases, 1100
K/s. First-order rate constants for extract depletion, indicated on
curves.



initial generation
coal, corresponds

As shown in Fig. 9, the respective times for
and near final depletion of extractables within the
rather well with the times for initiation and termination of the
coal’s plastic phase. This supports our assumption that the pyridine
extract of the rapidly quenched coal is a reasonably accurate measure
of the amount of liquid product within the pyrolyzing coal at the time
of quenching.

However, the fact that even without heating, 25 wt % of the raw
coal can be extracted, means that "extract" and "liquids" are not
identical materials. The dried coal is a solid at room temperature
and contains no organic liquid. It 1is quite 1likely that the initial
25% extract corresponds to some loosely bonded, low melting point
material. Upon heating to a sufficiently high temperature, this
material undergoes physical melting. This would be consistent with
the fact that initial softening temperatures recorded in our plastome-
ter show 1little effect of heating rate. Other workers found the
Gieseler plasticity during the early softening stage to be reversible
as the temperature is raised or lowered®. At higher temperatures,
pyrolytic bond breaking generates significant quantities of liquid
which cannot be reversibly converted back to resolidified coal.
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It is thus clear that better understanding of the reactions
occurring within the coal can shed light on the underlying mechanisms
of coal plasticity. An important measurement is the molecular weight
distribution of the extract as a function of the extent of pyrolysis.
A two—column gel permeation chromatography (GPC) system calibrated
with different size fractions of coal tars was employed. Figure 10
shows the weight average molecular weight of the pyridine extract at
different heating times for the bituminous coal and a heat-treated
coal tar.

Bituminous Coal A

Coal tar “658°C 8

Weight average Molecular Weights

300 749°C .
2 1 1 1 1 1
0.25 0.5 1.0 2 4 8
Seconds

FIGURE 10. Molecular Weight of Extracts for Different Temperature—
Time Histories. Holding  temperatures indicated on curves.
Heatingrate: circles, 736 K/s; triangles, 465 K/s; squares, 455 K/s.
Cooling rate: circles, ~200 K/s (natural cooling); triangles and
squares, 5000 K/s.



The trends are strong functions of temperature-time history. In
general, with increasing time at a given holding temperature, the
molecular weight increases to a maximum, and then decreases. The
increase is due to evaporation of the lighter components, and poly-
merization reactions. The decrease apparently arises from secondary
cracking of the liquids since further generation of lower molecular
weight liquids by primary decomposition of the parent coal is unlikely
at these severities (see Figure 7). At higher holding temperatures,
more severe cracking drives the molecular weight to even lower values.
The maxima of these curves are thus determined by competition between
evaporation and cracking reactions. If the cracking reactions have
higher activation energies, then increasing the holding temperature
would enhance their relative importance and thus decrease the value of
the maxima- in the curves, which is consistent with our data.

The molecular weight of the coal extract is much higher than that
for the coal tar extract. This probably reflects two differences
expected in their thermal behavior because of differences in their
structure and initial state. Cracking of the high molecular weight
coal extract, especially in the presence of surfaces of mineral
matter, unsoftened macerals and already available coke, can give more
residual coke. A larger liquid molecule also has a lower vapor
pressure, and thus a slower evaporation rate. Both are consistent
with the lower pyridine insoluble yield and the faster evaporation
rate observed in the coal tar pyrolysis. More detailed kinetic
interpretation of these GPC data will be undertaken in the future.

3.4. Mathematical Modeling of Plasticity Kinetics

The kinetics data on liquids generation and depletion are fitted
with a model in which softening coal is assumed to undergo both
physical melting and pyrolytic bond breaking to form a liquid inter-

mediate, metaplast. This liquid is assumed to crack to form a
volatile product which escapes from the coal and a heavier component
that quickly repolymerizes into coke. The weight ratio of coke to

volatiles thus formed is assumed to be constant (=a). The material
that can and does undergo physical melting is assumed to be identical
with the pyridine extract from the unheated coal. This material is
assumed to melt over a narrow range of temperatures. In the present
calculations, a Gaussian distribution of melting points with a mean at
623 K and standard deviation of 30 K is assumed. This temperature
range is where initial softening of coal is observed. The rate of
generation of liquids by melting would therefore be the product of the
heating rate and the distribution function. The ash (weight fraction
fa) is assumed to be inert. The reaction scheme and rate expressions
are,

coal &1 metaplast E? volatiles + coke

3—€=—k1(c—fa)—rm (11)
g%'= ki ( C—-fa ) + rm — koM (12)
VoM (171 + a) (13)

dt
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j‘—; = keM (a/1 + a) (14)

where C,M,V,E are the weight fractions of the unreacted coal, meta—
plast, volatiles, and coke, respectively, and rm is the rate of
physical melting. At a late stage of pyrolysis when most of the coal
has reacted and all the material that can physically melt has done so,
the rate of liquid depletion is

dM/dt - kaM (15)

The rate coefficient kz can thus be found from a plot of 1ln(M) vs time
for constant temperatures. Typical values were obtained from Fig. 8,
and from an Arrhenius plot k2 is found to be

k2 = (1.9 x 1010 s-1) exp(-21200 K/T) (16)

The rate coefficient ki, obtained from a best fit to the experimental
data using Eqns. 11-14 and 16, is

ki = (6.6 x 107 s1) exp(-14500 K/T) 17

Values of C and M observed in the screen heater runs, and corres—
ponding predictions from Eqns. 11-14, using Eqns. 16 and 17 and an "a"
value of 1.25 (estimated from long holding time data) are compared for
two sets of reaction conditions in Fig. 7.

3.5. Physical Processes during the Plastic Stage

Reliable treatment of intra—particle liquids formation and deple—
tion kinetics is essential for mathematical modeling of process
phenomena occurring during the plastic stage. To illustrate one
application, a preliminary model of the agglomeration of pyrolyzing
plastic coal particles entrained in an isotropic turbulent flow field
is presented. Such flows might arise in dense phase fluidized beds,
or in certain types of coal feeding operations.

The agglomeration of a system of particles with a monodisperse
particle size distribution is modeled as a binary collision mechanism:

dn/dt = - KcEn2/2 (18)
n(o) = no (19)

where Kc is the collision frequency, £ is the probability of forming
an agglomerate, n is the number of particles per unit volume at any
time t, and no = n at t = 0. Permanent sticking of two particles to
form an agglomerate is assumed to occur as follows:

(1) Particles collide with a frequency!®

Ke = 1.3 d3(¢&o/v)172 (20)

where ¢ is the turbulent energy dissipation rate, v the kinematic
viscosity of the gas, and d the particle diameter.



(ii) The particles are assumed to be irregularly shaped with a mean d.
Two particles may approach at many different orientations resulting in
a large number of possible contact areas. For simplicity, the
agglomerate is considered as two distorted spheres with a neck of
diameter x at the plane of contact. The quantity c1 = x/d is assumed
to be normally distributed with mean C;and standard deviation 3.

(iii) The strength of the neck region is assumed to be

on = ooM (21)

where oo is a constant (i.e. only the liquid portion of the contacting
surface is assumed to adhere).

(iv) The madimum stress imposed by the flow field on a pair of
particles is the bending stress!l

ob = 10.Bugas (& /v)1/2/c13 (22)

(v) If oo is larger than on, then no agglomeration results (& = 0);
otherwise £ = 1. Thus the critical c1 for agglomeration is
c1 2 2.21 (ugas/ooM)1/3 (& /v)1/8 (23)

Given a temperature-time history for the coal particles and the
kinetic parameters for liquid formation and depletion, the instantane-—
ous liquid content of the agglomerating particles can be calculated.
Summing over all agglomerates which satisfy the condition in step (v),

an overall efficiency of agglomeration can be obtained. The overall
efficiency 1is a function of the 1liquid content, the intensity of
turbulence, and the distribution of ci. Once the energy dissipation

rate, &, and the initial number density, no, are specified, the
binary agglomeration equation can be solved.

To account for particle swelling, a single volatile bubble is
assumed to grow in a viscous, spherical droplet. The viscosity of the
coal melt is related to the solids fraction by a concentrated suspen-—
sion model. The volatiles in the bubble are assumed to be in equil-
ibrium with, arbitrarily, 0.8 mole fraction of the liquid.

The liquid formation and depletion rate parameters presented
above are used. An initial particle number density of 1000/cm®, and
particle radii of 100 um are assumed. The particles are heated at 104
K/s to a holding temperature of 1000 K. Figure 11 shows the liquid
content, swelling ratio, and number of unagglomerated particles for
two different levels of turbulence intensity, all as functions of
time, with heating started at t=0. The predictions are qualitatively
consistent with data of Tyler!2 and McCarthy!3.

Extension of the model to multi-particle agglomeration is
possible. Calculations with 3 or 4-particle agglomerates show the
same trends as in Fig. 11. If the particles are entrained in a
laminar flow, similar expressions can be derived. Additional develop—
ment of the model will be presented in the future.
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DISCUSSION

E. Suuberg

1. The decrease in molecular weight of extractables with
increasing temperature has been attributed to cracking, but it
should be pointed out that it may well be a consequence of po-
lycondensation processes as well. Polycondensation theory
predicts decreasing molecular weight of extractable with in-
creasing degree of condensation.

2. The ineffectiveness of pyridine in extracting the ligni-
te is surprising. Has a substantially better solvent been
identified ?

3. Is the implication of the simple kinetic modelling you
showed at the outset that no one set of data at one heating
rate should generally be used for deriving kinetic constants?
In terms of comparing different sets of data obtained under
wildely varying temperature/time conditions, is one not in
trouble comparing entrained flow reactor results with heated
grid results, because the former involves considerable secon-
dary reactions not present in the latter? Thus would it be
fair to suggest that the heated grid type systems, which have
the ability to be used over a wide range of temperature, time
conditions, might be the best choice for further kinetic work?
The main disadvantage of these systems might be the inability
to acpess high temperatures (> 1500°C) at high heating rates
(> 10°c/s), conditions under which it is suggested that other
mechanisms might come into play.

J.B. Howard

1. One would indeed expect both polymerization and cracking
to contribute to the change in molecular weight of the extrac-

table material. In addition, evaporation and diffusion
contribute by the preferential removal of lower molecular
weight material. In order to monitor and to rationalize the

overall change in molecular weight distribution during the
heating of a coal, it is important to study both the material
leaving the coal as well as the material remaining within the
particles, and to consider all three of the processes mentio-
ned above.

2. It is well known from the literature that the effective-
ness of pyridine decreases as coal rank decreases. For ligni-
tes, pyridine is indeed ineffective, and the following order
of effectiveness 1is reported (D.W. van Krevelen, "Coal",
Elsevier, New York, 1961) : diethylenetriamine > monoethanola-
mine > ethylenediamine > pyridine.

3. One set of good data at one heating rate can be useful
for making predictions at other heating rates if a suitable
model, such as the multiple parallel reaction model, is used.
The single reaction model, or a two-reaction model, would not
be suitable for this purpose. If possible, it is preferable to
have data for a range of heating rates. In answer to your
question about flow reactor data, I agree with you that much
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care is needed, including the taking into account of secondary
reactions, in comparing such data with screen-heater results.
The screen heater technique does have some strong advantages,
as you point out. Not only can temperature-time history,
including heating rate, be varied over considerable ranges as
is desirable in kinetics studies, but temperature can be mea-
sured more accurately than is generally possible with presen-
tly available flow reactor techniques.

H. Kremer

Is there an influence of the ambient atmosphere on the py-
rolysis reactions if one thinks, for example, of large coal
particles in fluidized bed combustors?

J.B. Howard

Probably not in the case of <coal particle 1in a fluidized
bed combustor. However, such influences do occur when pulveri-
zed coal is heated in the presence high-pressure hydrogen,
which is known to penetrate into the coal and to redirect the
pyrolysis product pathways (see Ref. 1 of the paper). If
pulverized coal is preheated in the presence of air at 1 atm.
to a temperature of 150 to 200°C for a few minutes, the yields
of products when the coal is subsequently pyrolyzed at higher
temperature are significantly affected. Based on this fact one
might expect that the pyrolysis occuring after pulverized coal
in a flame is heated to of order 1000°C in 0.1 s might be
affected by the oxygen of the combustion air in contact with
the coal. Whether such an effect actually occurr has not been
determined. In the absence of better information it is reaso-
nable to neglect such an effect in pulverized coal combustion.

K.H. Van Heek

Our experiments on the swelling of single coal particles
(Fuel, 65, 1986, p. 346) show that whether a particle shape
goes through a maximum depends on the possibility for the
volatiles to -escape before the outer shell of the particle
solidifies. That means, all conditions inhibiting transport
(pressure, particle diameter and heating rate) lead to the
fact that the particle stays on its maximum values when these
parameters are increased. Especially for heating rates as
expected under fluidized bed or entrained phase conditions the
maximum swelling size has to be taken into account for the
char grains. These results have been found for vitrain parti-
cles, whereas durain particles show a shrinking only.

My question is, to what extent reactor conditions and mace-
ral composition of the coal can be included in the model pre-
sented in your lecture.

J.B. Howard

Exploratory calculation of the effects of pressure, heating
rate and particle size with our model give qualitatively
reasonable trends. The effect of maceral composition could
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presumably be addressed by proper choice of coal properties,
but we have not attempted such calculations.

P.J. Jackson

In the presentation (Fig. 11), reference was made to the
significance of turbulence levels, denoted 106 - 104 , etc.
What are the units used here? :

J.B. Howard

The units are s-2 , referring to the ratio of turbulent
energy dissipation rate to kinematic viscosity.

R. Cypres

You showed curves of the decrease of average molecular
weight with increasing temperature. Could you tell us some-
thing about the distribution of the individual components of
the tar, taking into consideration the known fact that more
heavy compounds are formed with increasing temperature, by
association reaction. There must be a compromise between
cracking and association.

J.B. Howard

We have not measured individual compounds in the tar, but
we have performed NMR analyser of the size fractions recovered
from GPC, or size exclusion chromatography. The data show
evidence of formation of aromatic C-H bonds from the products
of cracking of aliphatic structures. In experiments such as
ours where tar, defined as liquid products transported from
the coal, and extract, defined as material left in the sample
and subsequently removed by a solvent, are separated during
the experiement, the molecular weight «change of both tar
and extract must be studied in order to assess the overall
change. The molecular weight decrease that you refered to
is the overall change that pertains to the tar and extract
together.

F. Kapteijn

With regard to heat effects associated with devolitiliza-
tion : At the Institute of Chemical Technology (University of
Amsterdam, The Netherlands) recently the heat of pyrolysis of
coals of different rank have been measured by DSC (up to
800°C) combined with TG and gas analysis.

Related to your presentation of two remarks are made:

1) The heat associate with pyrolysis is endothermic and
small compared to the heats of combustion.

2) The observed endothermic effects are mainly associated
with the formation of small molecules (H2, CHy4, CO, C12) and
much less with the release of volatile matter ("tars").
(Presented at the Rolduc Coal Science Symposium, April 1986
and to appear in Fuel Processing Technology).
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J.B. Howard

Thank you for these comments. To these remarks I would add
that pyrolysis can be exothermic, but still with a small heat
change compared with the heat of combustion of the coal, if
secondary reactions occur to a sufficient extent. The associa-
tion reactions that accompany cracking are exothermic, and the
heat thus generated can more than offset the heat consumed in
the bond-breaking cracking reactions. Thus a bituminous coal
whose pyrolysis at atmospheric pressure under conditions of
minimal secondary reactions may be slightly endothermic, can
under high pressure with extensive secondary char-forming
reactions exhibit exothermic pyrolysis.

E. Saatdjian

What values do you suggest for the heat of pyrolysis? How
does it depend on coal rank? and type?

J.B. Howard

The heat of pyrolysis 1is generally small, only a few hun-
dred calories per gram of coal, and endothermic. However, as
mentioned in the response to the comments of Kapteijn, the
overall pyrolysis (referring to primary pyrolysis and seconda-
ry reactions) can be slightly exothermic if the conditions
favor substantial secondary reactions. The dependence on coal
rank or type is not well known but the trend is toward some-
what higher endothermicity for lower rank coals at moderate
temperatures.

J. Lahaye

In work on the behavior of liquid tars, tars are characte-
rized by their viscosity i.e. by a rheological property. The
behavior of liquid tar can also refer to a property at equili-
brium : surface ‘tension. Don't you believe that it would be
useful to introduce surface tension parameter in models
describing liquid tars?

J.B. Howard

I agree that surface tension should be considered along
viscous forces in the analysis of molten coal particle heha-
vior. Our mathematical modelling tar in fact included surface
tension, but according to our calculations the effect of
surface tension on bubble escape rate is small compared to
that of the viscous forces. However, better property informa-
tion and/or a focus on other aspects of molten coal behavior
could result in a larger importance being seen for surface
tension.

H. Jintgen

I can really confirm all your considerations on the signi-
ficance of taking into account secondary reactions in kinetics



102

of ~coal pyrolysis. You have reported on changes of overall
yields of tar on heating rate. Have you also investigated the
chemical composition of tar dependent on heating rate? The
second question is regarding the metaplast formation: What is
the definition of metaplast in a ~chemical sence? Is this
reaction step necessary for modelling? What is the role of
mobile phase in metaplast formation?

J.B. Howard

We have not investigated the chemical composition of tar as
a function of heating rate. Regarding the definition of meta-
plast, we have simply adopted this term as it is commonly used
in the coal literature. Our need for a quantitative relation-
ship between viscosity of the molten coal and time and
temperature led us to describe the molten coal as a solid
(undecomposed coal) in a liquid which is formed and consumed
by reactions whose kinetics we can model. This liquid, assumed
to be approximated by metaplast is formed partly by physical
melting wearly in the heating of some coals, and by chemical
breaking of crosslinks in the coal structure.

H. Juntgen

Can we define metaplast very simply by species in —coal
grain formed by —chemical degradation minus species of this
kind transported away at this time of observation?

J.B. Howard
Yes. This definition is the one we have been using at MIT.

J.H. Pohl

Please comment on the status of qualitatively predicting
the distributions of gases, soot, tar (if any) and solids at
the conditions of pulverized coal flames. Also, to what extent
can the rates of devolatilization and product distribu-
tion be quantitatively estimated at pulverized coal flame
conditions.

J.B. Howard

The behavior of coal for which the product distribution
have been measured int the laboratory at temperatures and
heating rates approaching those of pulverized coal flames can
probably be predicted to within perhaps 20 %. In our own work
the accuracy with which product yields are predicted within
the ranges of experimental conditions covered in the
laboratory is 10 to 15%. Product yields for pulverized coal
flame conditions are not available, so one can of course, only
speculate on the accuracy with which a model that is good to
within 10 to 15% in the range of conditions studies can be
extended to the flame conditions. One encouraging obser-
vation 1is that the tar vyields predicted for flame heating

rates and temperatures are close to the soot yields actual-
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ly observed for there conditions in the absence of oxygen,
which they should be.

1.F. Wall

One advantage of multiple reaction schemas in combustion
models is that each pyrolysis product may be assotiated with a
rate equation. The progressive total heating value of the vo-
latile matter may then be calculated by summation. For more
simple kinetic schemas how would you recommend that the esti-
mation of this heating value be made ?

J.B. Howard

The use of a highly simplified kinetic schema does not jus-
tify a detailed description of volatiles heating value. A
simple approach that would probably be within the error limits
of the kinetic model would be to assume that the heat of
pyrolysis is zero and that the original heat of combustion of
the coal is distributed between the volatiles and the char in
proportion to the d.a.f. masses of these two global products.
Thus, at any stage of devolatilization the rate with which
fuel ~heating value is carried from the coal in the volatiles
could be calculated from the simple kinetic model being used.

J.M. Beér

You have stressed the importance of viscous forces in the
formation of the cenospheric char particle. The plastic coal
material's viscosity will be affected by the shear rate as it
is treated as a non Newtonian slurry. The shear rate could be
calculated from the kinetics of cenosphere formation. Do you
think that measurements of the effective viscosity might be
made at the high shear rates so estimated and be used in the
model?

J.B. Howard

We have done some exploratory measurements of effective
viscosity at different shear rates, but not enough to draw
quantitative conclusions. More such measurements would indeed
be valuable, and the results could be used in the model.

J. Lahaye

With respect to the questions of Professors Juntgen, Suu-
berg and Cypres on molecular structure of tars, I hope you do
no mind if I mention that in the frame of a joint programme
C.R.P.C.S.S. CNRS/MIT on pitch used as binder, we are compa-
ring results obtained by Gel Permeation chromatography, by
G.C.M.S. (Gas chromatography coupled to Mass Spectrometry) and
Differential scanning calorimetry. These methods and compari-
sons might be applied to tars produced during devolatiliza-
tion.
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LASER BEAM
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1. ABSTRACT

Data are presented for the devolatilization weight loss of particles
of Pittsburgh seam bituminous coal (36 pct volatility by the ASTM
method) exposed to a laser beam-in a nitrogen environment. The
devolatilization rate was measured as a function of input laser flux,
which was varied between 75 and 400 W/cmz., and as a function of
particle diameter, which was varied between 51 and 310 ym. The measured
"half-1ife" for the devolatilization process was directly proportional
to the particle diameter and inversely proportional to the absorbed
flux. This new experimental method, of direct weight loss measurements
for single particles or small arrays of particles, permitted the
devolatilization data to be correlated directly with scanning electron
microscopic observations of the morphological changes resulting from
each exposure to the laser heating flux. For coal particles exposed to
the laser flux in an air environment, essentially the same
devolatilization process is observed initially; however, when
devolatilization is complete, it is followed by a heterogeneous char
oxidation process which occurs on a much slower time scale. From the
totality of the data on morphological records, particle size, and flux
dependence, it appears that the reaction mechanism for devolatilization
involves the simple, inward progression of a laminar
pyrolysis-devolatilization wave from the exposed surface. Simple
thermodynamic transport constraints require that the pyrolysis wave
velocity be determined by the sum of the absorbing heat flux necessary
to raise each element of the solid to its devolatilization temperature
(500° to 600° C), plus the flux required to supply the heat of
devolatilization. The reaction rate for a particle is then simply
controlled by the time required for that devolatilization wave to
traverse through it, and that time is predicted to be directly
proportional to the particle diameter and inversely proportional to the
absorbed flux, as is observed.

2. INTRODUCTION

An accurate knowledge of the mechanism and rate of coal particle
devolatilization during thermal pyrolysis is important in all stages of
coal technology, from mining the coal to its end use in power generation
and industrial production. The coal mining industry has experienced
both explosions and coal mine fires; such accidents are tragic wastes of
human and material resources [1-3]. Such explosions and fires are
propagated by an overall reaction mechanism whose first step involves
the heating and devolatilization of coal either as a fine dust particle
in the case of explosions [4,5] or as a larger macroscopic surface in
the case of fires [6].
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The combustible volatile content of a coal is the major factor
controlling the explosivity of its fine dust [4], and it is the
devolatilization process that limits or controls the flame propagation
rate at high dust concentrations and through coarse coal particles [5].
Most of the coal produced in the world is eventually pulverized and
burned in boilers, furnaces, and kilns, and the stability of the burner
flames that power those systems depends on the particle devolatilization
rate and its combustible volatile yield. The same pyrolysis process
also plays a major role in the production of coke, where the objective
is to maximize the char yield and porosity of the carbon product [7].
The rate of char burnout in boilers depends on microscopic porosity, and
that micropore structure of the char is generated during the
devolatilization process in the burner flame that powers the boiler [8].
Several new technologies for the efficient gasification and liquefaction
of coal also depend on the devolatilization process as a critical first
step.

Industrial operations such as those just mentioned involve such
large-scale systems and such varied dynamic interactions that it is
usually impractical to isolate or accurately control any single,
fundamental variable in order to study its intrinsic effect on system
performance. Such variables are, however, readily controlled in
laboratory systems, and the data have shown that the basic parameters
involved in the devolatilization of coal under thermal pyrolysis are
convective and/or radiant heat flux, exposure temperature, flow
structure, particle size, rank of coal, oxidizing or reducing
atmosphere, pressure, exposure time, and exposure path. Several reviews
of the fundamentals of thermal decomposition, pyrolysis, and char
oxidation have summarized the methods used by previous investigators and
their results [7-9]. The laboratory techniques that have yielded the
most data are the laminar flow furnace [10], the flat flame reactor
[11], and wire mesh heating [15].

One motivation for conducting this research was the desire to obtain a
better understanding of dust explosion phenomena. The mechanism of
flame propagation in heterogeneous dust-air explosions is substantially
more complex than that for homogeneous mixtures. For homogeneous
methane-air, only the normal sequence of gas phase, hydrocarbon flame
oxidation reactions is involved; however, for coal dust flames those
reactions are preceded or paralleled by several additional processes.
Those processes are particle heating, particle devolatilization, and
mixing of volatiles in the air space between particles. Those
additional processes occur on two microscopic scales that are irrelevant
for homogeneous systems. The first microscopic scale involves the
particle itself and the necessity of resolving the chemical reactions
and the thermal, mass, and momentum transport processes within its own
diameter. The second relevant microscopic scale involves the distance
between particles, a scale that is necessary to resolve the cooperative
interactions of those processes in the space between adjacent particles.
This research will focus on that first microscopic scale: The particle
diameter and its internal structure during devolatilization.

Recent optical studies of coal particle devolatilization in flat flame
reactors [12,13] have given a realistic picture of the particle
pyrolysis, devolatilization, and combustion process. The structure data
obtained here with a Scanning Electron Microscope (SEM) provide
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additional data with which to obtain further insights into the dynamics
of the devolatilization process and its microscopic realities. Current
concepts used to describe the devolatilization kinetics are generally
based on the assumption that the process is chemically rate-controlled
[9,10,20]; hence, they tend to ignore such microscopic structure
factors. As will be shown, the data reported here do not support the
assumption of chemical rate control; instead they suggest that the
pyrolysis-devolatilization process is controlled mainly by the
constraints of thermodynamic transport. An approximate steady-state
model is presented which is consistent with the rate data and their
particle size and flux dependencies.

3. EXPERIMENTAL PROCEDURES

The laser pyrolysis technique has evolved as a means of studying
heterogeneous combustion processes [16-18]. Since coal particle
devolatilization is the first step in the flame propagation mechanism of
dust explosions, it was logical to use the laser pyrolysis technique to
try to focus on that process by itself. 1In a propagating flame front,
the enthalpy flux density that activates the unburned mixture ahead of
the flame is given by Sycp(Tp - Ty), where S, is the burning velocity, c
is the heat capacity, p is the density of reactant mixture, and Ty - Tu
is the temperature difference across the flame front. For coal dust
particles entering a coal dust-air flame at its maximum burning
velocity, the corresponding heating flux is in the range of 150 W/ em?.
The time available for devolatilization is a/Suz, where o is the
effective diffusivity of the flame zone. For a limit burning velocity
of S,= 3 cm/sec, the maximum devolatilization time is 60 msec [5]. It
is possible to simulate the flame fluxes and exposure times for the coal
pyrolysis and devolatilization by using a laser heating flux whose
magnitude is comparable to the flame heating flux. Operating in a pulse
mode controls the exposure time to match the residence time within the
flame front. The experimental arrangement is shown in fig. 1. Details
of the positioning of particles, substrate, and laser beam are shown in
the fig. 1 insert. The laser used to supply the heating flux was a
model 42 CO, laser manufactured by Coherent Radiation and operating at
its normal wavelength of 10.6 uym. The initial mass of coal particles
and their corresponding weight losses during pyrolysis were determined
with an electronic balance, Perkin-Elmer, Model AD-2. The microscopy of
the coal and char particles was investigated with a JEOL, U3 scanning
electron microscope. The laser was operated in the TEMgg mode with an
unfocused beam of 8-mm, nominal diameter. The laser power was measured
with a Coherent Radiation Model 201 power meter. The power meter was
modified by replacing its entrance cone with a water-cooled, circular
slab of copper having a central aperture of 5-mm as shown in the insert
in fig. 1. The aperture allowed only the central portion of the
gaussian beam with its more uniform power density to reach the power
meter. The sample particles were located well within the central
aperture. The average input power flux density at the sample was
obtained by dividing the power meter reading by the area of the
aperture. The modified power meter-sample holder was then mounted on a
movable stage for easy alignment in the center of the laser beam.

Sample coal particles to be studied were placed on a substrate that
fit over the 5-mm aperture. Most of the data were collected with the
sample immersed in a flow of nitrogen which prevented oxidation of the
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FIGURE 1. - The experimental configuration for studying coal particle
devolatilization in a laser beam.

char residue or the emitted volatiles. Some data were also obtained in
air as the char residue was allowed to oxidize almost to completion
during its exposure to the laser beam flux.

The substrate material had to withstand the spatial thermal stresses
and temporal thermal shocks produced by the laser flux. It had also to
be very light in weight so that the initial sample mass of coal
particle(s) could be accurately determined by difference, and the
devolatilizing weight had to be measurable within the noise, drift
level, and reweighing accuracy of the electronic microbalance. Thin
Pyrex glass substrates were not suitable because they strongly absorbed
the 10.6 um radiation and shattered too easily. Three types of
substrate were found to be suitable: Zinc sulphide, aluminum (Al) foil,
and molybdenum foil. The ZnS is suitable because it is highly
transmissive at 10.6 um, whereas the metal foils were suitable because
they were almost totally reflecting. Either property produced the
desired result of little energy being absorbed in the substrate to
produce thermal stresses or shocks that resulted in its destruction.
Some limited breakage still occurred with ZnS, especially at higher
fluxes and longer exposure times. With the Al substrate, damage
occurred only if the substrate temperature reached the foil's melting
point. Molybdenum was used for pyrolysis experiments with inhibitors
whose decomposition products were highly corrosive. Results of those
studies are reported elsewhere [21].
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Three coal particle sizes were studied. The coarsest diameter coal
particles were 45 x 50 mesh with a mean diameter of 310 pm. This coarse
particle was easily manipulated and transferred on or off its substrate
by means of an electrostatically charged synthetic fiber hair. The
smaller sizes studied had surfaced-area-weighted mean diameters of
105 pym and 51 um respectively. The detailed size distributions for the
finer dusts were measured with a Coulter Counter, and their approximate
distributions have already been published [5]. The coal used was the
same Pittsburgh seam bituminous (36 pct volatility) whose properties
were described earlier [4]. The particles were air-dried at room
temperature, but otherwise no particular effort was made to remove the
intrinsic moisture content (1 pect).

For some of the experiments with 310 um particles, single particles
were used. More often, a small array of dispersed particles was used
and located centrally in the laser beam. They were dispersed with a
fiber and individually separated initially. Typically, the mass of the
particle sample was between 200 and 310 pg for a microbalance whose
sensitivity was 0.1 pyg. The experimental weight-loss method had a
reproducibility within 2 ug.

4. DEVOLATILIZATION RATE DATA
The data for the weight loss of 105 um coal particles as a function of
heating time at various laser power densities are shown in fig. 2. All
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FIGURE 2. - The weight loss as a function of exposure time for 105 um
diameter Pittsburgh seam bituminous coal particles exposed to a laser
beam in a nitrogen environment. The devolatilization weight loss is
shown at several laser flux levels that are representative of normal
flame heating fluxes.
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were in a nitrogen atmosphere; the measured weight losses
only the evolution of volatiles since there is no char

in such an atmosphere. The curves have characteristic

In the early stages there appears to be an induction period,

which is followed by a linear portion of significant devolatilization,
which eventually levels off to some final volatility yield of V() as
t+o, For the lower flux level of 80 to 100 W/cm the final volatility
was 35 pct, which is in good agreement with the value measured by the
standard ASTM proximate analysis. High flux levels, however, gave final
volatility yields that were in excess of that "standard" value, as has
been observed by others using different experimental methods [9,10,14].
Those higher V(«) values are also apparent from the data in fig. 3,
where the mass loss results are plotted as a function of exposure time
for various particle diameters at a constant laser flux level of
300 W/cm2., The coarsest particle (ﬁs = 310 pm) gave a final volatile
yield of U5 pet, and the finest particle (Dg = 51 um) gave a V(=)-value
of 50 pct. The highest yield measured in these experiments was 55 pct
for the 51 pm diameter particles in nitrogen at a flux level of 400
W/em2,

After the induction period, the shapes of the weight loss curves in
figs. 2 and 3 are reasonably well described by the equation

v(t)

= V(=)[1 - e7t/1] OF
where V(t) is the volatile yield for any exposure time t, and V(w) is

the maximum volatile yield as t-o. In a nitrogen atmosphere, the mass
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loss ordinate is identical with the volatile yield, V(t), and is given
by 100[mg - m(t)]/mgy, where my is the initial mass of the sample at
t = 0 and m(t) is the sample mass after an exposure time of t. The
constant t in equation (1) is the characteristic time constant for the
evolution of volatiles. It is proportional to the "half life" for
volatiles evolution, such that t = t1,0/1n 2.

The argument is usually made that such data fit the standard first
order rate equation

dv(t) = k[v(=) - v(t)] (2),
dt

and that, accordingly, the devolatilization rate is chemically
controlled by an isothermal, unimolecular rate process. While it is
true that the integral of equation (2) gives equation (1) (if the
unimolecular rate constant is replaced by its reciprocal, 1/t), the data
reported here do not support the argument that the process is chemically
controlled under isothermal conditions. As will be shown, many other
rate-limiting factors or processes can approximate the time-dependent
behavior observed in figs. 2 and 3.

All the data obtained in these experiments for the laser flux and
particle diameter dependence are summarized in fig. 4. The data points
are the devolatilization half-lives, tq,o, plotted as a function of
laser flux for the three particle sizes studied. The curves
representing theory will be discussed later. The data points show
clearly that the devolatilization time is inversely proportional to some
net flux level, which, as will be shown, is the difference between the
input laser flux and some loss flux. The data also show that the
devolatilization time is directly proportional to the particle diameter.
The particle size dependence measured here is more pronounced than those
previously reported [9] and is directly attributable to a superior
experimental method, which allows for better intrinsic control of that
variable than is available with other methods.

Those other methods involve furnace exposure [10] or wire-mesh heating
[15]. An insight into the problems involved in isolating the particle
size variable is provided by the following observation. It was not
possible, even in these laser pyrolysis experiments, to obtain reliable
data for particles with diameters less than 51 um because of several
experimental problems that are, as yet, unresolved. The accuracy of the
experimental equipment and method used did not allow single particle
weight loss measurements for such small masses. Thus, for the finer
sizes, particle arrays were required for each exposure time. With such
arrays, the finer particles tended to agglomerate and it was difficult
to space the arrays evenly so that all particles were uniformly exposed
to the laser heating flux. For those arrays of finer particles there
was an increasing tendency for them to cover or '"shadow" one another.
Similar problems may be involved in furnace exposure experiments. This
problem of the initial shielding of particles from their heating source
is most severe for the wire-mesh heating technique. In the case of
laser heating, there is also the problem of diffraction losses. As
particle sizes decrease and approach the laser wavelength of 10.6 um,
diffraction losses can become more significant. Such diffraction losses
can be counteracted by increasing the number density of the particle
array, but that merely enhances the probability that particles will
shadow one another.
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FIGURE 4. - Summary of all the laser pyrolysis data. The
devolatilization half-life in nitrogen is plotted as a function of laser
flux for the three particle sizes studied. The data points are compared
with the theoretical predictions of equation (4).

Recent experiments with single particles injected in a flat flame
reactor were reported in which the rate of evolution of internal surface
area was measured for various exposure times [11]. The surface area
development of a coal-char residue is directly related to the evolution
rate of volatiles. For given flame conditions, the rate of evolution of
surface area for 40 pm coal particles was observed to be four times that
for 80 um particles [11]. As will be shown later, that result is
consistent with the particle size dependence in the data reported here.
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The maximum flux levels used in these studies were limited by the
power level available from the unfocused laser beam and also by the need
to avoid extremes. Very high flux levels can be obtained by rather
moderate focusing; however, extreme flux levels would give data that are
not relevant to the normal devolatilization process. At extreme fluxes
the residual char surface may reach temperatures so high that direct
vaporization of solid carbon can become significant. Such extremes were
avoided, and these data were limited to flux levels of 400 W/em2 and
below. That value is characteristic of the maximum heating flux in a
typical pulverized coal flame, and the maximum temperature reached by
the char surface at those fluxes is well below the point of significant
carbon loss by direct evaporation.

5. MICROSCOPIC STRUCTURE DATA

The correlation of the weight loss data with the microscopic
observations for devolatilization in nitrogen is shown in fig. 5. The
volatility yields for 310 um particles are plotted for three separate
flux levels, and the letters A through F for those data points indicate
the exposure times and fluxes for which photomicrographs of .the exposed
particles were obtained with the SEM. The photomicrographs themselves
are shown in fig. 6. Some preliminary SEM data for 84 um particles
exposed to a laser flux of 80 W/cm? were shown previously [5] in order
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FIGURE 5. - The devolatilization weight loss for coal particles as a

function of exposure time for 310 um coal particles exposed in nitrogen
to the laser fluxes shown. The weight loss data are to be correlated
with the morphological changes to be shown in fig._§ according to the
exposure time and fluxes indicated by the points |A| through |F|.
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to compare them with the char residues from dust explosions. The new
data in fig. 6 are more extensive and revealing. Photomicrograph A,
corresponding to the data point A in fig. 5, is the residue of a coal
particle that was exposed to 400 W/cm? for 400 msec. That 310 um
particle lost 41 pet of its initial mass and was devolatilized to almost
its maximum extent. The residual rounded char structure is pockmarked
with blow holes of various sizes and shapes.

FIGURE 6. - SEM photographs of 310 um diameter Pittsburgh seam coal dust
particles exposed to nitrogen to a laser flux for the indicated exposure
times. The scale for each SEM photograph is indicated, and the

corresponding weight loss for each exposure can be obtained from points

[E through in fig. 5.
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When bituminous coal particles are subjected to such heating fluxes,
they pyrolyze and soften or melt into a plastic phase. The heavier,
higher molecular weight pyrolysis products are liquid, and surface
tension forces cause the liquid mass to try to assume a spherical shape.
However, the lighter molecular weight products that are being formed at
the same time are volatilizing. The internal pressures resulting from
the vaporization of those lighter components or tars generate bubbles
within the liquid, plastic'mass of the heavier components. But that
liquid mass is simultaneously generating both a solid char matrix and
even lighter molecular weight gases. At the same time that the lighter
pyrolysis products of tars and gases are being emitted through bursting
bubbles, the competing condensation reactions are generating a solid
char matrix from the puffed liquid in the bubble wall. The final result
seen in fig. - 6A is typical [23,24,25]: A deformed char residue
pockmarked with "frozen" blow holes of various sizes and shapes.

Photomicrograph B in fig. 6 is essentially the unexposed or "unburned"
particle since its short exposure time of 30 msec at 300 W/cm? has
resulted in no measurable weight loss or change in structure. The
sharply cleaved edges or ledges of the particle that were formed by
mechanical pulverization are clearly seen, and they presumably reveal
the bedding planes of the coal seam. That anisotropic structure of the
original seam is more evident under higher magnification in fig. 6B'.
For particle C, the exposure is 100 msec at 300 W/cm?, and the weight
loss was 14 pct. There are now significant changes caused by laser
heating. Liquid bitumen was formed and recondensed at the cleaved
edges, rounding them out as the particle cooled. Small blow holes are
the visible trails through which has passed the 14 pct of the particle's
mass that was vaporized during the exposure. Note, however, that the
original outlines of the cleaved edges are still preserved despite the
significant extent of devolatilization, and that those outlines still
reveal the anisotropic matrix of bedding planes. It appears that much
of the liquid bitumen has "oozed" out from between the bedding planes.
An even earlier stage of this process will be seen in the micrograph to
be shown in figs. 8H and H'. Note also in fig. 6C that while some parts
of the particle including its exposed ledges have been softened and
rounded, other parts of the particle that were less exposed seem almost
unaffected. The particles shown in figs. 6D and 6E under lower
magnification are about half to two-thirds devolatilized. The particles
appear to have been completely molten, and adjacent particles have
touched and fused at their points of contact. Blow holes now cover the
entire structures, and there are only some vague outlines of the
external shapes of the original particles. In fig. 6E', the details of
the porous char particle structures are seen under a high enough
magnification to reveal the size distribution of blow holes. The
completely devolatilized structure after a 2.2 sec exposure is shown
under high magnification in fig. 6F. Its weight loss, 43 pct, was
comparable to that shown in 6A for a shorter exposure time at a higher
laser flux. The final char structures in the two cases appear to be
similar.



115

For particles exposed in an air environment, the correlation of the
weight loss data with the microscopic observations is shown in fig. 7.
The mass loss data are for 310 um particles, and the letters G through N
indicate the exposure times for which photomicrographs were obtained.
The weight loss curves in air show the two sequential processes:
Devolatilization followed by char oxidation. The lower flux curve at 75
to 100 W/cm2 shows a brief hiatus near the standard volatility of 36
pct. The devolatilization half-life for that portion of the curve is
330 msec. 1In air, the curve does not level off to its V(«)-value but
shows a continuing weight loss attributable to the slower oxidation of
the char, which requires an additional 10 sec before the char is
essentially consumed and only an ash remains.
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FIGURE 7. - The devolatilization and char oxidation weight loss for

coal particles as a function of exposure time for 310 um coal particles
in air. The weight loss data are to be correlated with the
morphological changes to be shown in fig. 8 according to the exposure
times indicated by the points Eﬂ through Dﬂ.
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Figure 8G is a photomicrograph of a 310 um particle seen under high
magnification after a short, 50 msec exposure. Essentially nothing has
happened to the particle in such a short time at the low flux. The
orthogonal fracture cracks and striations are normal features of the
mechanically pulverized particle in its original state. A "suspicious"
region was isolated which shows some "bumps" or "pimples" that may or
may not represent some surface softening with subsurface

FIGURE 8. - SEM photographs of 310 um diameter Pittsburgh seam coal dust
particles exposed in air to a laser flux of 75 to 100 W/cm2 for the
indicated times. The scale for each SEM photograph is indicated, and

the corresponding weight loss for each exposure can be obtained from the
points through {EK in fig. 7.
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devolatilization. Photomicrograph 8H is for a 100 msec exposure at 75
to 100 W/cmZ, and even this low magnification view now shows significant
effects of laser pyrolysis. Even though the weight loss is only 1 pct,
there is clear evidence that liquid bitumin was formed, that it was
oozing out from between the bedding planes, and that it solidified as
the particle cooled after laser exposure. Photomicrograph 8H' is that
same particle under higher magnification, which clearly reveals a large
number of unbroken bubbles and several small blow holes in the ridge of
resolidified bitumen. The bubbling, liquid mass of "metaplasts" had
been oozing out from between the bedding planes, and its
resolidification left a pattern of such ridges oriented along the
bedding planes. The structure in fig. 8H' is an earlier stage of the
same process previously seen in fig. 6C. A later stage of
devolatilization is shown in fig. 8I, where several particles are seen
under low magnification after an exposure of 200 msec and an average
weight loss of 5 pct. Only upper portions or the sharpest corners of
each particle have been devolatilized; other parts in the lower regions
seem unaffected by the laser flux exposure. A particle that is about
two-thirds devolatilized is shown in fig. 8J. Only the right side of
the particle, which we assume was the upper portion, seems to have been
devolatilized; the left side or lower portion is unaffected with a
structure similar to that of the original coal surface. The upper
portion was devolatilized into a dome or bubble, which, after it was
vented through a blow hole, seems to have started to collapse under its
own weight just before it solidified, leaving a wrinkled skin residue.
The interpretation given here is that in the 400 msec exposure, the
devolatilization wave was "frozen" after it had traversed half way
through the particle. An alternative explanation [22] is that two
different macerals comprise that one particle, and that the unreacted
part of the particle consists of less reactive maceral. The particle in
fig. 8K is almost completely devolatilized after a 500 msec exposure.
The entire particle appears to have been liquid, and many blow holes are
visible. The particle array in fig. 8L is for an exposure time of 800
msec, which is at the hiatus of the weight loss curve. At 800 msec,
devolatilization is essentially complete and char oxidation is about to
begin. In fact, the bright ring around the rim of the blow hole crater
in the central particle suggests that char oxidation has already begun
at that rim. For the particle array in fig. 8M, the char residue has
been exposed to the laser flux in an air environment for some 1.2 sec
after devolatilization was complete. The char oxidation process is
clearly evident; it seems to start at the crater rims of the blow holes
and to enlarge them. The enlargement clearly reveals the hollow
structure of the char residues left by the devolatilization process.
The char oxidation process continues to enlarge the blow holes until
after about 10 sec only a flakey, porous structure is left. Figure 8N
is a higher magnification view of that porous structure after some 86
pct of the original mass of the coal particles has been lost. Of the
spongy structure remaining in fig. 8N, about half is ash and half is
unburned char.

The microstructure data shown in fig. 8, together with the correlative
weight loss data in fig. 7, clearly show that the normal process for
bituminous coal combustion in air is a two-step process: Rapid
devolatilization followed by a much slower oxidation of the char.
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Although the experimental method used to obtain these time-resolved
microstructure data is entirely new, the final structural features
observed for the completely devolatilized coal particles are quite
similar to those of earlier investigators. Lightman and Street [23],
Street, Weight, and Lightman [24], and McCartney [25] have reported
similar structures for the char residues obtained for pulverized coals
heated in a variety of ways: drop tube furnaces, shock tubes, flames,
and electrically-heated mesh screens. Similar structures were reported
for the char residues from coal dust explosions at constant volume [26].
Some researchers have even attempted to correlate the observed
structural changes with maceral types within the coal structure [23-25].
No attempt was made in these studies to control or isolate the various
macerals either within or among the particles studied.

6. ANALYSIS AND DISCUSSION

While it is beyond the scope of this work to make a detailed
comparison of these data with those of previous investigators, it should
be pointed out that the absolute devolatilization rates reported here
for the 51 um coal particles compare favorably with the rates reported
by Kobayashi, Howard, and Sarofim [10] for 40 um particles exposed in a
laminar flow drop furnace. Their data at different furnace temperatures
can be transformed into equivalent heating fluxes by adding their
radiant furnace flux to the conductive-convective flux of their inert
carrier gas. A geometric correction factor is also required in order to
transform their omnidirectional, furnace heating flux, which is
uniformly incident on the entire surface area of the particle (4mrgy2),
into an equivalent, directed laser flux that is incident only in the
projected area (wrg?) of the particle.

For this discussion, it suffices to say that the comparison thus made
between these data and those reported by Kobayashi [10] shows reasonable
agreement between the two families of curves despite the marked
differences in both the exposure systems and the experimental methods
used to obtain the weight losses. The theoretical analysis of the data
to be presented here is, however, quite different from the chemical rate
control models of the previous investigators [9,10,14,20]. Here, one
considers a planar, solid surface volatilizing or subliming in an
incident laser flux, I. For the steady-state regression of that surface
at the laminar rate io, the first law of thermodynamics requires that

TS
I - 1) = Ig = %opl| C(T)aT + 4K, (3,
TO

where r is the average particle reflectance, and Ig is the flux lost to
the surroundings by conduction-convection, reradiation, and transmission
through the particle. The flux absorbed by the solid is I(1 -r) - I,
and it supplies the power necessary to bring the solid to its
sublimation temperature Tg and to vaporize the solid at the linear rate
io. The density of the solid is p, and its heat of vaporization is AHy.
The heat capacity of the solid is C(T), and the integral is taken from
the ambient temperature T, to the surface sublimation temperature, Tg.
The ambient temperature T, is assumed to be maintained in steady state
at points in the solid that are far from the devolatilizing surface.
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For a cubic particle with sides of width ay in a radiant flux normal
to one of its faces, the devolatilization half life is simply the time
required for the devolatilization or regression wave to travel half way
through the particle. Thus,

TS
agpl[ C(T)AT + aHy] _
t1/2 = ?o - To = K'Dg . €]
2%, 2[I(1 - r) - Iyl I(1 - r) - Iy

Comparison of equation (4) with the data in fig. U4 suggests that this
simple analysis correctly predicts the measured linear particle size and
inverse flux dependences. This same steady-state analysis also
correctly predicts the quadratic particle size dependence for tq,p
measured by others in flame reactors [11]. For flame reactors, the
heating flux I is almost entirely by conduction from the
high-temperature flame gases. In that case, I = k"AT/ﬁs, where the
constant is proportional to the Nusselt member. Substituting into 4,
gives t1,p ~ Dg“, which is the dependence reported by Samuelson, Seeker,
Heap, and Kramlich [11].

This steady-state analysis is necessarily oversimplified. First, the
steady-state assumption can be accurate only if §, the devolatilization
wave front thickness, is much smaller than the particle's width, ag.
Prior to exposure, the entire particle is at temperature T,; hence the
incident flux must first bring the exposed surface to Tg before any
steady-state devolatilization can begin. A finite induction time
tos 1s required to do that. It is only when ¢ < < 1/2a,5 that t, is
negligible compared to tq,o.

One can attempt to use the data reported here to compare measured t,
values with measured tq,p, values. For example, for the 51 um diameter
particle at a flux of 125 W/cmz, the laser pyrolysis data gives a ty of
about 60 to 80 msec, compared to a tq,p value of 160 msec. For the
105 um particles in fig. 2 at a comparable flux, t, is again 60 to 80
msec; however, tq,o is now about 400 msec. For the 310 um particles at
300 W/em? (shown in fig. 3) tgy is about 30 msec whereas tg, o is 180
msec. Clearly, the data suggest that the assumption that § < < 1/2a4 is
more accurate at larger diameters and higher fluxes. In any case, the
morphological structures revealed in figs. 6C, 8H, 8I, and 8J would not
be possible unless § were significantly smaller than ag.

One must be cautious, however, in interpreting the threshold time for
the first appearance of volatiles as the induction time for bringing the
particle surface to Tg. The measured curves have appearance "tails"
which may simply reflect their nonspherical shapes and may thus have no
relation to t,. A particle with a sharp corner exposed to the laser
beam may devolatilize at that corner well before the bulk of the
particle is heated to the devolatilization temperature. Nonspherical
particles are representable in terms of a "Fourier spectrum" of particle
sizes. The early appearance of volatiles and the presence of a "tail"
can obscure the induction time for the bulk of the particle. The "tail"
simply reflects the distribution of sizes or radii of curvature in the
Fourier spectrum needed to describe the complex shape of any given
particle.
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There is a second oversimplification involved in the steady-state
approximation requiring that § should be much less than 1/2a,. The
approximation assumes that the absorbed energy does not accumulate in
time. Heat accumulation would decrease the heat capacity integral and
accelerate the devolatilization rate. Thirdly, the particles are not
cubes, nor is the incident flux oriented perpendicular to any particular
face, so the real geometry involved is more complicated than that
assumed. Fourthly, for coal particles, there is a char residue which
can shield the pyrolysis wave from the incident flux as devolatilization
proceeds. The presence of a char probably increases the loss flux as
the wave proceeds through the particle.

These complications do, however, tend to counteract one another so
that the ag- and (I -Ig)-dependence predicted by equation (4) may still
be maintained even as §+1/2a,. In the case of coal it should also be
realized that the magnitude of AHy is uncertain and that it most likely
displays a path-dependent hysteresis effect. The simple theory of
equation (4) gives a ramp-type weight loss curve with a fixed slope
during pyrolysis. The above complexities, if corrected for, should
transform the ramp into the observed S-shaped curve.

To proceed further with this steady-state analysis, it is assumed that
these complications tend to counteract one another, or that any
noncancelling effects can nevertheless be accounted for by a proper
choice for the constants k' and Iy in equation (4). The loss flux Iy is
taken as some average steady-state value; i.e., the sum of the
convective 1oss flux to the cold air surroundings, given by
Nur(Tg -T,)/Dg, plus the reradiative loss flux of cTs“, where Nu is the
Nusselt number, A is the thermal conductivity of the gas, and ¢ is the
Stefan-Boltzmann constant. For these small particles, Nu = 2. Taking
the devolatilization temperature as Tg = 550 C (823 K) gives Iy = 26
W/cm? for the 105 pum particle. The coal reflectance is taken as 7 pct.
The data in fig. U4 for 55 = 105 um then give a reasonable fit to
equation (4) for a k'-value of 1.46 kjoule/cm3. That good fit is shown
as the 105 um theory curve in fig. 4. The other two theory curves for
the particle diameters 51 uym and 310 um are obtained using the same
k'-value. Their respective loss fluxes are calculated the same way, and
they are 51 and 10 W/cmz, respectively. The reasonable agreement in
fig. 4 between the data points and the theory curves predicted by
equation (4) tends to confirm the reasonableness of its simple
derivation from the energy conservation equation.

A more careful examination of the differences between the data points
and the theory curves reveals that Ig-values are overestimated for the
higher fluxes and underestimated at the lower fluxes. If the real,
time-dependent loss flux values, Ig(t), were used rather than their
average steady-state values, there would be better agreement with the
theory. For high fluxes and short devolatilization times, § < < ag,
only part of the particle loses heat to the surroundings and the
steady-state Ig-values used here overestimate the losses. For low
fluxes and longer devolatilization times, § approaches ay, and
conductive losses to the solid substrate may need to be added to Iy.

The data and this analysis suggest that the coal devolatilization rate
process may be no more a "chemically controlled phenomenon" than is the
evaporation rate of any solid near its sublimation temperature. Similar
data have been previously reported for macroscopic particles of ammonium
perchlorate under laser-induced combustion and pyrolysis by two
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independent investigators [16-18]. The absolute macroscopic regression
rate of NHyClOy and its flux dependence are similarly predicted by
equation (3), and those data suggested that the dissociative sublimation
process for NHyC10y was similarly controlled by the constraints of
thermodynamic heat transport [19]. Recently, data were reported for
coal devolatilization rates with particle size and heating rate
dependences of volatility yields that were not properly explained by
present kinetic models [20]. Those data were obtained by a mesh heating
technique with rapid quenching. The laser pyrolysis data reported here
suggest that it is not a matter of simply replacing one chemical kinetic
rate control model by another. Rather, it is a matter of realizing that
at high devolatilization rates, the rate process is more likely
controlled by the thermodynamic transport constraints.
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DISCUSSION
M. Morgan
In order for your model to be accurate, you need good

data on Cp and AHR4+y for the pyrolyzing coal particle. Could
you comment on the derivation and accuracy of your data ?

M. Hertzberg

The theoretical predictions shown in Fig. 4 are based on
a constant k'-value of 1.46 Kjoule/cn® for all three particle

sizes. That k'-value is consistent with a heat capacity inte-
gral from ambient temperature to T of 550°C that is compara-
ble to the values given in reference 7 ; and to a AH, that is

endothermic, and a factor of two or three larger than heat
capacity integral.

J.H. Pohl

Char particles from drop tube experiments performed by
Sarofim, Kobayashi, and myself were cross sectioned. Cross
section of lignite and bituminous coals devolatilized at 1500
K did not show an unreacted core. How does the particle
sitting on a heat sink affect your conclusion that heat trans-
fer controls devolatilization. In addition, please quantitati-
vely compare your weight losses with those of Kobayashi and
state the temperature (estimated) for Kobahashi's results.

M. Hertzberg

Our detailed estimates of heat losses from the particle
to the surroundings during laser pyrolysis are given in the
paper. For the most part they are estimated to be caused
mainly by conduction convection to the surrounding gas. The
heat losses are most probably time - dependent so that as the
wave approaches the —cold metal susbtrate conduction loss to
the substrate may become important. Those refinements are
discussed briefly in the paper.

Since the particle probably never reaches the furnace
temperature during devolatization we prefer to transform
Kobayashi's furnace exposure temperatures to equivalent hea-
ting fluxes. As indicated in the paper when that transforma-
tion 1is made, there is quite good agreement between our rates
and those reported by Kobayashi et al. for comparable particle
sizes. But we have measured the particle size dependence which
led us to a different interpretation of the data.

P.R. Solomon

Do your data on the dependence of pyrolysis rate flux
and particle size require a nonisothermal dependence ? The
same dependences would be expected for isothermal particles
under heat transfer control. Your SEM data show zones of 40um
isothermal thickness so perhaps 40 um diameter particles are
reasonably isothermal.
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M. Hertzberg

The devolatilization rate data are most simply explained
by thermodynamic heat transport constraints to the particle
from the incident laser heating flux. The microscopic struc-
ture data for 200 and 300 um particles at laser fluxes as low
as 100 w/cnf show clearly that those particles are not isother-
mal during pyrolysis since one part of the particles 1is seen
to be devolatilized while the other part of the particle 1is
unaffected. The devolatilization wave thickness that we see at
100 W/cm® is about 40 um, but we are uncertain whether that
thickness is the true wave thickness or whether it represents
the depth of penetration of the absorbed laser radiation. A
wave thickness of about 50 m for a heating flux at 100 W/cnf
is consistent with the wave thickness of 1000 um at a heating
flux of 8 W/cm® reported by Lee, Singer and Chaiken in refe-
rence 6. In neither case is the particle isothermal since no
heat could be transfered through the surface of the particle
or through the devolatilization wave if the particle were
isothermal.

E.M. Suuberg

Is the resolution of the apparent controversy perhaps
ascribable to the enormous surface heating rate of the present
experiment compared to the wusual pyrolysis experiments ?
Even wusing a lumped analysis (clearlz inapplicable here) the
heating rate would be more than 10 *K/s, very possibly much
higher in near-surface layers of the coal. Under these condi-
tions, a heat transfer limitation is probable, but to the
results of other experiements, is inappropriate and unnecessa-
ry. The important question, it would seem, is to ask if given
the kinetics derived at lower heating rates, will devolatili-
zation be controlled by heat transfer under most pulverized
coal combustion conditions ?

M. Hertzberg

I would prefer to use the incident heating flux rather
than the '"heating rate" as the important variable. The "hea-
ting rate" is not known wunless one actually measures the
temperature of the particle, and since there is usually a
temperature gradient within the particle, the "heating rate"
is not uniquely definable for the particle as a whole.
Furthermore, there are other problems with expressing heating
rates in terms of K/s. What, for example, 1is the heating
rate of a water droplet while it is vaporizing in an incident
heating flux ? Clearly, it is zero. The heating rate in K/s is
zero in that case even though an important dynamic process is
occuring as the droplet vaporizes. Clearly, it is the incident
heating flux (in watts/cm) that is driving that process and
that variable is a more meaningful one than the '"heating rate"
in K/s.

Our absorbed laser fluxes are comparable to the sum of
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radiative and conductive heating fluxes in the drop furnace
experiements of references (108) and (14). Those laser fluxes
were chosen because they are comparable to those in pulverized
coal burners. For maximum burning velocities of coal air
flames that flux is about 150 W/cnf. Our absorbed laser fluxes
thus cover the range of fluxes of interest in pulverized coal
burners and are also comparable to those experienced by
particles in drop furnaces at temperatures near 1500°C.
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EVALUATION OF COAL PYROLYSIS KINETICS
Peter R. Solomon and Michael A. Serio
Advanced Fuel Research, Inc., 87 Church Street, East Hartford, CT 06108, USA
INTRODUCTION

To develop accurate predictive models for coal combustion or
gasification, it 1s necessary to know the rate and amount of volatiles
release as a function of the particle temperature. The volatiles, which
can account for up to 70% of the coal's weight loss, control the ignition,
the temperature and the stability of the flame, which can, in turn, affect
the subsequent reactivity and burnout of the char. Unfortunately, there is
still controversy concerning the rate of coal pyrolysis. For example, at
particle temperatures estimated to be 800°C, rates reported in the
literature (derived using a single first-order proceff f24 define weight
loss or _tar evolution) vary from lezs than 1 s to more than
100 s~ ! 5711 yith values in between.l?71

Accurate combustion models cannot be developed with this wide range
of values. The problem was evident in the papers on coal pyrolysis and
combustion modeling presented at the 20th Symposium (International) on
Combustion. Such models calculate the particle temperatures and prfgif;
the weight loss using one of the reported rates. Several papers
reported reasonably accurate modeling of results using very different
pyrolysis kinetics, yet the individual results were sensitive to which
rates were assumed. For example, Lockwood et al. found the rates of
Badzioch and Hawksley5 and of Anthony et al.l distributed rate)
acceptable, while the lower rates of Kobayashi et al.“ and of Anthony et
al. (single rate) were not. Truelove successfully used the high rates
of Badzioch and Hawksley, while Jost et al.1 employed the lower rates
determined by Witte and Gat.l8 Also reported at the Symposium was a rate
by Niksa et al.” which was close to that of Anthony (single rate model) and
one reported by Maloney and Jenkins! which was close to that of Badzioch
and Hawksley.

An important objective of coal pyrolysis research is to identify the
source of the variations in these reported rates and provide an accurate
separation of the chemical kinetic rates, heat transfer rates and mass
transfer rates which combine to produce the observed results. This paper
reviews the experimental data which is available and considers the
conclusions which can be drawn from these data.

BACKGROUND

A summary of pyrolysis rates for a number of experiments is presented
in Fig. 1 and Table I. In Fig. 1 the rates in sec™  which describe, by
various models, the weight loss or tar loss are plotted as a function of
reciprocal particle temperature. The activation energies, Ey» and
frequency factors, k,, which describe the rates by Arrhenius expressions
are summarized in_Table I. In some cases, a Gaussian distribution of
activation energies1 has been used to describe multiple parallel processes.
This mode requires the additional parameter, o , to describe the width of
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TABLE I

KINETIC RATES AND MODELS FOR COAL PYROLYSIS

Author Reference Model Rate For
(case)

Anthony et al. (1975) 1(a) Weight Loss from Lignite at 10,000 K/sec (1 atm, excluding cooling)
1(b) Weight Loss from Lignite at 10,000 K/sec (1 atm, including cooling)
1(c) Weight Loss from Bituminous Coal at 650 K/sec (1l atm)
1(d) Weight Loss from Lignite (all pressures)
1(e) Weight Loss from Bituminous Coal (69 atm)

Kobayashi et al. (1977) 2 Weight Loss from Lignite and Bituminous Coal
Niksa et al. (1984) 3 Weight Loss from Bituminous Coal
Solomon and 4(a) Tar Evolution
Colket (1978) 4(b) Aliphatic Gas Evolution
Badzioch and 5(a) Weight Loss for Coal B
Hawksely (1970) 5(b) Weight Loss for Coal F
Suuberg et al. (1979) 6(a) Tar Evolution from Bituminous Coal
6(b) Tar Evolution from Bituminous Coal
Solomon and 8(a) Tar Evolution from Lignite, S. Bit & Bit. Coal
Hamblen (1985) 8(b) Aliphatic Gas from Lig. S. Bit. & Bit. Coal

Solomon et al. (1985) 10(a) Tar from Lignite and Subbituminous
10(b) Aliphatic Gases from Lignite and S Bit. Coal
10(c) Weight Loss from Lignite and S. Bit. Coal

Freihaut (1980) 12 Weight Loss Rate for 50% Reaction Completion, S. Bit. Coal

Solomon et al. (1982) 13(a) Tar from Lignite, S. Bit. & Bit. Coal
13(b) Aliphatic Gas from Lignite, S. Bit. & Bit. Coal

Maloney and 14 Average for Initial Weight Loss
Jenkins (1984)

Witte and Gat (1983) 18(a) Weight Loss for Subbitiminous Coal
18(b) Weight Loss for Subbituminous Coal

Serio et al. (1986)  23,24(a) Tar from Lignite, S. Bit. & Bit. Coal
Solomon et al. (1985) 23,24(b) Aliphatic Gases from Lig., S. Bit. & Bit. Coal
23,24(c) Weight Loss from Lig., S. Bit. & Bit. Coal

Solomon and 30,31(a) Tar from Ethylene-Bridged Anthracene Polymer
King (1984)

Squire et al. (1986) 30,31(b) Tar from Ethylene-Bridged Naphthalene Polymer
30,31(c) Tar from Ethylene-Bridged Benzene Polymer

Stein (1981) 42 Bibenzyl Decomposition in Tetralin



TABLE I (continued)

KINETIC RATES AND MODELS FOR COAL PYROLYSIS

Experiment Frequency Factor Activation width of Model
ko (sec ™) Energy, E, Activation
K cal/mole Energy Distribution
o (K cal/mole)
Grid 2.9 x 103 20.0 0.0 s
Grid 283 1.1 0.0 s
Grid 1800 13.3 0.0 s
Grid 1.67 x 1013 56.3 10.9 G
Grid 1.67 x 1013 50.7 7.0 G
EFR 6.6 x 10% 25.0 0.0 s
Grid 70.5 x 102 17.2 0.0 s
Grid 7.5 x 102 15.8 0.0 s
Grid 4.2 x 103 17.7 0.0 s
EFR 1.14 x 107 17.5 0.0 s
EFR 3.12 x 10 17.5 0.0 s
Grid 8.7 x 102 13.2 0.0 S
Grid 2.3 x 1013 68.9 11.4 G
Grid, EFR & EGA 4.5 x 1013 52.0 3.0 G
Grid, EFR & EGA 1.7 x 10l4 59.1 3.0 G
HTR 8.57 x 10L4 54.6 3.0 G
HTR 8.35 x 1014 59.1 3.0 G
HTR 4.28 x 1014 54.6 0.0 G
Drop tube 1.0 x 103 7.6 0.0 s
Grid & EFR 4.5 x 1012 52.0 3.0 G
Grid & EFR 1.7 x 104 59.1 3.0 G
EFR 1.9 x 104 15.0 0.0 s
Laser 2.25 x 104 28.0 0.0 2p
Laser 2.85 x 103 33.4 0.0 2p
TGA/EGA, HTR & EFR 8.6 x 1014 54.6 3.0 G
TGA/EGA, HTR & EFR 8.4 x 1014 59.1 3.0 G
TGA/EGA, HTR & EFR 4.3 x 1014 54.6 0.0 s
TGA/EGA 1.0 x 1013 49.5 0.0 s
TGA/EGA 1.0 x 1015 5642 0.0 S
TGA/EGA 1.0 x 1013 61.0 0.0 S
Tubing Bomb 7.9 x 1015 65.0 . S

EFR - Entrained Flow Reactor
HIR - Heated Tube Reactor
Grid - Heated Grid Reactor

Laser - Laser Heating Experiment
EGA - Evolved Gas Analysis at 0.5 K/sec
TGA/EGA - Thermogravimetric and Evolved Gas Analysis at 0.5 K/sec

S - Single Rate Model
G -~ Gaussian Distribution of Activation Energies Model
2P - Two Parallel Rate Model
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the distribution. In this case, the rate shown in Fig. 1 is the mean of
the distribution. Data have been included from five different types of
experiments.

Several studies have been done in heated grid reactorsl»3:4:6 yhere a
thin layer of particles is contained in an electrically heated wire mesh.
The time-temperature history of the coal is assumed to be the same as for a
thermocouple bead which is either attached to the screen or placed within
its folds. By proper adjustment of the current to the screen, the heating
rate and holding time can be independently controlled.

A second type of experiment is the entrained flow reactor, where coal
particles are 1nJected alon the axis of a hot furnace tube and entrained
in preheated gas. The residence time of the particles is
determined by adJustment of the separation of the water—cooled injector and
collector. Both moveable collector and moveable injector experiments have
been done. For these experiments, the particle time-temperature history is
usually calculated from heat transfer/fluid mechanics models.

Either heated grid or entrained flow reactors have been used in nearly
all of the attempts to obtain kinetic rate information for coal pyrolysis
under rapid heating (>103K/s), high temperature ( > 600°C) conditions.
However, nearly all of these attempts were experiments in which coal
particle temperature was calculated or inferred from thermocouple
measurements, rather than directly measured. This lack of firm knowledge
of particle temperature is one of the most important reasons for the wide
variation in reported rates from entrained flow reactor experiments. It is
of concern for heated grid experiments, as well, especially at low
pressures (< 1 atm) and high heating rates ( > 1000 K/s).

Recognition of this problem has led to recent studies in which
particle temperatures were measured. Three-color pyrometry has been used
in a 1laser heating experiment.1 A new technique for measuring the
temperature and emissivity of small coal particles using Fourier Transform
Infrared (FT-IR) emission and transmission (E/T) spectroscopy®>
also been applied to the determination of pyrolysis kinetics.l0,11,23,24

The latter technique was first applied to determine particle
temperatures in an entrained flow reactor SEFRz in which an extensive
amount of pyrolysis data had been obtained.’”™”» However, the complex
geometry and hydrodynamics of such systems made validation of the technique
difficult. To solve this problem, a new reactor system was designed to
provide a geometry which simplified the prediction and measurement of
particle temperatures.Vs The reactor consists of an electrically heated
metal tube into which a premixed stream of coal and gas is injected. The
residence time is varied by moving the electrode positions. The stream
exiting the hot tube 1is either ejected from the tube end for FT-IR
temperature measurements, or is quenched (in a time, short compared to the
hot residence time) in a water-cooled section of tube for mass balance
measurements. FT-IR measurements are made close enough to the tube so that
the particles do not cool substantially. Particle velocity determinations
were made using FT-IR transmission spectroscopy and also by measuring, with
phototransistors, the transit time of a pulse of coal particles through the
tube. The particles (-200 +325 mesh) are found to move at about 70% of the
average gas velocity due to wall collisions.

The reactor was operated in two different modes. In the first mode,
the residence time is chosen so that the tube wall and gas/coal stream
reach a constant temperature, which indicates that the particles, gas, and
wall are equilibriated. From the known particle temperature, FI-IR E/T
spectroscopy can be wused to determine the spectral emittance of the
particles. Once the spectral emittance is known, the reactor can be
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operated in a non-equilibrium mode and the FT-IR E/T spectroscopy allows
determination of the particle temperature.

An example of the product yield, temperature, and residence time data
obtained for a Montana Rosebud coal from the heated tube reactor (HTR) is
shown in Fig. 2. The solid lines in Fig. 2a are predictions of _a
Breviously described Functional Group (FG) model for coal pyrolysis s 7=

»13, but with adjustments of the previously reported rates which were
based on 1less accurate knowledge of particle temperatures. Similar
agreement was obtained between the theory and data from experiments on Zap
North Dakota lignite and Illinois #6 bituminous coal, using the same rates.
The experiments provide a validated set of kinetic rates for primary
pyrolysis.

The HTR was used to develop validated submodels for particle heat
capacity, emissivity, and heat of reaction as a function of temperature and
extent of pyrolysis. The upper and lower solid lines in Fig. 2b are the
temperature and residence time predictions, respectively. In general, the
agreement of theory and experiment is quite good. The apparent
overprediction of temperature is due to cooling of the particles at the
outer edge of the stream as they exit the tube and come into contact with
the cold ambient air. This point is discussed further in Ref. 10.

The next step was to use the validated temperature measurement
technique and heat transfer submodels to improve the prediction of particle
time—temperayggel histories 1in previously reported entrained flow reactor
experiments. ’ The remaining unknown was the effect of mixing of the
coal with the preheated gas near the injector. An adjustable mixing
parameter was used -to match the measured particle temperatures at the
optical window.23,24 comparison of the calculated and measured particle
temperatures for EFR experiments with Zap lignite at a2 maximum furnace
temperature of 1300°C is given in Fig. 3a.

In general, the model predictions are in reasonable agreement with the
measured particle temperatures, especially at the shorter injection
distances. Similar results were obtained at 1100 and 1600°C (i.e. good
agreement for short distances and slightly high predictions at 1long
distances). The discrepancy at long distances can be explained as
follows. The model assumes the particles to be in a central core while the
FT-IR temperature measurement reflects the presence of colder particles
closer to the walls.

The agreement is not a complete validation of the heat transfer model
because the particle temperature as a function of distance from the
injector varies with the injector position, and the temperature is measured
at only one position in the reactor. However, validation of submodels in
the HTR and agreement of the model for the EFR with data at several
different 1injector positions and at several t:emperatureszz‘)’2 help to
establish confidence in the model. The calculated time-position histories
for each injector height are given in Fig. 3b.

The validated particle time-temperature model was subsequently used to
predict the results of material balance experiments in combination with
the Functional Group model as shown for a Zap, North Dakota lignite in
Fig. 3c. In general, good agreement was obtained for a wide range of
temperatures and coals £§e3£ucky #9 and Pittsburgh bituminous, Gillette and
Rosebud subbituminous).<~»

The final step in this phase of our pyrolysis research effort was to
use the validated particle temperature models for the HTR and EFR to
develop a set of kinetic parameters which is independent of reactor type,
coal rank, temperature (350 to 1600°C) and heating rate (0.5-20,000 X/s).
In order to obtain data at low temperatures and heating rates, a new
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thermogravimetric analyzer with evolved gas analysis (TGA/EGA) was
developed.

The TGA/EGA Apparatus consists of a sample suspended in a gas stream
within a furnace. As the sample is heated, the evolving tars and gases are
carried out of the furnace directly into a gas cell for analysis by FT-IR.
The heating rate is slow enough (0.5 K/s) that the particles are close to
equilibrium with the ambient gas temperature, which is measured with a
thermocouple. Some representative data for Zap North Dakota lignite from
the TGA/EGA compared with predictions of the FG model are shown in Fig. 4.
Similar results have been obtained with a variety of other coals.

Using data from the above three reactors, a "universal” set of kiggt%z
rates (i.e.. independent of coal rank) was developed for the FG model.“~»
This required some adjustments in previously published rate parameters
because of the improved accuracy in the particle time-temperature
histories. The results are in reasonable agreement with the predictions of
a single first order model for primary pyrolysis weight loss which uses a
rate constant k = 4.28 x 1014 exp(—Sl;,570/RT)s-1 (dashed lines in Figs. 2a,
3c and 4a). This is approximately one-half the k., rate indicated in
Fig. 1 and Table I and suggests that the rate of primary pyrolysis is much
higher at elevated temperatures than what is predicted by most of the
results in Fig. 1. The rest of this paper will consider the reasons for
these discrepancies.

DISCUSSION

There are a number of factors which could cause the wide variations
observed in Fig. 1. The figure summarizes measurements on different coals,
using different reactors, a variety of measurement techniques and different
models to interpret the results. This section considers the possible
factors which could cause the variations. They include: variations with
coal rank; inaccuracies in determining the weight loss or the reaction
time; mass transfer limitations; heat transfer assumptions; inaccuracies in
particle temperature measurements; and differences due to the model used to
interpret the data. The first three factors, which are considered to
result in only small variations in the reported data, are discussed first.
The last three factors, which are believed to be the primary reason for the
wide variations in reported rates, are discussed last.

Variations in Rates with Coal Rank

One possible explanation for the wide variation in rates is that the
rate-limiting step is a chemical kinetic rate and the observed variation is
due to differences in the coal type studied. However, this is wunlikely,
because experiments in which the coal type alone was varied (i.e., all
other conditions were held constant) typically show little variation with
coal rank. For example, the rates reported by Anthony et al.l for lignite
and bituminous coals are within a factor of 3, while Kobayashi reported a
single rate for the same coals. Rates reported by Badzioch and Hawksley for
anthracite and bituminous coals differ bZ less than a factor of 10 and
rates reported by Solomon and coworkers 5711 yere insensitive to coal
type, when coal type alone was varied over a wide variety of coals. A
review of a number of other pyrolysis exgeriments shows no more than a
five-fold variation in rate with coal type.

Variations in Rates Due to Inaccuracies in Weight Loss or the Determination
of Residence Time
The weight 1loss rate is determined by measuring a weight loss as a



135

0 —<
@ TS Cumulative
\ Weight Loss
207 (theory)
407
—
5
g 60
[ -
S 80"
m
>
& 108
g b ¥T—_——«
S 104 Tar + Paraffins
=] (theory)
5
© 204
30 A L
40 4
50 T 3 . .
.0 300 600 900 Burnoff
TEMPERATURE, (°C)
1000 €
j=)]
¢ |
- E S
S 800 i
) 600 1
o
P~
=
g 400 -
=
[T}
=200 4
0 T T T T L T LI
0 600 1200 1800 2400

SECONDS
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History of the Sample.
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function of residence time. It is unlikely that inaccuracies in the
determination of the pyrolysis weight loss or time could lead to the
variation in the reported rates in Fig. 1. The weight loss can be easily
measured to within 10%. : 1.3.4.6
The time is accura y known for the heated grid experiments >~
and TGA/EGA experiment. It is less precisely known for the en %ained
flow reactor experimentsz’5’7_9’13’14 and the laser experiment, but
estimates are unlikely to be off by more than a factor of two. The transi
time was directly measured in the heated tube experiment.1 ’
Inaccuracies in the pyrolysis time can, therefore, account for at most a

factor of two variation in the reported rates.

Mass Transfer Limitations

The role of mass transfer can be viewed from two different
perspectives: 1) its effect on the product yields, 2) its effect on
product evolution rates. The effect of B%SS transfer_on pyrolysis hfg been
addressed in recent reviews by Howard, Gavalas,“’, and Suuberg. The
consensus is that, in principal, one cannot interpret coal pyrolysis yields
without considering the coupling of mass transfer and kinetics. A key role
is played by the tar species which can be converted to char and light gas
via secondary reactions if they are hindered in their escape from the
particle. The escape of tars may be hindered by either intraparticle pore
transport in non-softening coals and evaporation in the case of softening
coals. The relative importance of tar secondary reactions is greater in
the latter case since softening coals typically produce more tar.

Models for coupled reaction and external transport of tar suitable for
softening coals have been developed by Unger and Suuberg,29 Solomon and
King and Squire et al. According to these models, external transport
at 1 atmosphere pressure and typical pyrolysis temperatures will not limit
the transport of tar fragments of molecular weights of less than about
300 amu, even at heating rates of 20,000 K/sec. The transport limitation
on larger molecules can lead to their cracking before leaving the coal
particle. Because the larger molecules can crack to smaller molecules which
are not mass transfer limited, the mass transport limitations will affect
product molecular weight distribution, but have only a limited effect on
the evolution rate.

A model for coupled reaction and internal transport of tars suitable
for non-softening coals has been developed by Gavalas and Wilks.32 Their
model makes predictions of trends for pressure and particle size effects in
terms of the intraparticle tar concentration which are in agreement with
experiment.

Using a similar approach, Russel et al.33 have presented estimates of
the time scales for both diffusion and bulk flow as 1072 sec in the case of
100 um particles over the temperature range of 600 - 1000°C, at 1 atm
pressure. This analysis was done for coals which retain their pore
structure, although it has been applied successfully to those which do not.
The time scale for mass transfer is, therefore, less, than the measured
reaction time for almost all experiments. The time scales for mass
transfer do, however, approach the time scales which have been measured in
the HTR for kinetics of rapid pyrolys:i_s.]‘o’11 Consequently, one might
expect some mass transfer effect. However, for these experiments the
analysis of products is made long after the heating cycle is complete,
leaving ample time for removal of light pyrolysis products from the coal
particles. For tars, however, molecules which are not volatile enough to
escape the coal particles while they are hot may recondense upon cooling.
This problem can be eliminated by extracting the tar with a solvent.
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There are very few data or models available to assess the role of mass
transfer on real-time measurements of product evolution. One exception is
the work of Arendt and Van Heek3* who investigated the effects of pressure
up to 70 atm on the kinetics and yields of various products in a
thermobalance at low heating rates ( 3 K/min) with on-line gas analysis.
They found little effect on product evolution kinetics over this range of
temperature even though significant changes in yields were observed.

Our conclusion is that while mass transfer limitations may affect
product distributions and may have a limited affect on the kinetics for the
higher heating rate experiments, it is not a major factor in explaining the
wide variation in rates for experiments discussed in this paper. However,
it should be noted that in many practical applications of pyrolysis kinetic
models, such as in making predictions of ignition in combustion systems, a
consideration of mass transport limitations will be important.

Influence of Heat Transfer Model Assumptions on Reported Rates in Entrained
Flow Reactors

Heat transfer calculations Bayeabfngferformed for several of the
entrained flow reactor experiments“®»’»®s*"7» as well as th2 heated tube
reactor experiment.lo As discussed by Maloney and Jenkins,1 the accuracy
of these calculations is open to question. For the entrained flow reactor
experiments, the most difficult factor to determine is the effect of mixing
of the injected coal and carrier gas with the preheated gas. In reference
23, the mixing was treated using a parameter which was adjusted to fit the
temperature measurements. In the absence of such measurements, the effect
of mixing is very difficult to predict. In addition to mixing, there are
coal physical properties, the values of which have differed among models.
These are the heat capacity and the emissivity.

ngatfg ffat capacity, f;e room temperature value has typically begg
used.“2 P05 Data of Lee and a model and data reported by Merrick,
however, indicate that the heat capacity increases by about a factor of
2,5 in going from room temperature to 773 K. The model developed in Refs.
10, 23 and 24 uses Merrick's model for the heat capacity.

To calculate the absorption of radiation by coal particles, coal has
typical en _assumed to be a gray body w missivity values between 0.8
aryul; 1.Oy’£g’?2’f§’ﬁ' Recent mgeas>:1remc:'ntsjzt‘o}123 have sgown, however, that
while char particles are gray bodies with emissivities in this range, small
coal particles typical of pulverized combustion are not gray and have
spectral emittances which are dependent on particle size, coal rank and the
extent of pyrolysis. Figure 5 compares the emitted radiation from char and
coal particles to that emitted by a black or gray body. As can be seen in
Fig. 5b, coal particles emit (and absorb) much less radiation than a black
body. The average emittance at a typical furnace temperature for the =200,
+325 mesh fraction of lignite shown in Fig. 5b would be about 0.4. The
model of Refs. 10, 23, and 24 employs a spectral emittance which varies
with particle size, the extent of pyrolysis and the temperature of the
furnace.

A sensitivity analysis was done to examine the importance of the
various submodels in prediction of the particle temperature. A series of 5
cases was examined for two temperature levels (800 and 1600°C): 1) C_ =
0.3 cal/g K; € = 1.0; zero heat of pyrolysis; constant mass; 2) add
particle mass (kinetic) submodel; 3) Add heat capacity submodel; 4) Add
emissivity submodel; 5) Single particle in infinite gas. For successive
cases the previous changes were retained. Results are presented for 200 x
325 mesh North Dakota lignite in Figs. 6a and 6b for 800°C and 1600°C
experiments in the EFR, respectively.
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At 800°C, the particle temperature predictions are most sensitive to
the variation in heat capacity with temperature and to a lesser extent on
the emissivity assumptions. These make a difference of 50 - 100°C in the
maximum computed temperature. At 1600°C (Fig. 1b) the predictions are
extremely sensitive to the emissivity as well as the heat capacity models.
For this case, the predicted farticle temperature during pyro%zﬁii ii f?
lower using the new models“”» than previous assumptions.

In addition, since primary pyrolysis occurs further away from the
equilibrium temperature, the variation in particle mass becomes more
important.

The net pyrolysis reaction heat was estimated to be between 60 and 80
call/g (endothgzmic) for the 800°C and 1600°C experiments,
respectively. In both cases, the reaction heat had a negligible
effect on the calculated particle temperature.

For both temperature levels, the heating rate of a single particle
introduced without any cold gas, case 5, is significantly different than
the more typical conditions of finite coal and carrier gas rates. This
illustrates the sensitivity of particle temperature models to the
assumptions concerning mixing and particle loading.

It therefore appears that, given the difficulty of accounting for
mixing, possible underestimates of the heat capacity and possible
overestimates of the emissivity, a factor of two inaccuracy in the particle
heating rate is likely for the entrained flow reactor calculations. An
inaccuracy of this magnitude in the heating rate can lead to errors of
hundreds of degrees in the calculated particle temperature during
pyrolysis. Such may be the case for Refs. 2,5,7,8,13 and 14. The direct
measurement of temperature in entrained flow reactors is essential.

Influence of Heat Transfer Model Assumptions on Reported Rates in Heated
Grid Reactors

It has been assumed that the coal particle temperature follows that of
the thermocouple bead attached to or close to the screen. This assumption
should be validated over the range of conditions of pressure, temperature
and heating rates employed. However, no models for the particle
temperature in heated grids have been published. Such models are needed to
more rigorously evaluate the temperature data, and hence the reported rates
for these reactors.

Inaccuracies in Measuring Particle Temperature

Among the papers reporting pyrolysis rates, particle temperatures were
directly measured only for Refs. 10, 11, 23 and 24 by FT-IR E/T
spectroscopy and Ref. 18 by three-color pyrometry. A possible problem of
the temperature measurement in pyrolysis is temperature gradients within
the particle. Since in both experiments the particles heat from the
outside in, the surface could be hotter than the interior. In Refs. 10 and
24, the heating rates were on the order of 20,000 K/sec and 10,000 K/sec,
respectively. The temperature difference A T from the cen er to the
surface of the particle was estimated by a standard method.> §%n
value of 1.2 x 103 cm? s™! for the thermal diffusivity o at 700 K,
would be less than 30 K for heating rates less than 25,000 K s 1. Ac
higher temperatures, @ increases sharply and AT would be even lower.
Consequently, the assumption of uniform particle temperature would appear
to be valid for Refs. 10,11,23,24.

For the laser heating experiment,18 the heating rates are on the order
of 100 K/sec. When the surface temperature has reached 2000 K, the
calculated A T for a 65um diameter particle is ~ 1500 K. The particle
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temperatures in Ref. 18 may, therefore, be highly non-uniform. This is in
agreement with the observation that the particles undergo jet propelled
motion in the direction of the laser beam when heated only from one side.

Soot formation from the evolving tars can also influence the
temperature measurement. This problem was recently discussed by
Grosshandler. When a hot soot cloud surrounds the particle, the infrared
particle temperature can be as much as 100% higher than the actual particle
temperature. This can effect the temperature measurements in Ref. 18 where
the peak temperatures in excess of 2000 K will promote soot formation. The
temperatures during primary pyrolysis of Refs. 10, 23 and 24 will not be
affected since no soot is produced 1in these experiments until after
primary pyrolysis is complete.

The non-gray body emittance of coal (discussed above) can also affect
the three color pyrometer temperature measurement which assumes a gray
body. The spectral emittance has been determined for EQe FT-IR E/T
measurement<” " and is used to determine the temperature.lo’

The temperature measurement is therefore a reasonable indication of
the overall particle temperature in Refs. 10, 11, 23, and 24, but not in
Ref. 18. For Ref. 18, a non—isothermal model is required to obtain kimetic
rates.

The same caution on non-isothermal particle temperatures, soot, and
non-gray body emittance must be applied to several other measurements of
coal particle temperatures under X&}g&rapid heating, high temperature
conditions which have been reported.

Influence of Model Assumptions on the Reported Rates

Several different models have been used to describe the weight loss or
tar loss during pyrolysis. The rates for Refs. 1,2,3,5,12, and 14 employ a
single first order rate expression to describe weight loss. Reference 18
uses a two parallel reaction model. The two rates from Ref., 18, however,
are close enough to be compared with the single rate model. References 4,
6-11 13, 23 and 24 report the rates for tar evolution. For bituminous
coals, and lignites below 800°C, the tar (and products such as aliphatic
gases which are released at rates similar to the tar) account for the major
portion of the weight loss and so can be compared with the total weight
loss. As can be seen in Table I, the single first order rate to describe
weight loss for Refs. 10 and 23 is close to the tar rate and is between
those for tar loss and aliphatic gas loss. For lignites at high
temperatures, the slower evolution of CO can make the rate for overall
weight loss appear substantially lower than the tar loss rate.
Consequently, some of the discrepancy in reported rates can be attributed
to comparing models which account only for rapid primary pyrolysis weight
loss and those which also include the slower gas evolution from char
formation.

The most significant difference among models appears to be between the
single rate models and the distributed rate models employed in Refs. 1, 6,
7-11, 13, 23, and 24. The data and analysis of Anthony et al.™ illustrate
this problem. They presented two kinetic interpretations for their data:
a single first—-order process and a set of parallel processeé'with a
Gaussian distribution of activation energies. Both interpretations fit the
data using Arrhenius expressions for kinetic rates. For the bituminous
coal, the siqg}e first-order process, which uses an activation energy of
13.3 kcal mol °, requires two parameters, while the distributed-rate model,
which uses a mean activation energy of 50.7 kcal mol™ *, requires a third
parameter to describe the spread in rates. While both models match the
experimental data of Anthony et all, extrapolation to higher temperatures
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would give very different gesults for the two models. Similar results were
observed by Suuberg et al.

Part of the_difficulty in the interpretation of the heated grid data
of Anthony et a1.1 using a single first-order process is that the resultant
low activation energy makes the analysis sensitive to possible pyrolysis
occurring during the cooling period. As noted by Anthony in his thesis™,
this results in a lower apparent kinetic rate at a given temperature than
if cooling is neglected (compare lines la and 1b in Fig. 1). Conversely,
the multiple reaction model, which is centered around a high activation
energy, is not much influenced by possible pyrolysis occurring during
cooling. When the two models are used for a time-temperature history other
than that used in Anthony's experiment, the predictions can be
significantly different. TE}S point has recently been discussed in a paper
by Truelove and Jamaluddin.

Another example of the variability in reported kinetic rate constants
which can result from the assumptions of the analysis is illustrated in
Fige 7 (from Ref. 9), which shows numerical fits to the pyrolysis data of
Campbell for COp. The data are for the evolution rate for C0, measured
as the coal sample was heated at a constant rate. A single first order
process would produce a single peake Campbell assumed the observed double
peaks were due to two distinct sources (which we have designated loose and
tight) and fitted each source (Fig. 7a) as a simple first order process
using a rate constant which follows the Arrhenius temperature dependence.
The low activation energy indicated in Fig. 7a is required because the
peaks are wide. But suppose the wide peaks are caused by a distribution in
activation energy. The simulations of Figs. 7b and ¢ are performed
assuming the Gaussian distributed activation energy model of Anthony et
31.1 where o is the width of the distribution. Reasonable fits to the
data can be obtained with arbitrary values of : 6« The assumed value of
changes the average activation energy and frequency factor substantially.

It is therefore obvious that the experimental data from experiments
over a limited range of heating rates is insufficient to uniquely determine
the rate constants. Such ambiguities can lead to wide variations in slopes
of the lines in Fig. 1. Extrapolation of the rate outside of the original
conditions may be very inaccurate. Eliminating such ambiguities can only
be accomplished by considering additional experiments which provide
sufficient variations in heating rate, reaction time, and final
temperature. The multiple rate models appear to be applicable over a wider
range of conditions than do the single rate models.

DETERMINATION OF CHEMICAL KINETIC RATE

Based on the above discussion, it is possible to choose appropriate
experiments to define chemical kinetic rates. The HTR experiment allows
the measurement of both time and particle temperature and does not require
rapid mass transfer. The TGA/EGA experiment allows measurement of the time
and the--heating rate is slow enough so that the sample and nearby
thermocouple are at the same temperature. Mass transport limitations are
not a problem.

Each HTR experiment was analyzed to obtain the time to evolve 63% of
the tare The reciprocal of this time was plotted in Fig. 8 at the average
temperature during pyrolysis. The HTR data are plotted as solid circles
for 3 coals (North Dakota lignite, Montana Rosebud subbituminous and an
Illinois #6 bituminous) at several conditions. The TGA/EGA data are
plotted as squares for several coals (North Dakota lignite, Montana Rosebud
subbituminous, Illinois #6 bituminous and Pittsburgh No. 8 bituminous.
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Apparent rates were obtained using analysis of Juntgen and Van Heek45 and
an assumed prexponential factor of 8.57 x 1014, The calculated rate is
plotted at the temperature for the peak in the tar evolution rate curve. A
kinetic rate was then defined using a Gaussian distribution of activation
energies which fits both sets of data. The same procedure was followed
with other pyrolysis species and the resulting risefawere tested and
sometimes adjusted by comparing to data from the EFR.“~?

Reactor independent rates using a Gaussian distribution of activation
energies for weight loss, tar evolution and aliphatic gas %y$1u5§q§f have
thus been established (see Table I) from three experimentsl »11,23, with
heating rates of 0.5 K/sec (slow heating rate), 3000-12,000 K/sec (medium
heating rate), and 20,000 K/sec (high heating rate). Particle temperatures
were measured for the medium and high heating rate experiments and can be
accurately determined from thermocouples in the surrounding gas for the
slow heating rate experiment. Pyrolysis times were accurately determined
for the slow and high heating rate experiments.

The rates from the three experiments are the highest which have been
reported at 800°C, supporting the idea that for these experiments there is
less effect from heat transfer limitations than has previously prevailed.
On the basis of the above discussions, the rates should reflect the
chemical kinetic processes in the coal. While the rank independent rates
provide a good fit to the data, some improvements can be made with rates
which vary systematically with rank.

INTERPRETATION OF TAR EVOLUTION RATES

Assuming that the rate for tar evolution is a chemical kinetic rate,
how can it be interpreted? The activation energy of 54.6 kcal/mole is
close to what is expectedzsrom thermochemical kinetics for ethylene bridges
between aromatic rings and agrees with pyrolysis rates for model
compounds and polymers3 ’ where these bonds are the weak links. The
rates for four of these model compounds are plotted in Fig. 8. They are in
good agreement with the coal tar evolution rate.

CONCLUSIONS

® There is a wide variation in the rates for pyrolysis weight loss
or tar loss reported in the literature.

° It is unlikely that variations with coal rank, inaccuracies in

measuring weight loss, pyrolysis times or mass transfer
limitations can account for the wide variations in rates.

] The determinations of particle temperature appear to be a major
source of the variation in rates reported from entrained flow
reactor experiments. Differences in the assumptions employed to
describe mixing and the values assumed for coal particle heat
capacity and emissivity can easily lead to errors of factors of
two or more in the heating rate. This can lead to hundreds of
degrees variation in particle temperatures during pyrolysis.
Direct measurement of particle temperatures is essential.

° Particle temperatures have been measured by three color pyrometry
for Ref. 18. For the high heating rates ( " 106 K/sec) and high
temperatures ( > 2000 K) of this experiment, it is likely that
surface temperatures and the temperatures of soot surrounding the
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particles can exceed interior temperatures by hundreds of
degrees. These effects will yield low pyrolysis rates at an
"apparent” high temperature. Proper interpretation of these data
would require a non—isothermal particle model.

Particle temperatures were measured by FT-IR E/T spectroscopy for
Refs. 10, 11, 23, and 24. Heating rates are equal to or less
than 20,000 K/sec and temperatures during primary pyrolysis are
less than 1073 K. For these conditions, temperature differences
within the particles are calculated to be less than 30 K and soot
is not formede The measured temperatures are therefore
representative of the temperature throughout the particle and an
isothermal model of pyrolysis is applicable.

In programmed heating experiments, such as the heated grid, there
is less uncertainty in the knowledge of temperature and time than
for entrained flow reactors. The assumption that the measured
thermocouple is a good indication of the coal particle is

probably adequate for experiments in helium at above 1 atm
pressure and below 1000 K/s heating rate, although additional
modeling will be required to firmly establish this. However,
even in those cases, large variations in the rate constants can
be obtained which depend on the pyrolysis model assumptions.
Single first order rate models yield low activation energies,
which can give disproportionate emphasis to possible pyrolysis
occurring during cooling and lead to low apparent rates. Models
employing a distribution of activation energies can yield much
higher values for the average activation energy, depending on
the assumed width of the spread in the distribution. Experiments
with large variations in particle heating rates are required to
determine the proper width in the distribution.

Reactor independent rates for weight loss and tar evolution have
been established from three experimentslo’u’23’24 with heating
rates between 0.5 K/sec and 20,000 K/sec. Particle temperatures
were measured for the high heating rate experiments and can be
accurately determined from thermocouples in the surrounding gas
for the 0.5 K/sec experiment.

The rate for tar loss which fits the three reactors for lignite
and bituminous coals using a Gaussian distribution of activation
energies model is k = 8.57 x 1014 exp(-54,570/RT)sec”™! with .o =
3.0 kcal/mole. A single first order rate which is a reasonable
approximation for the initial rapid weight loss of primary
pyrolysis is k = 4.28 x 1014 exp(-54,570/RT)sec”l.

While the rates from the three experiments are the highest which
have been reported at 800°C, the rates are in good agreement with
the chemical kinetic rates for bond breaking of an ethylene
bridge between aromatic rings in polymers and model compounds.

While mass transfer limitations do not affect the determination
of rates where products are collected long after pyrolysis
occurs, such limitations might well affect processes such as
ignition where products are rapidly consumed. Such limitations
must be considered in combustion or gasification models.
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DISCUSSION

H. Juntgen

1) I could not get the meaning of rate constant reported
on : overall rate constant ? rate constants of tar formation ?
rate of CH4 formation ?

2) What kinetic law do you use ? First order kinetics ?

3) Our experience is that experimental curves cannot
exactly be described wusing a simple kinetic law with first
order, so that measurements are not properly evaluated due to
the incorrect assumption of the very simple kinetic law. See
e.g. publications of Hanbada, Juntgen, Peters or Juntgen, Van
Heek. Good coincidence between experimental curves and calcu-
lation 1is only achieved, if the reaction order is between 1
and 2 or if activation energy distribution is used.

4) 1 have some doubt on your conclusion, that kinetics
of pyrolysis generally is independent on coal rank.

P.R. Solomon

Comparison using two different models were made in the
paper. The most accurate model is our "Functional Group (FG)
model". This model is described in several references given in
the paper. It describes pyrolysis as the parallel evolution of
individual species, i.e. tar, aliphatic gases, CO0, COp, HZO,

CH, etc. Each species "i" is modeled as a single first order
process

dWi

ECR

where a gaussian distribution of activation energies model is
used for each. So kj is described by three parameters, k oi,
the pre-exponential factor, Eo;, the activation energy and gj,
the width in the distribution. In the paper we have reported
the rate constants for tar and aliphatic gases and compared
these to the weight loss rate constants. The justification for
this is that tar and aliphatic gases dominate '"primary
pyrolysis" especially for bituminous coals.

We use one set of rate constants for all coals and find
that good agreement to the data can be obtained. Only the
amounts of each species were varied with rank. There are some
variations in rate with rank, about a factor of 5 increase in
the rate for tar loss in going from high rank bituminous coals
to lignites. This factor of 5 is small, however, when compared
to the factors of 100 to 1000 variations among rate constants
reported by different investigators.

In addition to the "F.G." model, we have also wused a
single first order model for weight loss. This simple model
does not fit the data as well as the F.G. model. It varies
more sharply with temperature. It does, however, match the
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data at the center of the distribution (i.e. at half the
weight 1loss) over a wide range of heating rates (0.5 K/s to
20.000 K/s).

A. Williams

Values of A & E derived from heated grid experiments nu-
merally form a plane having a mathematical surface with elon-
gated contcurs which makes them difficult to separate with
accuracy, and may thus lead to "high" or "low" activation
energies. Your experiments give direct experimental informa-
tion on rate constants but your experimental technique has the
disadvantage that tar may be 1lost from coal particles by
disruptive bubble bursting. Consequently your rate constants
may be too high by 10 to 20 % because we have some evidence
that this amount of tar may be released by disruptive
ejection. Please can you comment.

P.R. Solomon

You may be correct. Considering the factors of 100 to
1000 variation in rate constants reported in the literature we
would be overjoyed with an accuracy of 20 %.

M. Hertzberg

I generally agree with your viewpoint that there is a
major uncertain in particle temperature (or temperature profi-
le) associated with heat transport limitations. In addition to
the higher heat capacity and lower emissivity values that you
mentioned, it 1is also necessary to modify the Nusselt number
used to calculate the heating flux to the particle. Once there
is any significant amount of volatiles emitted from the
particle there 1is a drastic decline in the temperature
gradient in the gas phase and the Nusselt number will drop by
an order of magnitude. The simple Nusselt heat transfer model
for an inert particle assumes that the high temperature gas is
displaced about one particle radius from the surface and that
the boundary layer through which heat is conducted has a
thickness of only one radius. However, as soon as any mass is
emitted from the particle that boundary layer advances with
the flow of pyrolysis products to distances that can be an
order of magnitude larger. The heat transfer rate would then
drop by orders of magnitude.

R.P. Solomon

This is a good point which requires consideration. The
situation you describe, where the volatiles are evolved in a
homogeneous cloud will prevail for CO2 and H20 prior to coal
melting. This eveclution will decrease heat transfer. However
if the ~coal melts, and volatiles are evolved in a jet, the
particle can move more rapidly relative to the surrounding gas
or increase the mixing with the surrounding gas and the heat
transfer could increase.
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MODELLING OF COAL DEVOLATILIZATION WITH A NON-LINEAR HEATING
RATE.

G. PRADO, S. CORBEL AND J. LAHAYE

CENTRE DE RECHERCHES SUR LA PHYSICO-CHIMIE DES SURFACES
SOLIDES - 24 Avenue Kennedy, 68200 MULHOUSE (France)
and

ECOLE NATIONALE SUPERIEURE DE CHIMIE

3 Rue A. Werner, 68200 MULHOUSE (France)

The paper of J.B. Howard in this book reviews the different
models of coal devolatilization which have emerged from expe-
rimental studies.

Among these models, the multiple reactions model appears to
represent, with a sufficient accuracy, the experimental re-
sults obtained mainly with the heated grid technique, under
isothermal conditions and for linear heating rates.

In practical systems, the coal 1is submitted to non-linear
heating rates, and it 1is important to assess the effect of
practical heating rates on the kinetics of coal devolatiliza-
tion. The objective of this note is to present a computation
of coal devolatilization under the heating rate which corres-
ponds to the drop tube furnace experiments developed in our
laboratory, and to compare computed results with experimental
measurements of combustion times of volatile matter.

MODELLING OF COAL DEVOLATILIZATION

We have used the model of Anthony and Howard (1), which re-
presents coal devolatilization with a large number of parallel
and independent reactions. The rate of production of volatile
matter due to reaction i is

dvi _
Tt = ki (Vg - V)

ki : kinetic (Arrhenius) constant for reaction i

Vi* : maximum total amount of volatile matter produced through
reaction 1i.

The kinetic constants k have all the same pre-exponential
factor, kg, and differ only by their activation energy Ej

ki = kg exp(-E;/RT)
Furthermore, the number of reactions is assumed to be lar-
ge enough to describe the activation energies E as a conti-
nuous function f(E). It follows that
dv

T = ko exp(-E/RT) x (VXF(E)dE - Vj)
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Anthony and Howard represent f(E) with a Gaussian distribu-
tion of activation energy

F(E) = 1/g v 21 exp(-(E-E )2 /2 &)

For a bituminous coal, the values proposed by Anthony and
Howard are

koz‘L67x1013 s

E,= 54.8 kcal.mole -

6 = 17.2 kcal.mole -1

V¥ = 57.2%

We have integrated numerically the system, with an incre-
ment AE = 1 kcal.mole-1. Two ranges of activation energy were
used

Ep = 0 - 61 kcal.mole-1 for primary reactions, and

Ep = 61 - 90 kcal.mole-! for secondary reactions.

Primary reactions form non-reactive species which escape
from the coal. Secondary reactions form reactive species which
are pyrolysed inside or at the surface of the grain.

The numerical method used is a GEAR method, included in the
code LSODE, from Sandia National Laboratory.

COMPARISON WITH EXPERIMENTAL RESULTS

The experimental equipment is described elsewhere in this
book (2). Briefly a single particle is introduced into a drop
tube furnace, electrically heated up to 2000 K.

The heating rate is computed from a precise energy balance,
taking into account convective, conductive and radiative heat
transfer. The particle temperature versus time is plotted on
fig. 1 for three furnace temperatures (1400 - 1600 and 1800 K)
for a 80 um diameter coal grain.

These three curves were fitted with an exponential law

T = A + B exp (C.t)

with
A (K) B o
1400 - 875 - 205
1600 - 1075 - 205
1800 - 1275 - 205

Temperature distribution inside the particle were also com-
puted, using the general equation

ar 1 31
ar a ot
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+
=N



154

2000
1800K
1800 1800K
1400K
1200
S
i1}
o
=
= 800
o
TH}
Q.
=
w
-
400
obv Lo 111
0. 000 . 008 .012 .018 . 024 .030
TIME (s)

Figure 1 : Particle Heating Rate

a : thermal diffusivity = —A_

DCp
A : thermal conductivity (1.25 W/(m.K))
p : particle density (860 kg/m)
Cp : specific heat (711 J/kg.K)

These values are for a bituminous coal, and are supposed
constant as a first approximation.

The general equation was solved numerically. Thirty dis-
crete points inside the particle were considered and the re-
sulting matrix solved with the Gauss method.

For a 80 um particle, the maximum difference between surfa-
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ce and core temperature is 9 K, for a furnace temperature of
1400 K. Consequently, temperature gradients inside coal grains
were neglected for devolatilization kinetics calculation.

The computed particle weight losses versus time for the
three exponential heating rates described above are compared
with a linear heating rate of 105 K.s -1 on fig. 2.
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Figure 2 : Volatile Matter versus Time
linear heating rate
- - - - : exponential heating rate
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The maximum particle temperatures are, for both cases,
1400, 1600 and 1800 K. The parameters used are those proposed
by Anthony and Howard (see above). With the exponential hea-
ting rate one obtains a devolatilization duration of approxi-
mately 8 ms, whereas with the linear heating rate the devola-
tilization duration is about 14 ms.

Experimentally, we do not measure directly the devolatili-
zation rate but only the duration of combustion of volatile
matter around the particle.

These are measured either with a fast movie camera, or by
recording the luminous flame around the grain with a two color
pyrometer. They are certainly somewhat shorter than devolati-
lization time, but should not be too different, especially as
in our equipment, combustion occurs in a quasi stagnant
atmosphere.

We have measured the volatile matter combustion duration
for approximately 100 particles, with initial diameters in the
70-90 um range.

The combustion times range from 1 ms to 17 ms, with a maxi-
mum at 5 ms. The complete histograms is plotted on fig. 3.
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Figure 3 : Histogram of Time of Combustion of Volatile Matter.
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These values are in excellent agreement with the predicted
devolatilization rate.

CONCLUSION

The model of Anthony and Howard for the kinetics of devola-
tilization of a bituminous coal, coupled with an experimental
non-linear heating rate, predicts very closely the duration of
combustion of the volatile matter escaping from a burning coal
particle. For 80 um particles, heated at approximately 10°K/s,
volatile matter combustion occurs in approximately 5 ms. The
temperature gradient inside the particle is negligible.
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DISCUSSION
I.W. Smith

What is the effect of mass flux of volatiles on heat trans-
fer? If circumferentially uniform rates flux then is Nu <<2 7
If local jets of volatiles, is Nu >> 2 ?

G. Prado

We have not investigated these effects. In our furnace, we
use a quasi-stagnant atmosphere (very small slipping veloci-
ty), and the radiative heat transfert dominates, so then ef-
fects should be negligible.

Van Heeks

During the last years we have made a systematic study into
the transition from chemical reactions controlled to transport
controlled kinetics for the pyrolysis of coal particles. The-
reby grain size ranged from 60 4 to 1 mm, heating rates were
up to 3000 K/s and pressure varied from 1 to 100 bar. the at-
mosphere was either N2 or H2. The results have been published
in FUEL 64, 1985 p. 571.
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POROUS MORPHOLOGY OF COAL.
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J. LAHAYE AND G. PRADO
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and
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In the combustion of pulverized coal, devolatilization and
gasification steps are dependent upon the porosity of initial
coal and its development during these steps. Reciprocally,
morphological transformation of coal (porosity, swelling) are
strongly affected by devolatilization and gasification condi-
tions.

The morphological evolution of pulverized coal particles
during heat treatment is indeed important. It must be kept in
mind, however, that the kinetics result from three main fac-
tors
. diffusion processes

surface areas involved
intrinsic reactivity of surfaces.

The initial porosity of coal and its evolution during devo-
latilization will be successively examined. Pore evolution
during heterogeneous combustion will be just mentioned only in
the conclusion.

Some background on porosity and methods to characterize it
will be given in the first part.

I. CHARACTERIZATION OF POROSITY AND SURFACE AREAS

When speaking of porosity, one often thinks of cylinders or
of canals with circular cross sections. This oversimplifica-
tion which is difficult to avoid may be misleading particular-
ly for polyphasic materials such as coals.

Pores 1in coal may result either from the chemistry of
transformation of kerogens into coal or from the mechanical
formation of fissures between the different phases or mace-
rals. The chemistry is expected to produce pores of small
dimensions either closed or with circular apertures; the
mechanical fractures produce fissures with very dissymetrical
apertures. For conveniency, in this 1last case, the pore
"diameter" is usually considered to be equal to the width of
the fissures. Therefore, the traditional description of
cylindrical pores for coal is acceptable for small pores but
very idealized for large pores.

In 1962, I.U.P.A.C. classified pores as
. micropores : diameters below 2 nm
. mesopores : diameters between 2 and 50 nm
. macropores : diameters larger than 50 nm.
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Actually, the different techniques developed to characte-
rize coal porosity as well as the different pore domains
corresponding to the processes responsible for devolatization
and gasification of coal lead to a slightly different classi-
fication. To avoid confusion with the I.U.P.A.C. definition,
pores in coal will be classified as follows :

Small pores : diameters below 1.2 nm
Medium pores : diameters between 1.2 and 30 nm
Large pores : diameters larger than 30 nm.

A comprehensive description of the analytical procedures
developed for characterizing the morphology of porqus mate-
rials 1is of course out of the scope of the review. The main
methods used for coal characterization and their domains of
application will be summarized.

I.1. Pore volumes and pore size distributions

Three main techniques are used :

helium pycnometry
. mercury pycnometry and porosimetry
. gas adsorption.

- In helium pycnometry, helium is assumed to penetrate the
entire open porosity. The density is quoted 4

- In mercury porosimetry, mercury does not wet solids so
that a pressure must be applied for mercury to penetrate the
pore network. For non interconnected cylindrical pores and a
contact angle of mercury on solids equal to 141°, the classi-
cal Washburn equation (1), derived from Laplace equation can
be used :

1é5 % 105

with P in Pascal

d in um
Corrections have to be made to take into account the compres-
sibility of solid and the penetration of mercury into the
interparticle voids in the case of pulverized materials. These
corrections are particularly significant for small pore
volumes and for pore diameters smaller than 50 nm.

At atmospheric pressure (mercury pycnometry) pores with
diameters equal or larger than 15 ym are penetrated; the cor-
responding density is quoted dy

The open pore volume for pore sizes below 15 pym in diame-
ter is equal to

P =

S R
dpg dHe
In assuming the value of the true density dy, of the
solid i.e. the density of the solid material itself, the volu-
me of the closed porosity is equal to 1 1
dHe dtr
- gas adsorption will be examined when describing the mea-
surements of specific surface areas.
I.2. Surface areas
Two main methods are used to characterize coal surface
areas :
. nitrogen adsorption at the temperature of liquid nitrogen
. carbon dioxide at 0°C or at room temperature.
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- Nitrogen adsorption

The adsorption isotherm of nitrogen at low temperature gi-
ves the area of the pores with diameters larger than ca. 5A.
The pore volume distribution can be computed from the adsorp-
tion or the desorption isotherm. From the adsorption branch,
using the method of Cranston and Inkley (2), Walker et al. (3)
considered that pore size distributions in the diameter range
of 1.2 to 30 nm could be computed. Mercury and nitrogen
porosimetries overlap in the 10-30 nm domain, which is quite
convenient for cross-examining experimental results.

- Carbon dioxide adsorption

Areas computed form carbon dioxide adsorption at 298 K are
usually considered to be the closest approximation to the to-
tal surface area of coals because this measurement includes
the surface area of the micropores which constitutes the majo-
rity of the surface. Using the Dubinin-Raduchkevich equation
(4), the accessible pore volume also can be determined.

This equation can be written

2
log V = log V - BT (log %9)

R2

where V = volume of gas adsorbed per gram of adsorbent at the

relative pressure 7%; and the temperature T(K).
Vo= maximum volume of micropores accessible to the adsorbed
phase.
B = coefficient of affinity of the adsorbent.
B = structural constant of adsorbent (correlated to average
diameter of micropore).
P = pressure of absorbent.
P, = vapor pressure of adsorbent at temperature T.
The difference between N, adsorption and CO, adsorption is
not correlated to their molecular sizes ( G;7K = 0.162 nm;
2
gég3K = 0.207 nm). It results from activated processes.
2

However, pores with diameters below ca. 3% are not accessible
and one must be careful when attempting a correlation with the
helium density.

II. POROSITY AND SURFACE AREAS OF COALS !

During two decades after W.W.II, a huge amount of data
dealing with coal porosity and surface areas were produced
(e.g. P. Chiche at the C.E.R.C.H.A.R. in France).

The work of P.L. Walker Jr. et al. (3) on widly used ameri-
can coals will be employed to introduce the nature of coal
porosity. Twenty seven samples encompassing all the ranks from
lignite to anthracite were selected; their carbon contents
ranged from 63.3 % to 91.2 % (% dry, ash free basis).

In figure 1, surface areas have been plotted against carbon
content.
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FIGURE 1. Variations of nitrogen and carbon dioxide surface
areas of coals with carbon content
o N, o CO, (3).

It is seen that coals with more than 10 m/g nitrogen surfa-
ce area fall in the carbon content range 75.5 to 81.5 %. On
both sides of this range, nitrogen surface areas are smaller
than 1 /g (except for anthracites). The CO, surface areas
vary as the inverse of the nitrogen areas. This means that
coals exhibiting the lowest total internal surface area (as
measured by CO ;) and therefore the lowest micropore volume
have the largest volume of pores accessible to nitrogen i.e.
larger than 5 A.

The CO, and N, surface areas of lignites must be critica-
lly examined. 1Indeed, prior to surface characterization, the
sample is heated at 130°C under low pressure; the low nitrogen
surface area (below 1 m/g) may result from irreversible trans-
formation of lignite during pretreatment.

Let us examine the porosity of coals. On some of the sam-
ples, helium and mercury densities were determined. In table I
the helium and mercury densities are given.
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TABLE I. Open and close porosities of american coals (3).

Carbon Helium Mercury Mass volume
(¢ dry, density* density* (cm)
Sample free 1
ash) (g/cm) (g/cm) (g—)
Hg
PSOC 80 90.8 1.53 1.37 0.730
127 89.5 1.33 1.25 0.800
135 88.3 1.32 1.25 0.800
135 83.8 1.28 1.23 0.813
105 A 81.3 1.27 1.07 0.935
Rand 79.9 1.25 1.14 0.877
PSOC 26 77.2 1.27 1.06 0.943
197 76.5 1.29 1.13 0.885
190 75.5 1.30 1.00 0.00
141 71.7 1.35 1.17 0.855
87 71.2 1.40 1.22 0.820
88 63.3 1.45 1.31 0.763

* Mineral-matter free basis.

Open pore Closed pore Open Closed
Sample volume volume porosity porosity
(w/g) (m/g) (% (%
( 1 ] ) ( 1 ] | volume) volume)
ng dHe dpe dtr
PSOC 80 0.076 0 10.4 0
127 0.052 0.011 6.5 1
135 0.042 0.017 5.3 2
4 0.033 0.040 4.1 5
105 A 0.144 0.047 15.5 5
Rand 0.083 0.060 9.5 7
PSOC 26 0.158 0.047 16.7 5
197 0.105 0.034 11.9 4
190 0.232 0.028 23.2 3
141 0.114 0.051 13.3 6
87 0.105 0.025 12.8 3
88 0.073 0 9.6 0
These data were used by Walker et al. to compute the open
porosity with respect to the volume of the coal samples. Also
included in this table is our evaluation of the closed porosi-
ty. The vitrinite content of these different samples is bet-
ween 60 and 97.5 % with a high proportion of samples between
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75 and 80 $%. Their true densities were approximated using the
corresponding vitrinite true densities (6) namely 1.45 for
lignite, 1.35 for bituminous coal and 1.5 for anthracite.

Open porosities lie between 4.1 and 23.2 %. The order of
magnitude for closed porosity is less than 7 %. Though less
significant than open porosity, the contribution of the closed
porosity in processes where closed pores are opened (devola-
tilization and heterogeneous combustion) may not be negligi-
ble.

Harris and Yust (7) pointed out that micropores, mesopores
and macropores are favoured by certain macerals, namely vitri-
nite, inertinite and exinite. Thus micropores are favoured and
porosity decreases in high rank coals (vitrinite rich). Simi-
lar conclusions have also been reached using mercury porosime-
try (8).

Walker et al. (3), for the same series of coal, calculated
the volumes of large, medium and small pores and quoted them
as Vy, V. and V respectively. The total open pore volume for
pores accessible to helium at 305.5 K was quoted as V_. The
values of V were obtained by difference i.e. Vp - (V, | vy ).
Results in percent of the total volume (VT) are plotted on
table II.

TABLE II. Gross pore distributions in coals (3).

Sample Rank Vi \Y, \% Y

(cmyg) (%) (33 (33
PSOC-80 Anthracite 0.076 11.9 13.1 75.0
PS0OC-127 LV Bit. 0.052 27.0 nil 73.0
PSOC-135 MV Bit. 0.042 38.1 nil 61.9
PSOC-4 HVA Bit. 0.033 51.5 nil 48.5
PSOC-105A HVB Bit. 0.144 25.0 45.1 29.9
Rand HVC Bit. 0.083 20.5 32.5 47.0
PSOC-26 HVC Bit. 0.158 19.6 38.6 41.8
POC-197 HVB Bit. 0.105 20.9 12.4 66.7
PSOC-190 HVC Bit. 0.232 17.2 52.6 30.2
PSOC-141 Lignite 0.114 77.2 3.5 19.3
PSOC-87 Lignite 0.105 59.1 nil 40.9
PSOC-89 Lignite 0.073 87.7 nil 12.3

The influence of rank on the proportion of the different
pores volumes 1is not monotonic and it is difficult to draw
clear conclusions. It appears, however, that only H.V. bitumi-
nous coals have a significant pore volume between 1.2 and
30 nm. Whatever the rank, the internal surface is composed of
a network of interconnected pores of different diameters. For
lignite, there 1is an apparent anomaly : small pores
(d < 1.2. nm) represent 12.3 % of the total porosity ; these
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small volumes obtained by difference Vp - (V43 + V,) are in
contradiction with their high CO, surface areas.

It is of primary importance to quantitatively describe the
volume proportion of the different classes of pores in initial
coal as done by Walker et al. However, for a given pore dis-
tribution, the topology of porosity has a significant effect
on the behaviour of the material during devolatilization and
subsequent heterogeneous combustion. The topology of porosity
is defined as the steric distribution of pores (e.g. for the
same pore distribution, a particle may have a totally diffe-
rent reactivity depending upon whether the large pores or the
small pores emerge from the surface).

The topology of porosity may be represented by the two fol-
lowing images :

a random repartition of pores of different sizes in the bulk
of the material (9).
. the "pore tree" structure proposed by Simons (10-11).

Each pore that reaches the external surface of the coal
particle has been depicted as a trunk of a tree (cylindrical
large pore). Pores of decreasing diameters located inside the
particle are described as branches and leaves. In Simons
work the number of pores within the volume V whose pore

radius is between r, and r + d, is denoted by Vf(r)dr.
The porous volume V is exp?essed Bs :
r
vV = WX 1r21  vE(r_)dr
J r . pp ( P) p
min

where lp is the pore length.

Assuming all pores cylindrical and their lengths 1 pro-
portional to radius r the result is that f(r_) is proBortio-
nal to r“3_ p p

No mogphological evidence of these structures has been pro-
vided by these authors or by other laboratories. These struc-
tures must be considered as models wuseful to describe
semi-quantitatively the texture and its evolution during devo-
latilization or gasification.

A more realistic description of pore topology in coal par-
ticles might be achieved by a more systematic use of some
complementary methods such as optical microscopy, electron
microscopy and, eventually fractal approach. Image analysis of
optical micrography will be illustrated (12) 1in chapter
concerned with coal devolatilization.

Characterization by electron microscopy

A method used to characterize the textural evolution of co-
king coals during cokefaction (13) might be useful to charac-
terize medium and large pores topology. It is based on the
phase contrast observation of the matrix (interferences produ-
ced by superposition of the transmitted beam and a diffracted
beam) .

Each pore wall is made of basic structural units less than
1 nm in size ; these units (a few parallel aromatic molecules)
give a phase contrast;  they are associated edge to edge,
parallel to the wall and form larger wrinkled layer stacks.
The 1local molecular orientation can be correlated to the size
of pores. In the work of A. Oberlin pores were classified
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into 11 stages (stage 1, 5-10 nm in size; stage 11 >> 1 ym).

Such a method applied to cuts of coal and coke might deter-
mine what model (Gavalas, Simons or other model) is the most
relevant to coal and coke texture.

Fractal approach

Surface-science has in the past tended to deal with the
problem of description of geometrically irregular surfaces by

treating irregularity as a deviation from well-defined
Euclidian shapes. An entirely different approach is possible
(14-15) if the surface 1is (statistically) invariant over a

certain range of scale transformation i.e. if the surface is
self-similar wupon changes 1in resolution power. For such
surfaces, the degree of irregularity can be given by one num-
ber : the fractal dimension D (16) of the surface where

2 < D K 3.

Pfeifer et al. wusing molecular probes of different sizes
determined the fractal dimension of porous solids and deduced
pore distribution 1laws. This approach can be applied to coal
and coke provided precautions are taken to avoid misleading
conclusions due to activated diffusion of molecular probes in
the pore network.

In a recent Ph.D. dissertation thesis (17) on the "Study of
the evolution of the texture of combustible solids during
incandescence" it was shown using 4 molecular probes (N, and
Ar at 77 K, at 195 K and butane at 273 K) that™ the

fractal d1mens1o% of a char ex poly (phénol formaldehyde) is
close to 3 (29) Using the fractal theory, Pfeifer et al.
showed that
_ Qv 27D
dr
p o

For a fractal dimension of 3, the above equation is equiva-
lent to the distribution function theoritically computed by
Simons on coal and coke.

Bale et al. (18) 1in the case of lignite correlated submi-
croscopic porosity determined by small angle X ray scattering
with fractal properties of the system. A fractal dimension of
2.56 was found; its meaning is not clear.

Fractal approach is becoming a fashionable way to examine
solids. It is too early to know whether such a concept applied
to coal and coke will be fruitful. However, the fractal ap-
proach by itself is not expected to give topological informa-
tions and has to be combined with optical and electronic
microscopies.

III.PORE EVOLUTION DURING DEVOLATILIZATION
The mechanisms responsible for pore evolution have been
listed by Simons (19) as follows :

1. Bulk growth : Growth of existing pores due to the breaking
of organic bonds in bulk along the walls of the pores.
2. Combination : Apparent destruction (generation) of small

(large) pores due to the growth of large pores into the mate-
rial containing the small pores.

3. Exposure : Formation of small pores due to the exposure of
previously closed pores to the open pore structure.

4. Generation : Formation of small pores (several angstroms)
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due to the breaking of individual organic bonds.

These four mechanisms are involved in pore evolution what-
ever model is adopted to describe porous texture. Of course,
Simons did the computations for the pore tree theory.

The overall result of all these processes leads to an in-
crease in porosity. For 1lignite (20) the pore volume goes
through a maximum at 1300 K over a large range of heating
rates (1 to 2 000 Ks -1).

Simons demonstrated theoritically that the distribution
fonction in r=3 is approximately self-preserved. This was
confirmed b Koranyi et al. (21) for two british bituminous
coals. From other experimental results (3), enlargement of
large pore 1is greater and this effect increases with heating
rate.

Besides the four processes mentioned above, shift in pore
diameter distribution may results in the two following pheno-
mena :

Secondary reactions of tars are promoted by pressure. Since
the pressure in small pores of non swelling coal can reach
1000 atm or even more the overall rate of gas evolution during
pyrolysis is expected to be smaller in small pores. Suuberg et
al. (22) found that at 1000 atm the calculated gas phase equi-
librium agreed well, with their observed product composition
for 75 um Montana lignite heated to 1073 to 1273 K at 103 KS-1,
. It has been observed on activated carbons, at the tempera-
ture of devolatilization that the mobility of carbon atoms in
the matrix is high enough to close micropores. A curve of
closed porosity versus temperature would be wuseful to check
the possibility of the occurence of this phenomenon in coal.

Phenomenon of pore closing can be illustrated by table III
and figure 2.

TABLE III. Effect of heat treatment on properties of glassy
carbon (23).

Surface Area, m/g

HTT, °C o, N,
700 830 420
900 994 282

1100 513 92
1300 154 81
1400 72 72
1500 52 67

In table III (23), when increasing the temperature of treat-
ment from 700 to 1500°C the surface areas (N2 and CO adsorp-
tion) dramatically decrease. At 1400°C and above CO, and N
surface areas are equivaglent which means that all pores with
diameters smaller than 5 A are closed.

Influence of ashes is illustrated in figure 2 (24).
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FIGURE 2. CO, Specific Surface Area (Scg ,) versus Tempera-
ture of Treatment (HTT)

o Initial coal (Algerian Didi Coal)

o Ash free coal (24)

The CO, surface area of an algerian low rank coal with 13 %
ashes content (Didi Coal) is plotted versus the temperature of
treatment. In the presence of ashes, the maximum occurs at
600°C; for the ash free sample the maximum is at ca.800°C.

Experimental results of pore evolution during coking (a few
Kelvin per minute) are not relevant to the pore evolution of
pulverized coal.

To illustrate what is happening at ca. 105 Ks_1 , we selec-
ted a recent paper of Jones et al. (12). A comparative study
of rapid pyrolysis of different coals as well as the rapid
pyrolysis of the extracted vitrinite and inertinite from these
coals was carried out under conditions representative of pul-
verized coal combustion.

The coal particles were pyrolysed by passing through a H_/O
flame. Rapid pyrolysis of the coal particles occurs in%thé
flame but burn out is prevented by the absence of free oxygen
behind the flame front. Coal residence time was 34 ms. The
flame temperature was controlled at 1773 K by adding nitrogen
into the combustion gases. The calculated heating rate of a
50 um particle is 10 5 K/s.
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In table IV are plotted the carbon contents of the coal ma-
cerals used by Jones et al.

TABLE IV. Analysis (% C) of coal macerals (12)

Coal Coal Vitrinite Inertinite
code origin ) C (%) C (%)
A Southern Africa 81.2 86.0
B Southern Africa 81.7 84.1
C Australia 88.7 91.4
D Australia 82.1 87.6
E Australia 80.7 84.5
F Australia 88.0 92.4
G Canada 87.7 91.8
H Britain 81.6 84.8
I Britain 90.9
J Britain 92.7
K Southern Africa 80.5

The quantitative measurements of char morphology were
achieved by techniques of image analysis of the optical micro-
graph (Leitz TAS + 1image analyser). Images of char can be
analysed to measure particle volume, macroporosity and pore
size distribution. By this technique, only pores with diameter
larger than 2 um are visible.

The good agreement (table V) among the values of porosity
determined by mercury density and image analysis confirms that
the submicron pores do not contribute greatly to the total
char porosity.

TABLE V. Average macroporosity of chars from whole coals (12).

Macroporosity (%)

Method Mercury density Image analysis
Particle size 75-100 m 50-63 m
Coal A 50 49

G 49 47

I 48 57

K 70 73

The authors examined the influence of macerals on the deve-
lopment of the morphology of char. This point is particularly
important as microscopic analysis of pulverized coal indicates
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that maceral disproportionation can occur during grinding.
With a high-inertinite, low-rank bituminous coals, it was
found that the largest particles in pulverized coal (> 100 um)
were enriched in vitrinite, compared with the parent coal, by
10-20%. These particles therefore have a higher volatile yield
than the average for the coal and will yield less char on py-
rolysis. Inertinite is concentrated in the smaller particles.

The internal morphology of the pyrolysed coals was investi-
gated by reflected light microscopy. The char structures were
classified into one of three types, as follows :

Cenosphenic chars. Hollow rounded chars with walls of variable
thickness and few perforations, enclosing a small number of
large, rounded pores. These chars derive from vitrinite and
their morphology alters with coal rank.

Honeycomb chars . Irregularly shaped particles, often elonga-
ted, with a large number of long, narrow, parallel pores.
Their morphology indicates a limited fluidity during pyroly-
sis.

Unfused chars . Irregularly shaped particles with little or no
porosity. No softening is apparent during pyrolysis and they
are recognizable as inertinite remains by comparison with the
parent coal. Many of the apparent "pores" contain ashes.

The yield of cenospheric chars was compared with that cal-
culated assuming they derive exclusively from vitrinite. The
yield of <cenospheric char was calculated from the maceral
composition and the intact char yield, correcting for the
small difference in maceral density. There was good agreement
between calculated and observed values. Cenospheric chars
therefore derive from vitrinite and honeycomb and unfused
chars from inertinite.

Typical examples of these chars are shown in Figures 3-5.

FIGURE 3. Cenospheric chars derived from vitrinite (12).
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FIGURE 4. Honeycomb chars derived from low-reflectance iner-
tinite (12).

FIGURE 5. Unfused chars derived from high-reflectance inerti-
nite (12).
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It was shown that both char porosity and pore size decrease
in the order cenosphere > honeycomb >;unfused char.

The morphology of inertinite derived chars does not change
significantly 1in the range of rank studied. In contrast, the
porosity of vitrinite derived chars decreases with increasing
rank.

The type of char and the corresponding porosity are both
strongly affected by swelling which accompanies devolatiliza-
tion. As mentioned by Mulcahy and Smith (25), it has been
found both by microscopic examination of rapidly devolatilized
pulverized coal and by cinephotography of single particles
subjected to rapid heating that the swelling of the particles
increases with heating rate. Shibaocka(26) recorded increases
in diameter up to 800% and Littlejohn (27) found the upper
size limit of <char from a bituminous coal to be 2-5 times
greater than that of the original coal. The expanded
particles are highly porous and under the microscope burning
can be seen to occur within the pores (26).

D. Froelich (28) has studied the devolatilization and hete-
rogeneous combustion of particles of a high volatile bitumi-
nous coal (Freyming) in a drop tube furnace. The histogramme
of particle diameters before and after heat treatment was
drawn from optical micrographs of the samples. The diameters
of 1,000 particles were measured for each sample. Though the
swelling index of the coal is 3-5, no swelling was observed
during devolatilization either in nitrogen or in air. The flux
of volatile matter 1leaving the particle during the plastic
phase does not produce swelling of the carbon matrix.

These different observations demonstrate the necessity to
carefully examine the relationship between swelling and rate
of devolatilization.

High speed cinematography as well as histogram of size dis-
tribution before and after treatment have to be systematically
made to have a clear description of the relation between
swelling, type and granulometry of coal and heat treatment
conditions.

A new approach by W.S.Fong et al. (29) 1is promising. The
plastic behaviour of coal is determined under conditions per-
tinent to modern high temperature coal conversion process,
using a specially developed fast-response plastometer. A
mathematical model of the kinetics of coal plasticity is under
development.

Swelling is a key problem in pore development during devo-
latilization and it must be clarified. Resolidification and
eventual contraction after swelling may be responsible for the
formation of fracture (large pores) and this aspect must also
be considered.

CONCLUSION

A significant part of carbon in pulverized coal combustion
is gasified by oxygen (heterogeneous combustion). This step
largely determines the time scale of the process and therefore
the dimensioning of pulverized coal combustion facilities.

Oxidation step, pore evolution in particular is dependent
on the initial porosity of the char and on the kinetical and
diffusional aspects. Many useful informations have been publi-
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shed by I. Smith (25), R. Essenhigh (30), G.R. Gavalas (9),
G.A. Simons (10-11), N.M. Laurendeau (31) etc. However, a
critical evaluation of pores enlargement according to pore
models, would require comparing predicted and measured va-
riations of particle size and density with burn-off. Unfortu-
natly very few data are available.

Therefore, for the moment it can be considered that no des-
cription of pore enlargement during heterogeneous combustion
is accurate enough for a physical-chemical description of the
procedure even if models may approximate observations.

A systematic study of pore evolution of well characterized
char (produced in experimental conditions relevant to indus-
trial facilities) using the different techniques mentioned in
the paper must be carried out in extreme conditions i.e. kine-
tically controlled (low temperature and pressure) and diffu-
sion controlled burn off. Such a study would permit to
validate models of pore structure in coal and char as well as
to quantitatively describe heterogeneous combustion.
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DISCUSSION
[.W. Smith

It is important to have knowledge of pore structure ef-
fective at combustion temperatures, i.e. what are values of
pore diffusion coefficients and available surface areas that
apply to the hot char. Are they any techniques that can mea-
sure these properties at elevated temperatures ?

J. Lahaye

I am not aware of in situ techniques to characterize
surface area and porosity of hot chars. One could eventually
take into account the dilatation of the material between the
temperature at which the determination has been carried out
and those of the hot char. I do not expect the correction to
be significant.

E.M. Suuberg

A general question about the application of CO ; to sur-
face area determination in low rank coals. It seems reasonably
well established 1in chars and high rank materials that COjp
sorption and sorption of other species give comparable re-
sults. But there is still a —concern about the quadrapole
moment of CO in connection with the polar surfaces of low
rank materials. CO; has been shown to swell coals, which is
another sign of specific interactions.

J. Lahaye

For determining the specific surface areas of solids it
is very important to avoid adsorbates exhibiting specific
interactions with the substrate such as the interaction bet-
ween the quadrupole moment of COp(of nitrogen too) with the
polar groups of the substrate. These specific interactions are
guite low and at temperature -equal or higher than 273 K there
can be neglected.

H. Juntgen
1) Supplement remarks to micropores in coals : You did
not mention the concept of "bottle neck pores'" - pores with

diameters of pore mouth in the order of gas molecules and
their —characterisation by measurement of activated diffusion
using methane (van Krevelen) and higher hydrocarbons (Handaba,
Juntgen, Peters). According to the new finding concerning the
model structure of coal macromolecule and its presentation by
steric models (Kosky) it has to be expected a correlation
between bottle neck pores, detemined by activated diffusion on
the one hand, and steric presentation of coal macromolecule,
on the other hand, because the gases diffuse into the holes
between the aromatic clusters of aromatic-hydroaromatic
structures. This correlation could help in future research to
define pore morphology in the region of microporosity.
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2) Question to vyour determination of closed pores by
using the equation

v = 2.1

€ dHe dtr
di determined by van Krevelen was based on measurements of dy,
by R. Franklin. Are they differences by the determination of

dye (P.L. Walter jr) and d . (R. Franklin).

3) I would like to stress the statement given in my pa-
per that for combustion the porosity of parent coal has less
significance than the porosity of char created by the pyroly-
sis dependent on heating rate, particle size during pyrolysis
and rank (and especially swelling properties) of parent coals.

J. Lahaye

1) I thank you for having emphasized that point. A si-
gnificant part of the micropore volume can correspond to
bottle neck pores. If, during devolatilisation or combustion
the pore mouth is opened then the corresponding pore becomes a
medium or large pore with a totally different reactivity : in
the devolatilisation step the diffusion of primary tars in-
creases and therefore secondary reactions become less signifi-
cant ; in the combustion step diffusion to and from the pores
in also increased so that the gross gasification rate
increases.

2) You are right though the determination of helium
densities by R. Franklin were made on isclated vitrinite and
not on the entire coal. It might be bhetter to use X ray
scattering measurements.

R. Cypres

Concerning the reactivity of chars, we made determina-
tions on chars prepared at low heating rate, under different
gas atmospheres (N,, Hp, H.) and pressures (up to 70 bars).
Always the most 1important parameters of air reactivities
under isothermal conditions, was the residual gas ambient of
the char. This fits well with the general view mechanism of
coal combustion.
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1. INTRODUCTION

Our knowledge of the role of volatiles in coal combustion ranges at this time
from the self-evident to the ambiguous. The clearest point on which all agree
is that pyrolysis will occur during the total coal combustion process, and the
volatile matter products can then burn completely or partially in the vapor
phase, depending on a variety of factors. The significance of the pyrolysis and
VM combustion process to the overall combustion process is, however, open to
argument.

Flames have many properties. These include: flame speeds and limits,
temperature and concentration profiles, peak temperatures, ignition temperatures
or times, reaction times, and so forth. The focal question then is: What flame
properties depend on or are critically influenced by the existence of volatiles in
the burning coal. In asking this question, the crucial word is "dependence";
there is often an apparent dependence, revealed by correlations, where the
functional dependencies, or mechanisms of any dependence are less clear or even
unknown.

The most general illustration of this situation 1is the acknowledged
rank-dependence of coal "flammability" in both use and in safety. In use, it is
generally believed that anthracites or low-volatile fuels cannot be fired in
boilers designed for bituminous coals; the so-called U-flame and W-flame designs
must be used instead. This differentiation is paralleled by safety regulations in
mining where there are rock (stone) dusting or barrier requirements for deep
mining of bituminous coal to prevent or attemperate explosions; but these
regulations are not usually required or are much less stringent in anthracite
mining because the lower VM content of anthracites is believed to make them
less prone to accidental ignition.

Thus the phenomenological (correlational) influence of coal rank is clearly
evident. The mechanistic (causal) dependencies, however, are not. In
characterizing coals to determine both use and safety requirements, the VM
content is the most commonly used characteristic. It is almost inevitable, then,
that the most common explanation invoked for the demonstrated
flammability/rank correlations is the intuitively appealing assumption that it is
due to release and combustion of the volatiles. However, this final step in
logic still represents an intuitive leap rather than a conclusion that has been
satisfactorily confirmed. Although the general correlation of flammability with
VM content is clear, we do not know whether this is specifically due to the
flammability characteristics of the volatiles, per se; or whether it is due to the
VM content being just a general index of coal rank that accurately or broadly
represents some other significant reactivity factor. Morcover, the conclusions
may very well change from onc flame environment to another.

This point identifies the focus of this paper. The intuitive explanation for
the rank/flammability correlations may be correct, although there is increasing
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evidence against it. However, if "volatiles flammability" were to be eliminated
as an explanation, we would then have a mechanistic void. Identification and
discussion of possible alternatives is, thus, a major objective of this paper.

The problem of determining the mechanistic role of the volatiles is
compounded by the lack of data on their combustion rates. At this time there
is no direct information available on even the global kinetics of combustion of
volatiles. Attempts to calculate the VM combustion rates have to depend on
indirect methods, primarily lumped-parameter types of assumptions about the
principal VM constituents and/or use of "slow-step" assumptions--usually that the
terminal step is CO reaction. Such approximations may be reasonable, but this
applicability has never yet been tested.

2. BACKGROUND
2.1. The Problem Formalized

In the most general terms we can say that "flame properties" depend on coal
rank, and the task is to determine the appropriate functional dependence. Flames
have many properties. These include: flame speed, ignition temperature,
ignition time, reaction time, concentration and temperature profiles, peak
temperature, flame emissivity, radiative properties, and so forth. If the flame
properties are designated as FP, then FP depends in any given situation on the
coal properties (CP), the particular experimental system (ES), and the firing
conditions (FC). For any particular flame property FP(i), this can then be
represented, we assume, as a function of CP, ES, and FC, thus

FP(i) = f;(CP, ES, FC) (n

In principle, the function f; is usually obtained as a solution to an appropriate
differential equation or set of DE’s.

The Firing Conditions (FC) include such factors as: particle size and size
distribution, stoichiometry, firing rate, and similar factors that are independent
variables. An important firing condition is coal particle concentration which
can lie between the extremes of dilute streams and non-dilute streams.

The use of a particular coal in a particular system, of course, sets the CP
and ES functions as constants, and experiments in recent years have generatlly
focused on the functional structure of the FC component, as discussed later in
this article.

The Experimental Systems (ES) can be broadly classified in four groups: single
particles; fixed beds; fluid beds; and entrained flow. In principle, all systems
can be operated in either time-independent or time-dependent modes. Single
particle studies, by th: nature of the system, must be carried out in a
time-dependent mode, but a quasi-steady method of analysis is often adequate.
The fixed, fluid, and entrained flow systems are all multiple particle, and in
principle can be designed to operate as 1, 2, or 3-dimensional reactors. For
experimental/analytical purposes, to understand and to test kinetic components of
theoretical analyses, one-dimensional systems are preferred. This substantially or
totally designs-out the aerodynamic flow factors. Heat transfer is then a
dependent parameter in concentrated particle flows, but is a partially
controllable (independent) parameter in dilute flows as, for example, in drop
tube experiments.

These general characteristics of the experimental systems are of essentially
secondary importance to us in this article, but they are necessary for context.

The Coal Properties (CP) are the focus of concern in this article, and more
complete specification is necessary. We have

- Physical properties: density, intcrnal surface, porosity,
pore structure,
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- Chemical Properties: The classical analyses: Elemental (CH,
O,N,S percentages), Proximate (VM%, moisture, ash, fixed carbon),
Maceral (Vitrinite, exinite, inertinite, etc.). In recent years,
other factors have also been found to be important. For example,
heating rate has been found to influence the amount of volatile
matter, its composition, and the reactivity of the char left behind.
The composition of mineral matter in coal also affects the nature
of the volatile matter and the reactivity of the char. These same
factors may play a role in determining the physical properties.

Thus CP is nominally an N-parameter set of variables where we are not even
certain of the value of N. However, we can reasonably suppose that many of
these properties are inter-dcpendent, so that we should have additional
constitutive and/or auxilliary relationships that will reduce the number of
independent variables- although few such relationships are known at this time.
This is the problem of coal systematics and constitution. There is also the
question of which of the properties should be considered independent, and
which are dependent. The components of the elemental analyses and
particularly the C, H, O percentages are the best starting candidates as the
independent parameters. This may best be seen by noting that most coals fall
in a relatively narrow band in C-H space (see Figure 1). If all other coal
properties were functions of C,H, and O (neglecting N and S), and of some
unspecified or unknown parameters, Xj to xp,, we would have for any coal
property CP [say CP(i)]

CP(i) = F;(C,H,0.%; - . xp) )

which is a function of at least 3 variables.

Of course, we also have the crude relationship between C,H, and O embodied
in Figure 1. Note that because it is possible to represent an oxygen content
axis in the same plane as the carbon and hydrogen axes, this means that the
oxygen content is, crudely, a function only of the carbon and hydrogen content
of the coal. This means that CP(i) can actually be expressed as a function of 2
compositional variables and the X;; note that any coal can, in theory, be
represented by its C and H coordinates alone in Figure 1.

Figure 1 was constructed so as to include a large percentage of all coals in
the narrow band shown in C-H space. If as a further approximation it is
assumed that all coals actually lie on a single line that is enclosed within the
band, then it would be possible to define a typical coal in terms of only one
elemental composition parameter (e.g., the carbon content). This is, in fact, the
basis for correlating coal properties with rank as measured by carbon content, a
very common procedure in discussing the properties of coal. In theory, it
should be possible to use any of the three main compositional axes to define a
"point" on the coal line, but carbon content is generally preferred because there
is too little systematic variation of hydrogen in coals of low carbon content and
too little systematic variation of oxygen in coals of high carbon content.

Further refinements of this type of analysis have been performed, leading to
empirical correlations in terms of elemental ratios found in typical coals, e.g.,

O/H

(0/C)/(H/C) = [1 + B(O/C))/A
or
H/C

A(O/QC)[1 + B(0/C)]

with A = 80+6, B = 92, with a correlation coefficient of 0.9889. Thus, coal
properties are sometimes presented as functions of atomic ratios, rather than as
a function of carbon content alone. For example, the specific volume (v) may
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be correlated by an expression of form:
-v/C = A'(0/0)/11 + B'(0/C)

where A' and B' are empirical coefficients. v/C is the specific volume per
unit of carbon. - :

To review all attempts at correlating coal chemical and physical properties
with rank or elemental ratios is far beyond the scope of this paper (the reader
is referred to the excellent reference works by Van Krevelen, Elliott, and
Meyers, to name but a few).

Still, when it comes to parameters necessary to represent properties important
in combustion, simple correlations with rank, represented by carbon content or
elemental ratios are often inadequate. Other parameters x; must be specified.

“This is implied, in essence, by the typical methods used for classifying coals.
ASTM classification uses VM% and calorific value (which is calculable with
some accuracy from elemental analysis). See Figure 2 for a rudimentary coal
classification diagram, based upon these parameters. Note that lignites are often
treated separately from “"true coals." They would fall to ‘the right of
subbituminous coals on the diagram of Figure 2. The U.K. National Coal Board
system uses VM% and Gray-King coke type. The International Classification of
Hard Coals uses VM% and caking properties (with -Gray-King, Dilatometer, and
other parameters as alternates). The VM% correlates quite well, but not quite
uniquely--i.e., not with sufficiently small error--with- C% (or H/C or O/C),
however, the additional parameter(s) and how to incorporate it (them) into an
appropriate monotonic function to be able to calculate VM% with sufficient
accuracy, is still unknown. This is further discussed below.

When these <considerations are applied te combustion properties, the same
conclusion can be expected to apply: no one parameter alone will be sufficient
to describe all properties of interest. It is reasonable to expect that any
combustion property will be a function of coal rank, but an appropriate
specification will probably require the use of at least two parameters. In view
of the complexity of coal (and the lack of fundamental knowledge of coal
constitution) it would not be surprising that only two coal parameters may still
not suffice for the prediction of coal combustion properties. In short, the
demonstration that there is a general, but not unique, monotonic trend of any
combustion property with VM% alone is not a priori surprising, the reasonable
expectation would be that at least two parameters would be required to
accurately specify the combustion properties. By the same token, the existence
of any unique trend for any combustion property with any single parameter
then becomes, conversely, of major significance.

2.2. -Historical: Theories and Experiments -

In the process of turning the function(s) f; in Eq. 1 into mathematical/
quantitative expressions, a number of qualitative (physical) concepts have been
developed . over. the years. These concepts have included: the process of
pyrolysis; the process- of ignition; the process of VM combustion or particle
combustion with cracking and soot formation; and so forth. The necessary
concepts were originally derived from the -results of empirical experimentation
over many decades, where the experiments reported by Faraday and Lyell (1845)
can be taken as a reasonable starting point. It is then a quirk of history that
the development of the concepts happened to depend to a significant extent on
the direction of particular interest at the time. As this shaped views on the
role of coal rank in combustion, it is of some importance to summarize the
elements of that history.

Original interest in the scientific study of coal combustion derived totally
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from considerations of safety and explosion in underground coal mines.
Although pulverized coal combustion was entering the commercial market in the
1880’s, it would appear that an interest in applying fundamental combustion
concepts to fixed beds (grates) or pulverized coal combustion (p.c.) firing did
not develop until after 1910 or 1920. The intervening period of 7 or 8 decades
from the 1840’s was dominated by the development of bench-scale
ignition-testing devices in the interest of safety (with the development of the
large scale--up to 1000 ft.--explosion galleries about the turn of the century.

The combination of the focus of interest on safety and the small-scale of the
ignition testers allowed the examination of very large numbers of coals where
"large" in this context could mean 40 or 50 or more. By comparison,
documented testing in the large explosion galleries and, more particularly, in
boilers and furnaces was usually limited to a few coals (perhaps half a dozen),
and frequently only one. The difference in the number of coals tested can
then lead to different inferences regarding possible mechanistic influences.

Comparison of the bench ignition tests with the gallery experiments brings out
two points. First, comparing the correlation coefficients between flammability
and VM% for the two methods of experiment, they are so sufficiently different
that it is reasonable to conclude that the two methods of experiment do not
correlate; this was, in fact, the conclusion of Mason and Wheeler that the bench
scale test was only a rough predictor of gallery behavior, and there was the
further implication that the mechanisms of ignition and of combustion or
propagation, and the influence of the volatiles on these, could be quite
different. The second conclusion of the comparison is that apparent trends with
rank can be misleading or false if only a few coals (half a dozen or so) are
used; either it is necessary to use 40 or 50 to obtain "high density" plots, or the
correlation coeffieients between the combustion and rank parameters must be
very high (possibly in the region of 0.97 or 0.98).

It is also clear that a broad or close correlation between some coal properties
or combustion parameters with VM% supports ab_initio no particular mechanistic
interpretation. In particular, the idea of coal flammability being conferred by
volatiles flammability has no support from phenomenological correlations. The
problem, at bottom, is still the lack of an adequate model of coal constitution
that can be used to provide a mechanistic basis for accurately modeling the
effect of coal rank. At the same time, however, observed behavior does imply
some simple regularities with a dependence on only one rank parameter (VM),
which is a surprise, so that the problem may be inherently much simpler than it
is often thought to be, if only we have the wit to ask the right questions.

3. IGNITION AND EXTINCTION
All flames start with ignition but the mechanisms and parameter values of
ignition are uncertain to the point of controversy. Extinction is generally of
importance where safety is a major concern, notably in underground mining, but
also in grinding, and in boiler explosions.
Parameter scope - properties include
- the flammability limits
- ignition time
- ignition temperatures
- ignition energies

- extinction temperatures
- extinction concentrations
- extinction by additives
Theoretical basis - is Thermal Explosion Theory (TET), to the extent that
volatiles are not the primary combustibles involved at the moment of ignition
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and extinction: again a controversial point.

Relationships - If an ignition temperature can be defined, the mathematical
relationships to ignition times and energies can nominally be written down. If
the variation of ignition temperature with coal concentration can be established,
flammability limits are also established (in principle). Then the role of coal
rank (and influence of VM%) follows.

Problem: define ignition temperature.

Ignition temperature: methods of definition

- operational (experimental)
- theoretical: TET or other
Experimental definitions of ignition temperature:
* Bench-scale batch methods
- single captive particles (Tretyakov, Bandyopadhyay and Bhadhuri,
Karcz et al. . . )
- "single" particles dispersed in hot air (gas) (Cassel and Liebman,
Chen et al. . . )
- dispersion of batches of particles (G-G test, Hartman, Wheeler, etc.)
- TGA (Tognotti et al.)
- Crossing point (ASME)
- heated grid (de Soete, Juntgen and Van Heek)
*Flame measurements
- determination of flame temperature at flame front (Howard and
Essenhigh . . .)

Theoretical definitions - All experiments have been evaluated in terms of
TET, implying heterogeneous ignition. Only Annamalai and Durbetaki (19877)
have developed alternative theoretical predictions for homogeneous and
heterogeneous ignition.

Scope of Results - mixed and somewhat confusing.

Ignition Temperatures: range from 300C to 1000C. Crossing point and
"Single" dispersed particles show lowest values: Chen and Tognotti are in the
region of 350 to 450C. Higher values are believed to be in error due to
experimental method used. Lower values agree with crossing point; also make
sense with temperature limits on air-swept mills in coal grinding (exhaust
temperatures not to exceed about 150F). Theory - shows that ignition
temperatures should drop with increasing coal concentration so 400C would be
about upper limit for clouds. In these experiments, the particles heat at their
"natural" rate for cold particles plunged into hot gas with gas temperature set at
the critical ambient temperature for TET ignition.

Flames: ignition temperatures are generally (much) higher. Howard and
Essenhigh (1967) give 900 to 1000C. Heating is now being driven at rates
above "natural" heating rate, and final ambient gas temperature (which is rising
as the particles temperatures rise) is much higher than the critical ambient
value required in TET. Thus, this difference from the "single" particle results
appears to be the difference in ambient temperature, and difference in heating
rate of particles. These differences have not been adequately accommodated in
theoretical developments.

Batch clouds (G-G test, Hartman, Whecler, Carpenter). Temperatures are much
higher: 500 to 1000C. Reason: measuring different things. Temperatures
reported are usually Ignition Source Temperatures (IST), not particle
temperatures, or gas temperatures. Relation of IST to gas or particle
temperatures is unknown. Alternatively, the process involved is not
heterogeneous ignition and a different process is taking place. In the G-G test,
Godbert measured combustion times (flash duration). They are values to be
expected from volatiles combustion--or from extinction of char as whole coal
burning is extinguished: we don’t know. Temperatures required in this test
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may very probably be determined by -the requirements of heating up cold air
that replaces hot air swept out of the furnace as the coal sample is injected.

Extinction - Major large scale experimental studies using explosion galleries;
very extensive bench scale studies (using G-G test furnace by adding increasing
amounts of rock dust to coal sample: Godbert; Godbert and Greenwald, etc.):
studies of very little value.

Ubhyakar and Williams (1976) determined rate constants of burning char
particles from particle residues on extinction: ignited by laser in cold
oxygen-enriched air. Waibel and Essenhigh (see Essenhigh, 1979) calculated
extinction conditions in a boiler using TET on a flame ball model, and D.
Stickler, et al., did the same using a fluid mechanics model.

There are also numerous determinations of lower limits, notably by Hertzberg
(1981, 1982, 1984), and some of upper limits (e.g., Deguingand and Galant,
1981).

Interpretations - Most experiments that have been interpreted have been in
terms of TET assuming heterogeneous ignition. Support: ignition temperatures
are close to or even below the pyrolysis temperatures at low heating rates, and
are even below estimated pyrolysis temperatures at high heating rates when
ignition is at 1000C and pyrolysis onset is at 1200C (most direct experiments on
this are Howard and Essenhigh (1967) in flames). Juntgen and Van Heek (1979)
have noted the particle size and heating rate dependence of the ignition process,
and seen ignition temperatures in the range 780-820°C for heterogeneous
ignition. G. G. de Soete (1985) has most recently obtained similar results with a
heated grid in very extensive expriments: particles ignite--at low temperatures
about 350-450C, and below pyrolysis temperature.

At very high heating rates (10° and 10® deg C/sec) particles still probably
ignite heterogeneously, but then start to pyrolyze so soon after that the
heterogeneous ignition is of no practical importance. Thus, in high intensity
combustion (Goldberg and Essenhigh, 1979, Farzan et al, 1982) at fuel rich
conditions (equivalence ratio of 1.4), combustion involves (essentially) all
volatiles. This also is probably the case in the G-G test furnace.

Influence of Coal Rank - Very little: second order at most. Example:
Chen’s experiments show very little difference in ignition temperatures between
anthracite, bituminous coal, and chars. In TET analysis, the materials igniting
are carbon to solid hydrocarbons. There can/will be different values of Kkinetic
constants, but evidently the variation only accounts for second order differences
in ignition temperature: typically, it would seem, as activation energy E
increases, the frequency factor rises to offset it.

A broad band variation of furnace temperature (IST) is found in such batch
experiments as the G-G test. This may be due to the requirements for heating
the coal particles and pyrolyzing off sufficient volatiles to burn. However, very
much better correlations are found with other factors such as reactivity to
oxygen at 100C or to pyridine extract (Essenhigh and Howard, 1971).

One-dimensional flames show variation in ignition times, but this has been
identified as due to the optical propertics of the flames downstream of the
flame front, not to variations in reactivity. Ignition times can then be
calculated quite accuractly assuming 1000C ignition temperature and all particles
have propertiecs independent of coal rank. Mecasurements show that temperatures
at the flame front are all close to 1000C for coals, chars, petroleum cokes.
Allowing for the differcnce in heating rates, this is consistent with the "single"
particles mecasurements and the de Soetc hot grid measurements.

4. PROPAGATION AND COMBUSTION
The mechanism of flame propagation is predominantly thermal exchange.
Propagation properties are clearly rank dependent; but role of volatiles is still
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ambiguous.

Question - Are volatiles effects (if any) due to the volatiles per se: or due to
volatiles as a (relatively poor) index of coal rank?

Arguments are from different flame types and systems. The question is
whether it is possible to draw general conclusions that apply to all flame
systems.

Flame Systems

* Stabilized

* Single burner: experimental and many process furnaces.
Can be defined by dimension
[0] - high-intensity, jet mixed approximating
to perfectly stirred.
[1] - Types I and II (see Table 1 and below)
[2], [3] - jet flames
- with and without axial symmetry
- with and without swirl
* Moving - many batch testing devices
- large experimental explosion galleries and pipes
- unwanted explosions -- confined

) -- unconfined

Flame Types - One-dimensional flames can be classified into several types.
Table 1 provides a classification into 4 types. Predominant difference between
types is the dominant mode of energy exchange.

Other flame tvpes: energy exchange

[0] - high-intensity mixing provides for thermal exchange by this mixing
process (high speed convection).

[2], [3] - jet flames ignite by thermal feedback of hot combustion products to
the incoming (cold) jet. This is a convection-driven system with heat then
diffusing to the center of the cold jet by thermal diffusion or turbulent
exchange. Thus, particles can be represented as being in an ambient gas of
increasing temperture where the temperature of the ambient gas is determined
by the crossjet mixing and by the temperature of the combustion products being
recirculated. This applies to either internal or external recirculation.

Role of Volatiles - This most probably varies from system to system. There
are many ambiguities and/or uncertainties.

Most broadly, volatiles can affect propagation and/or combustion either

- intrinsically, on account of their ability to ignite the char
(touchpaper mechanism); or

- extrinsically, on account of the independent combustion characteristics
of the volatiles removal has on the char combustion properties (for
example, production of internal surface). .

Zero Dimensional Flames - Propagation is not an issue in these flames; only
stability. Goldberg and Essenhigh (1979) have shown that at equivalence ratios
of 1.4, temperatures peaked and combustion was for all practical purposes 100%
volatiles, with a residence time of 10 to 20 msec. However, as the
concentration was leaned out, char combustion increasingly participated (with
temperatures falling), and stable flames were maintained to as low as 800°C.
Q-factors were about 1.8.

The conclusion is that: at an equivalence ratio of 1.4, volatiles are produced
by pyrolysis and consume available oxygen at a rate faster than competitive
reaction of char/oxygen. As the coal concentration drops, the system becomes
lean with respect to volatiles concentration, and the char reaction participates
increasing in about the same residence time, so that competitive reaction is
determined more by volatiles concentration (availability) than by actual reaction
rates.
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The inference is that as the volatiles content of a coal is reduced, flame
temperatures would probably drop; the equivalence ratio for peak temperature
would change to suit; and low limits might rise on account of lower char
reactivity to the extent that reactivity is dependent on accessible internal
surface. This would be worth testing experimentally. The role of volatiles in
this case would seem to be dominant to controlling. There is a possibility that
coals below a certain volatile content would not be able to support flames in
this device. If this is the case, determination of that limit would be of
considerable significance.

One-Dimensional Flames: Type I (Smoot et al, 1977) - As these are volatiles
flames, the role of the volatiles is controlling. Without volatiles, there would
seem to be no possibility of stabilizing flames in the systems used unless the
propagation mechanism changes. As with the zero order systems, there may be
a VM content below which flames cannot be obtained. Again, this would be of
value to determine. ’

One-Dimensional Flames: Tvpe II (Howard and Essenhigh, 1967; Cogoli and
Essenhigh, 1977) - Experimentally, these flames showed no particular dependence
on VM%. Fuel type only affected the ignition distance. Xieu et al. (1981)
showed that this could be explained by the different optical properties of the
flames, with the optical properties being controlled by the mode of reaction
(relative importance of internal and external reaction). Otherwise, flame
temperatures and flame speeds were similar, and with no evident effect of fuel
type; in experiments by Gee et al. (1984), the highest flame temperatures were
obtained with petroleum coke. In the modeling of the flames, using
experimental temperature profiles, the same kinetic constants were used in all
cases for coal, chars, and petroleum cokes, with the char model able to describe
coal flames with no pyrolysis component in the model. In these
radiation-stabilized flames, there is no evidence of any significant direct
contribution of volatiles. Coal or fuel rank is important to the extent that it
controls the rate of reaction of the solid, but not on account of the volatiles.

One-Dimensional _Flames: Type 1III - These are propagating subsonic
(deflagration) explosion flames. There is good evidence that they are rank
dependent, notably from the Mason and Wheeler experiments from which it was
established that an "Index of Inflammability," determined by the quantity of
stonedust required to prevent propagation, was proportional to the VM content.
The mechanism of propagation is paraxial turbulent, so that it may be presumed
that the speed of propagation is determined by the flame temperature, and thus
by the rate of combustion. The key factor here is that, for bituminous coals,
on pyrolysis and combustion of pyrolysis products, typically 1/3 to 2/3 of the
coal mass is burned in about 1/10 of the total combustion time (depending on
the local stoichiometry). Radiation helps to suppress temperature excursions that
would otherwise occur, but faster combustion rates should result in faster
propagation. The critical factor then is the speed of pyrolysis compared with
the speed of combustion. To the extent that the jet stirred reactor mimics the
head of an explosion flame (see Goldberg and Essenhigh, 1979), the inferential
conclusion is that the coal does pyrolyze fast enough in the explosion flame for
the volatiles to be important. The importance depends on the rapid rate of
heat release that produces higher tempcratures in the flame and thus increased
exchange of heat for ignition. There is then the dilemma that the correlation
between Mason and Wheeler’s Inflammability and VM% in the experimental
gallery is very good when the bench scale experiments show rather poor
correlation, and also show better correlation with other reactivity parameters. A
partial explanation for the poor correlation in the small scab tests is very likely
to be found in the composition of the volatiles. As Hertzberg et al. (1981) have
shown, the combustible volatile contents at the lean limits in small scale
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experiments were roughly constant at 40-60 mg/l. Further experimental study of
this point is warranted. This, of course, does not explain why a good
correlation was obtained in the large scale tests. This point also warrants
further examination.

One-Dimensional Flames: Type IV - These are supersonic, detonation flames
with heat transferred by propagation of the associated shock wave. However,
the energy released into the shock to maintain it again depends on reaction
rates. Most of the observations made on the Type III flames apply here. Again,
the key and unknown factor is the relative rates of pyrolysis and combustion
under the conditions of shock heating. Nettleton and Stirling have some
relevant data, but the interpretation in relation to detonation waves is still
uncertain.

Two- and Three-Dimensional Flames - As described above, flame stability
depends on the rate of recirculation of hot gases from downstream to the
incoming cold jet upstream. The intensity of that recirculation governs the rate
of rise of the jet temperatures, and thus of the incoming coal particles. This
has similar characteristics, therefore, to the turbulent exchange flames (Type III).
The magnitude of the thermal flux feeding back will depend on the temperature
of the hot gases downstream, and again, if there is rapid release and
combustion of the volatiles, this should provide higher temperatures downstream
that will be reflected in faster ignition and improved flame stability. By the
same token, reduction of the volatile content of the coal should reduce the
temperatures, speed of ignition, and reduce flame stability, possibly to the point
that a coal of VM content below a certain value cannot be used in a particular
system.

Overall _Evaluation - With the exception of the One-Dimensional,
radiation-stabilized flame (Type II), this argument strongly suggests that flame
behavior is significantly dependent on the volatiles on account of the
combustion behavior, and notably as the result of the generation of local
volumes of high temperature gases in the flame that are moved upstream by
different mechanisms to ignite the fresh fuel. This argument still allows
heterogeneous ignition--which is important as a mechanism from the point of
view of correct analysis of the ignition process; the heterogeneous ignition is
then irrelevant to the subsequent behavior on account of the rapid onset of
pyrolysis soon after ignition (a few hundredths of a second later, or sooner).

What is still an issue, however, is the question of the quantity of volatiles
that are released, and the speed of release. As a rule of thumb, it is commonly
stated that the VM combustion is about 1/10 of the total combustion time. Also
a rule of thumb, the combustion time in a boiler is generally said to be
between 1 and 2 seconds, giving a volatiles combustion time of about 1/10 sec.
In pyrolysis experiments, however, the pyrolysis times are shown to be as low as
1/100 sec., or 10 times faster. If these values are generally correct, it implies
that the slow step in the flame is the combustion, not the pyrolysis, and that
the volatiles are not burning as they arec evolved. This is a factor considered
separately (below).

Another confusing factor is that the effects of the volatiles may be
determined as much by the mixing conditions as by the VM content. Thus, the
discussion above follows very much the conventional path, with the conventional
conclusion that VM content and release determine the role of the volatiles. It
would then seem to follow that the maximum temperature would be obtained at
a coal concentration that would provide a stoichiometric concentration of
volatiles. On that argument, boilers of high rank coals have been designed on
the assumptions that: the flame speed is low, and that the primary stream has
to be very rich. The result has been the U and W flame boiler designs with
downward injection of a rich primary stream, and supply of secondary air
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through front wall ports. With this configuration, the gases in the boiler
circulate in an "O." 1In the early 1960’s, however, the basic assumption was
challenged. When the air was increased in the primary stream to a value from
about 20% of requirements to 80%, the flames were found to be hotter, more
compact, and giving higher burn-out. As the result of modeling, this was
attributed in part to the higher momentum of the primary jet that penetrated
the secondary air more efficiently. This again suggests that the behavior of the
volatiles may still be secondary to other considerations.

A factor of final concern is the relationship between VM content and the
heat of combustion. Suppose, for example, that the volatiles were a large
fraction of the coal but the heat of combustion of those volatiles were very
low. This would be partially reflected, of course, in the total heat of
combustion, but if a large fraciton of the coal produces little heat, it will have
proportionately less effect on the flame and propagation speeds. The question
to be asked, then, is what relationship exists between the VM contents and their
heats of combustion. This does not seem to have been established at any time.
Ergun (1979) shows that the total heat of combustion of whole coals (not
volatiles) becomes almost independent of VM% between about 30 and 50% VM.
That is, VM 1is a poor predictor of the heating value of coals; and thus by
inference, of the heating value of volatiles. If this is added to the concept
of rapid and slow release of wvolatiles (the origin of the Two-Component
Hypothesis of Coal Constitution), this may partly explain the poor correlations
found in most cases between flammability and VM%. The issue of time
dependence of volatiles heating value has been considered by Suuberg et al.
(1979) and will be discussed further below.

5. THE NATURE OF COAL VOLATILES AND THE FLAMMABILITY

CHARACTERISTICS OF MIXED HYDROCARBON GASES
5.1 Compositions and Kinetics of Release of Coal Volatiles

A complete review of this topic will not be presented here. Rather, only
important highlights will be provided, and the reader is referred to other recent,
extensive reviews for more details (Anthony and Howard, 1976; Howard, 1981;
Howard, et al, 1981; Gavalas, 1982; Solomon and Hamblen, 1983, 1985). The
viewpoints concerning many details of the pyrolysis process vary widely among
these different reviewers, and it is fair to say that this is an area requiring
considerably more attention. This observation pertains not only to the very
complicated chemistry of devolatilization, but to the complex nature of mass
transfer processes involved in escape of volatiles from the particle as well
(Suuberg, 1985).

The most comprehensive of the reviews, in terms of providing an indication
of experimental techniques for studying devolatilization, are those by Howard
and coworkers. An enormous variety of techniques has been used to study the
phenomenon, and it has been this fact which has led to some confusion
concerning the rates and compositions of the products. It is, however, amply
clear from most recent experimental studies that the standard proximate volatile
yield is only a very crude characterization of devolatilization behavior under
pulverized coal combustion conditions. Table 2 illustrates this point, if one
compares the entries in the VM column (standard proximate values) with those
in the weight loss column. The point to be made is that there is no easy way
to predict by how much the devolatilization yield of any particular coal will
exceed the proximate volatile matter content. The observation that the volatile
matter release during rapid heating typically exceeds the proximate volatile
matter has led to attempts at empirical correlations with coal type (e.g., the "Q
factor" of Badzioch and Hawksley). The relationship between ' actual volatile
yields and proximate volatile matter has again recently been examined (Desypris
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et al, 1982). However, correlations based on total volatile matter release convey
no information concerning the actual composition of volatiles, which will be
very important in understanding the combustion behavior of volatiles.

The variables which determine the yield and composition of devolatilization
products include:

1. The chemical composition of the coal.

2. The temperature history to which the coal is subjected.

3. The pressure and composition of the gaseous environment

surrounding the particles of coal.

4. The particle size.

These factors are listed, crudely, in decreasing order of importance. Proximate
volatile matter itself is one of the two key rank classification criteria. This
naturally implies a strong correlation between elemental composition and volatile
matter. But it must be recalled that coals with widely differing compositions
(e.g., a Pittsburgh high volatile bituminous, #14, and a Montana lignite, #8 in
Table 2) may exhibit rather similar proximate volatile matter yields and yet be
entirely different in combustion behavior because of different compositions of
volatiles.

The compositional (or composition related) variables which play a role in
determining the total yield of volatile matter and their composition have been
given as (Solomon and Hamblen, 1985):

- Elemental Composition

- Functional Group Composition

- Molecular Weight of Ring Clusters

- Plasticity

- Variations in Bridging Material between Clusters
- Porosity

- Hydrogen Bonding

- Catalytic (Mineral) Constituents

- "Guest" Constituents such as Mecthane

‘The relative importance of these factors may be open to debate, and some of
the factors may be viewed as compositionally dependent rather than independent
(e.g., plasticity). Still, it is undeniable that compositional variables are the most
important in determining volatile yields.

There have been numerous attempts to correlate volatile matter yields with
elemental composition. A review of coal characteristics has shown a crude
relation between volatile matter and the H/C atomic ratio of a wide range of
coals (Ergun, 1979). For most coals of interest, any attempted correlation would
be no better than + 20%, and worse yet for a few "special cases." This
re-emphasizes the point that the search for significant correlations must be made
with a large number of coals; a sample of a half dozem or so is simply
inadequate. Still, there is undeniably a correlation between composition and
volatile matter, a fact recognized by Mott (1948) who used a variant of Seyler’s
coal classification chart, which had as the orthogonal axes volatile matter and
calorific value, and showed elemental composition as "derived parameters." A
very recent attempt at correlation of proximate volatile matter with elemental
composition has been somewhat more successful than some of the earlier
attempts (Neavel et al.,, 1986). The regression equation was found to be:

%VM = -0.408[C] + 11.25[H] + [O] + 1.3[S]

where the quantities in brackets arc all mass percentages on a dry basis (oxygen
by difference on an ASTM ash basis). A standard deviation of 1.5% is noted,
implying 95% confidence limits that at 40% V.M. would be +8%, relative to the
volatile matter estimate. While the results of this painstaking study are of great
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interest in coal classification work, it should be remembered that the proximate
volatile matter that is predicted is not the volatile matter yield of relevance in
combustion work. -

The modest success achieved in correlating standard volatile matter yields
with simple elemental composition parameters has led to other correlative
approaches in recent years. In one study, (Neoh and Gannon, 1984), volatile
yields were measured on 13 coals heated under pulverized coal heating
conditions (10° K/s) to high temperature (1600-2400 K) in steam. It was found
possible to correlate the volatiles yields by:

(1] + 200]]

M K = 48.1 |——| - 141
1600
[C] + [8]
and _ N
[H] + 2[0]
VMp400 K = 526 —— + 6.89
[[C] + [8]

where the compositional ratios are on an atomic basis. Correlation coefficients
of 0.95-0.96 were obtained, but a spread of +10% (relative to volatiles) was seen,
for what must be viewed as a relatively modest number of samples. It should
be noted also that the 1600K vyields were slightly in excess and the 2400K
yields were greatly in excess of the ASTM proximate volatile yields.

Another correlation was developed between volatile yields and elemental
composition (Solomon et al, 1981) in which the devolatilization was performed
at heating rates of about 1000 K/s to a temperature in excess of 1000K in
vacuum. The correlation was developed for 27 coals, and is expressed as:

VM = 0.86 [O] + 12.6 [Hal]

In this case, the elemental compositions are taken as weight percents (dry,
mineral free basis) and [Hal] represents aliphatic hydrogen. This correlation
depends upon a more sophisticated analysis; in order to obtain [Hal] a
spectroscopic measurement is needed. The corrclation coefficient is 0.84, and
deviations of ~10% (relative to volatiles) are seen.

It is not surprising that simple elemental analyses are not sufficient for very
accurately correlating volatile matter. For example, it has been shown that not
only does mineral matter yield some "volatile matter" (Scholz, 1980), but perhaps
more importantly, it has an enormous catalytic effect on certain pyrolysis
reactions (Tyler and Schafer, 1980; Franklin et al., 1983; Morgan and Jenkins,
1986).  Generally, the effect involves a substantial decrease in volatiles with an
increase in cation content (e.g.,, a 20% reduction in the case of a lignite studied
by Morgan and Jenkins).

Consequently, it must be concluded that prediction of volatile yields to better
than about +10% from easily obtained elemental composition data is not likely
to be possible, although estimates of the accuracy cited above have been possible
for some time. It must be asked whether it is worth considerable additional
effort to correlate simple weight loss with the more sophisticated compositional
information that is now becoming available on coals. It is not likely that the
effort is warranted, unless the effort goes hand-in-hand with development of
correlations for significant compositional properties of volatiles as well.
Specifically, the additional features of interest are:

- The heating value of the volatiles.
- The elemental composition of the volatiles.
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- The molecular weight distribution of the volatiles.

The time variation of these properties is also of interest. The reasons for the
interest in these properties are likely to be apparent; whether the volatiles are
combustible (e.g., tars, Ch,) or incombustible (e.g., H,0 and CO,) will have an
important bearing on flammability characteristics. The partitioning of nitrogen
between char and volatiles will have an important impact on NO, formation in
many situations. The concentration of high molecular weight species may tend to
determine the propensity towards soot formation (Seeker et al.,, 1981, McLean
and Hardesty, 1981).

In recognition of these considerations, increasing emphasis has been placed in
recent years on measurement of actual product compositions and the kinetics of
formation of individual products. The present review of this information is
biased towards results from high heating rate experiments (R1I000K/s) with fine
particles, as would be most relevant to pulverized coal combustion.

5.2. Measurements of Volatile Compositions and Evolution Kinetics at High
Heating Rates

The major experimental techniques used to study high heating rate pyrolysis

include:

- Captive solid sample techniques, including the electrically

heated wire mesh, fluidized beds, and shock tubes.

- Entrained flow reactors.
The most widely used is the electrically heated wire mesh, apparently developed
first by Loison and Chauvin (1964) and now employed in numerous rescarch
laboratories. The technique involves heating of a thin layer of particles
(normally in a size range between 50 and 1000 pgm) in the folds of a wire mesh
which acts as a resistance element in a circuit. Heating rates up to 10,000 K/s
can be achieved, and temperatures up to about 1300K are attained with stainless
steel meshes; temperatures up to about 1900K are attainable with tungsten
meshes. An important advantage of this technique is that any volatiles that
leave the particles, and thus the mesh, are usually quickly quenched by contact
with the unheated surroundings of the mesh (either coal gas or cold walls),
provided that the reactor vessel is large enough. Thus, primary products of
pyrolysis are observed in the gas phase.

Shock tube studies of pyrolysis have become more common in recent years, as
have laser pyrolysis studies. Higher heating rates are available to these
devices, but product collection has been difficult (particularly the condensed
phase products).

The entrained flow experiments also have the advantage of higher heating
rates (10° - 108K /s), more similar to those thought relevant in pulverized coal
combustion. The difficulty in interpreting the results from these experiments is
that direct temperature measurement has historically been difficult (in the past,
calculated temperatures have generally been employed). Recently, however,
optical temperature measurement techniques seem to be developing to the point
of reliability in such systems (Solomon et al., 1986; Tichenor et al., 1984). A
remaining disadvantage of entrained flow systems is the coupling of gas and
particle residence times. This means that primary volatile products of pyrolysis
travel concurrently with the particles down an entrained flow reactor (though
not necessarily at the same velocity) and therefore have an opportunity to
undergo further reaction prior to sampling.

The compositional data shown in Table 1 have been assembled from the above
types of reactors. The common thread is that they have all been obtained at
the high rates of heating of relevance to pulverized coal combustion (>100K/s).
The key to references is CL (Cliff et al, 1984), SOL (Solomon and Hamblen,
1983), SU (Suuberg, 1977), SC (Scelza, 1979), SO (Solomon and Hamblen, 1985),
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LC (Loison and Chauvin, 1964), VH (Arendt and Van Heek, 1981), LA (Lander,
1979), FR (Franklin et al, 1981), FH (Freihaut et al., 1982), UN (Unger, 1983),
and TY (Tyler, 1980). More detailed data on nirogenous products of pyrolysis
are available from Blair et al. (1976), Pohl and Sarofim (1976). An enormous
variety of compositional data is seen in Table 2. The variations are in some
cases enormous, depending upon the particular conditions employed. In addition
to providing "typical" compositions of volatiles, Table 2 -has been designed to
emphasize the following:

1. The products of pyrolysis vary from oxygen dominated to hydrocarbon
dominated products as rank is increased from lignites to bituminous coals.
It is apparent that there are no simple correlations of product yields with
elemental analysis, however. This conclusion is reached even if data from
systems in which cracking is likely to be a problem (Sec. 3. below) are
excluded. Clearly, if prediction of yields of key products is a goal, we are
rather far from it at present.

2. In considering the relevance of any set of data to combustion modeling,
obviously preference should be given to studies in which the difference
between the column marked "Total" and the "Wt. Loss" is small, indicating
relatively complete accounting of all products. In fairness- to some authors
whose data are displayed with numerous "ND" entries, the measurements
may have been made, but merely not reported in the "readily available"
literature. In light of this, it is suggested that future studies concerning
products of devolatilization endeavor to routinely present mass balance
closures.

3. Data in rows #l through 4 are all in a similar type of coal, indicating how
not only temperature but gas phase residence time can affect measured
products. Comparison of #l1 and #12 and comparison of #13 and #!4
show that fluid beds tend to promote cracking of tars, and favor light gas
formation. Likewise, #18 and #20 show how entrained flow reactors
favor cracking of tars to light gases. Thus, data from heated grids are
probably "cleanest" in terms of indicating what the primary products are.

4. Comparison of #24 and #25 reaffirms that importance of cations in
cracking of tars, as these two samples differed only in added cation
content.

5. Comparison of #8 and #9, comparison of #14, #15, and #16, suggest
volatile product compostions are not overly sensitive to heating rate in the
range from a few hundred to 10* K/S heating rates. This is supported by
a comparison of total volatile yield in #1 vs. wt. loss in #4. The data in
#6 and #7 or #18 and #19 secem to contradict this conclusion, but in both
cases, there seems to be evidence of high light gas yields, suggesting
cracking, at the lower heating rates, possibly because of a small reactor
volume. In examining the gaseous volatiles only, Blair et al. (1976) found
little effect of heating rate on light gaseous yields above 500 K/sec. Data
on mass loss alone (Niksa et al, 1982) seem to confirm that above a few
hundred degree per second heating rate, there is minimal effect of heating
rate on volatiles yields.

No distinction is made in Table 2 betwcen volatile yields measured at vacuum
and atmospheric pressure conditions. There are, however, important differences,
particularly as pertains to tar yields. It has been shown (Suuberg et al., 1979)
that the yield of tars from a bituminous coal (#15 in Table 2) is decreased
from 36.5% (MAF) at vacuum to the indicated 29.2% at atmospheric pressure.
In a study on a wider range of coals, Arendt and Van Heek (1981) have shown
the same trends for four other bituminous coals. The decrease in tar yield is
partially compensated for by an incrcase in light gascous yiclds (Suuberg et al.,
1979; Arendt and Van Heek, 1981). The nature of the tar has also been shown
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to change with changes in pressure, increasing in molecular weight with
decreased pressure (Unger and Suuberg, 1984). This is consistent with a
partially vaporization-rate limited process of tar escape frem pyrolyzing particles
(Unger and Suuberg, 1981; Suuberg et al, 1985). Thus, devolatilization
measurements performed at pressures different from those of interest in
combustion may not give a true picture of volatiles compositions.

It is considerably more difficult to find data on the effect of particle size on
devolatilization yields. It has been shown that increasing particle size seems to
depress tar yield and increase gas yield, somewhat as does increasing pressure
(Suuberg et al, 1979). However, it is difficult to get reliable data on high tar
yield coals, since these tend to soften and change morphology (occasionally
forming balloon-like cenospheres).

The kinetics of devolatilization are to be considered in a separate presentation
at this conference, and so will not be reviewed extensively here. It has been
suggested that one quasi-universal set of kinetic parameters can describe the
evolution of the main products of pyrolysis from a wide variety of -coals
(Solomon and Hamblen, 1985). These constants are shown in Table 3. ‘Also
shown for comparison are constants from other studies, including some at low
heating rates (Campbell and Stephens, 1976; and Weimer and Ngan, 1979). The
constants of Solomon and Hamblen are presented as reasonably "universal" to all
ranks, while the remaining workers have presented their constants as reasonably
specific to particular coals (although some similarity may exist between the
constants for different ranks of coal).

Not shown in Table 3 are the kinetic constants for tar degradation . Serio
(1984) has determined that secondary reactions of Pittsburgh high volatile
bituminous tar can be modeled by a distributed activation energy process, with
a pre-exponential of 3.96 x 10° sec™!, a mean activation energy of 49.5 kcal/mol
and a standard derivation of activation energies of 8.1 kcal/mol. The- gaseous
products are similar to those of primary pyrolysis. Doolan et al.” (1985) have
reached the same conclusion in . work on Millmerran subbituminous -coal tar,
except that surprisingly little H,0 and CO, are formed during tar
decomposition. Also, little acetylene is formed below 1300K.

There remains considerable debate as to the values of kinetic constants for
the devolatilization process. Some of the debate stems from poor knowledge of
temperature (experiments involving calculated temperatures suffer from this).
Some of the debate arises due to attempts to fit processes involving distributed
activation energies by single activatiom energies, which invariably leads to
unrealistically low activation energies. Evidence of this is seen in Table 3.
This is an area which requires careful “re-evaluation of existing data, and
further measurements to verify newly developing models.  This is particularly
true of the combined chemical kinetic-mass transfer models which seek to
further explain the effect of pressure and particle size on the yields and
compositions of volatiles.

In short, while there exist a large number of data on devolatilization, they
paint a rather confusing picture both in terms of compositions of volatiles and
kinetics of release. - In designing future experiments, the following questions
should be -addressed:

'1. How important is heating rate in determining key properties of interest?
It appears as though heating rate variation in the range from a few
hundred -to 10* K/s has little effect on total volatile ‘yields, composition
and kinetics of release. Selection of a heating rate in this range enables
use of the heated “grid, which is perhaps the simplest of the devices
commonly used. The number of data obtained at higher heating rates
(>10°K/s) is limited, and some suggest somewhat higher yields of volatiles
are possible; but these are normally seen in experiments also involving
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temperatures in excess of about 1600K (see, for example, the review by
Howard, 1981). Unless the experiments to be undertaken involve striving
for such high temperatures, efforts to ensure "realistic" heating rates of
>105K /s are likely to be unnecessary, in terms of providing a "realistic"
picture of volatiles release.

2. How important are secondary reactions? Again, the heated grid, in a
large reactor volume, provides volatiles compositions that are most free of
secondary cracking reactions. But is this an important goal in providing
data for pulverized combustion modeling? How do secondary reactions
(e.g., cracking of tars) affect the end use to which the data are put?

6. KINETICS OF COMBUSTION OF COAL VOLATILES

There is unfortunately little fundamental flammability data on coal volatiles.
This is relatively easy to understand in terms of the difficulties in performing
reliable experiments on coal volatiles as such. It must be remembered that coal
volatiles are produced at temperatures ranging from a few hundred to, at
sufficiently high heating rates, temperatures over 1000°C. As has been pointed
out already, many of the heavy, tarry volatiles are marginally volatile even in
such a high temperature range. This means that classical flammability limit
tests, as performed in room temperature tubes, would involve a rather messy
mixture of flammable vapor and condensed phase, complete with all the
difficulties inherent in droplet flammability tests (e.g., gravitational settling,
droplet size dependence of limits, loss of droplets to the walls by collision). Of
course, classical limit tests of the flammability tube type are not of great
relevance to practical applications, except as they might provide data which
perhaps could be analyzable in terms of giobal kinetic constants for combustion
of the volatiles. Thus, few efforts have been made to pursue these
measurements with real coal volatiles.

Instead, the flammability of volatiles has been characterized indirectly, by
measurement of ignition temperatures (Darbetaki et al., 1980), or measurements
of stable operating limits in swirl type burner devices such as that in use at
Ohio State University (Essenhigh, 1986). The problem of feeding
heterogeneous mixtures to flat flame type devices makes use of these devices,
which are a bit more suitable for fundamental studies of flame speed, somewhat
tricky.

Some data are available on flammability limits of coal gas mixtures and
mixtures of hydrocarbon gases. These data are summarized in the well-known
reports of the U. S. Bureau of Mines (Coward and Jones, 1952; Zabetakis,
1965), and demonstrate the applicability of LeChatelier’s law of mixtures:

L = l/Zpi/Ni (61)
where p; is the mole fraction of gas i in the mixture, N; is the flammability
limit of pure i in air, and L is the limit for the mixture in air. Normally,
this law is applied with N; and L as lower limits, but Coward and Jones (1952)
suggest its applicability to upper limits as well. It may be applied to liquid
mixtures, if Raoult’s law or some similar vapor-liquid relation is known to
apply (Zabetakis, 1965). The method does fail occasionally, however,
particularly if one component is prone to cool flame formation (Coward and
Jones, 1952).

A graphical approach which embodies LeChatelier’s law and extends it to
include non-flammable diluents has recently been presented (Wierzba and Karim,
1983). While the approach discussed the "special' problem of dilution by CO,
(presumably mainly because of the effects on mixture heat capacity), the
technique is otherwise identical to the use of (4.1), except that the summation is
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performed only over the flammable species i, noting that in the case of a
mixture containing diluents Epi<1.

Again, the major problem involved in application of this law to coal volatiles
mixtures is the handling of the heavy, tarry fractions for which there are no
real data available. Then too, there are the problems associated with
extrapolation of data obtained at standard ambient conditions of temperature,
pressure, and oxidizer fraction to conditions of actual interest in any particular
application.

The same difficulties that apply to the measurement of flammability limits
would apply to measurements of global kinetics of combustion. The literature
on the global kinetics of hydrocarbon gas combustion is limited in any case.
The review by Westbrook & Dryer (1981) provides a relatively comprehensive set
of single-step, two-step and quasi-global reaction constants for pure hydrocarbon
species. These constants are summarized in Table 4. Also shown are
quasi-global kinetic constants for combustion of carbon monoxide, hydrogen, and
ammonia.

For some applications, a single pseudo chemical reaction step may be
sufficient (Coffee et al, 1983). This may be described by the general equation
for reaction:

Fuel + n102 — 1'12C02 + n3H20
the n; are determined from the choice of fuel. The appropriate rate law is
Koy = ATD exp(-E/RT)[Fuel]2[0,]° (6.2)

where the symbols in square brackets represent concentrations, in units of
mole/cm®, R is the gas constant in cal/mol-K, T is the temperature in K, and
the other symbols are as shown in Table 4. Note that a negative value of "a"
suggests that the fuel acts as an inhibitor, which may create numerical problems
as its concentrations approach zero. In this case, the rate expressions may be
arbitrarily truncated at low values of concentration.
The two-step reaction mechanism may be represented by:
n m m
C,Hp + [5 + Z ]02 —nCO + E H,0

followed by:
CO + 1/2 Oy — COy

This recognizes that the single step reaction overpredicts the heat of combustion
by assuming that all carbon in the fuel is burned to CO, and all hydrogen in
the fuel is burned to H,0. At flame temperatures, significant amounts of CO,
H, and dissociated species may exist. As a compromise, partial combustion to
CO is allowed in the two-step mechanism, although all hydrogen is still assumed
to burn to H,0. The rate constants for the first step are shown in Table 4,
utilizing the nomenclature of equation 6.2, but recognizing that the products are
now CO and H,O. The values of a and b are unchanged.

Finally, the H, - H,O equilibrium may be accounted for by assuming that the
fuel is broken down to CO and H, in a first step, followed by a detailed
mechanism for combustion of CO and H,, involving key eclementary reactions
which have been well characterized (see Table 5). Thus, the breakdown of the
fuel is represented by (Edelman and Fortune, 1969):

n m
CnHm+2—02 — nCO + 2—H2
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This is followed by all the reactions of Table 5 (and their reverse reactions as
well). The .quasi-global model has also been applied to aggregated species, and
not just the pure species shown in Table 4. The rate expressions for
quasi-global breakdown of long chain aliphatics to CO and H, has been modeled
by (Edelman, 1977):

N

d[C,H ] : 172 :
[—thLm] = -6x 104 TP0'3‘[CnHm] [02] exp|- 24-400-

and for cyclic hydrocarbons:

N

d[C H 172 '
¥l " 208 x 107 TPO3 [anm] {oz] exp |- 12000
dt

P

where the units are pressure in atmospheres, T in K, E in cal/mol, and
concentrations in mol/cm3,

Recently, Hautman -et al. (1981) have proposed a sequence of global processes
for aliphatic hydrocarbon combustion, involving ethylene and H, intermediates.
The sequence involves a series of  four reactions, involving pyrolysis of the
aliphatic to ethylene and hydrogen, followed by combustion of these species.
This scheme will not be outlined here, noting that except in a few cases, coal
does not yield a great deal of long .chain aliphatic products.

In addition to the above reactions, more recently Edelman et al. (1983) have
also considered emissions from combustion of synthetic fuels components, and
have included a global reaction for soot formation from various components of
a toluene-iso-octane global model. The global rate expression employed was of
form: : :

“d[soot]/dt = 4.66 x 1014 T -1.94 THC)1-81 (0,705 exp [ 32110_%0—]

where [HC] is the concentration of toluene plus acetylene in this case. Naturally,
a soot burnout term was also included. A meaningful treatment of coal
volatiles combustion will doubtless require an allowance for soot formation from
volatiles also, since recent coal flame work has established that at least some
soot seems to be produced directly from coal volatiles (McLean et al, 1981;
Seeker et al,, 1981).

7. COMPARATIVE TIME SCALES FOR DEVOLATILIZATION AND
COMBUSTION
Having now assembled data on rates of production and destruction of volatile
species, it is instructive to reconsider the issue of comparative time scales for
the various processes involved. Such a comparison is presented in Table 6,
based upon: .
I Isothermal processes, at the indicated temperatures (no temperature
gradients considered). -
2. A somewhat arbitrary loading of coal of about 250 g/m3, shown to give
near peak temperature in bench scale flammability tests with Pittsburgh
- high-volatile bituminous coal (Cashdollar and Hertzberg, 1982). The air
surrounding the particles is assumed at atmospheric pressure. The yield of
tar is 30%, and the tar molecular weight is 400.
3. The. time scale for tar and H, release is calculated from the distributed
rate model of Solomon and Hamblen, with conversion of 50%.
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4. .The time scale for tar cracking is calculated from the constants presented
by Serio, for a conversion of 50%.

5. The time scale for cyclic hydrocarbon combustion is calculated from the
expression for cyclic hydrocarbons by Edelman; that for benzene from the
data in Table 4. Both these rates are for the quasi-global process, for a
conversion of 50%. .

It may be noted immediately from Table 6 that there is a wide
disparity in the time scales for release of volatiles. Release of tars
occurs on a much shorter time scale than does release of H,. Obvxously,
homogeneous cracking of the tar, in the absence of oxygcn, is a slow
process compared to its release from the coal, but still a rapid process in
comparison to the overall time scale of pyrolysis as defined by H,
release.

It is instructive to note that the predicted time scales for tar cracking and
combustion are both long in comparison to the time scale for tar release at
almost all temperatures of relevance. It is, however, noteworthy that if
hydrogen release defines the time scale for devolatilization, then the combustion
and devolatilization time scales are comparable, or devolatilization is even a bit
longer. This illustrates the importance of specifying which species are actually
of interest in defining the time scale. It is true that on a mass basis, tar will
normally be present in far greater quantities than will hydrogen, but the latter
on a molar or volumetric basis is the more "important" product.

8. THE HEATING VALUE OF VOLATILE PRODUCTS

Only limited data are available on the heating value contents of volatile
products. This is again not surprising because obtaining the data is difficult.
Still, as shown by Hertzberg et al. (1981), the limits of flammability of coal
dusts seem to be predictable from an assumption of a constant limit mixture
heat of combustion based on volatiles. The limit mixtures seemed to all fall in
the range of 10 to 13 kcal/mol of flammable mixture, based on volatiles.
Clearly, the testing of samples should be carried on to lignites, whose volatiles
are dominated by oxygenated species and, therefore, would be expected to not
be nearly as flammable as the bituminous coals previously studied.

There have been only limited attempts to calculate the heat of combustion of
actual rapid devolatilization product mixtures. Some such data are shown in
Figures 3 and 4, for a lignite and bituminous coal, respectively. It is
immediately apparent that the lignite evolves much less of its total heating
value into the vapor phase than does the bituminous coal (about one quarter vs.
about one half). The difference is in the relative yields of tar, mainly. The
consequences for combustion behavior were examined in a separate paper
(Suuberg et al, 1979). The key results are summarized in Figures 5 and 6,
which were calculated from the data as shown in Tables 2 and 3, assuming a
heating rate of 10% °C/sec.

What is immediately apparent in comparmg Figures 5 and 6 is that the rates
of devolatilization and total mass loss from the two coals are quite comparable.
What is very different is the heating value of the volatiles, represented in the
bottom panels of both figures as "heat of combustion fluxes" (for particles of 74
pm). The vapor surrounding the bituminous particle is clearly "richer" in fuel.
These calculations were used to infer that the flux of volatiles from a 55um
lignite particle might at no time be great enough to shield the particle surface
from direct attack of oxygen. Not only does this support the picture of
heterogeneous ignition for small particles, but also makes the point that volatile
combustion may well occur simultaneously with combustion of what might be
termed fixed carbon. Obviously, there will be difficulty in predicting and
modeling such important behavior without adequate knowledge of time resolved
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volatiles composition.

9. CONCLUSIONS

In this brief review, we have attempted to summarize the evidence concerning
the role of volatiles in coal combustion processes. It has been noted that, in
some cases, the volatiles may play a significant role, whereas in others, they
seem to play little role in determining the nature of the combustion process. It
is fair to say that there remains a great deal of uncertainty as to mechanistic
details in a great many processes.

The information concerning composition of volatiles and the kinetics of their
release remains spotty. Despite a large number of investigations in this area, a
legitimate case may still be made in favor of a more systematic study of a
large number of coals. Likewise, little systematic information is available on
the heating value of volatiles, their flammability characteristics or global
kinetics of combustion.

In short, while the role of volatiles in coal combustion has been acknowledged
for more than a century, we remain in a situation in which it is still only
possible to make semiquantitative guesses about the details of their participation
in the processes.
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TABLE |
ELAME TYPES

on thc Propagation of Onc-Dimcnsional Flames of
Particulatc Coal, Char, and Cokc

Type Flamc Spced Hcating Ratc Characteristics Propagation
m/scc dcg C/scc Mcchanism
I < 03 air > 103 Primarily volatiles flame. Conduction/Diffusion

particulate < 104 Flame thickness: 10 cm
Volatiles rcleased down-
strcam diffusc upstrcam
against incoming air.

1I 0.2 - 0.5 104 Hctcrogencous ignition Radiation
at 1000C-dclaycd
pyrolysis.
Flamc thickness: > 1 m

111 < 1000 106 Flame thickness: > 10 m Turbulent Exchange
Explosive deflagration

v > 1000  eeeeeeee Dctonation
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Species

CHy 13
CH, 83
CyHg L1
C3Hg 8.6
C4Hyg 7.4
CsH|p 6.4
CeH 4 5.1
CsH g 5.1
CgH)g 46
CgH)g 12
CoHyg 42
CioHay 38
CH30H 32
CHsOH 15
CeHg 20
CyHg 16
C,Hy 20
C3Hg 42
C,H, 6.5
co) 4.0
co®@ 13
H,() 32

NH;3(4) 49
Table entrics in units of cm-scc-mol-kcal-K
*Rate expression also includes [H50]” dependence.

Kinetic Constants for Combustion of Various Species

ingl
A
x 108
x 10°
x 1012

x 101!
x 1011

x 1011
x 101
x 1011
x 101!
x 1012
X 101!
x 10!l
x 1012
x 1012
x 10!
x 1011
1012
« !0'11
x 1012
x 1014
x 1014
x 1015

x 1014

Ea

48.4
30
30
30
30
30
30
30
30
40
30
30
30
30
30
30
30
30
30
40
30
40
39

Table 4

a
-0.3
-0.3

0.1
0.1
0.15

0.25

0.86

(1) Dryer and Glassman, 1973

(3) Levy et al, 1983

1.25
0.25
0.50
0.25

1.04

(2)
4)

Two Step

A Ea
28 x 109 484
15 x 107 30
13 x 1012 30
10 x 10'2 30
88 x 1011 30
78 x 1011 30
70 x 10! 30
63 x 10!l 30
57 x 1011 30
96 x 1012 40
52 x 101 30
47 x 1011 30
37 x 1012 30
1.8 x 1012 30
24 x 1011 30
19 x 1011 30
24 x 1012 30
50 x 10! 30
7.8 x 1012 30

Howard et al, 1973

Quasi-Global
A E
40 x 109 484
23 x 107 30
20 x 10!2 30
15 x 1012 30
13 x 1012 30
12 x 1012 30
1.0 x 102 30
10 x 1012 30
9.4 x 1011 30
1.5 x 1013 40
8.8 x 10! 30
8.0 x 10! 30
73 x 1012 30
36 x 1012 30
43 x 1011 30
34 x 1011 30
43 x 1012 30
8.0 x 101! 30
12 x 1013 30

Branch and Sawyer, 1973
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Table 5

Reaction mechanism used in quasi-global mechanism for CO-Hy-O, system.
Reverse rates computed from relevant equilibrium constants.

Reaction A o E
H+ Oy =0 + OH 22 x 1014 0.0 168
Hy, + O = H + OH 1.8 x 1010 10 8.9
O'+ Hy0 = OH + OH 6.8 x 1013 0.0 18.4
OH + Hy = H + Hy0 22 x 1013 0.0 5.1
H+ Oy +M=HOy + M 15 x 1013 0.0 -1.0
O + HO, = 0, + OH 50 x 1013 0.0 1.0
H + HOy = OH + OH 2.5 x 1014 0.0 19
H + HOj = Hy + Oy 2.5 x 1013 0.0 0.7
OH + HO, = Hy0 + Oy 50 x 1013 0.0 1.0
HO, + HOp = Hy0, + Oy 1.0 x 1013 0.0 1.0
HyOp + M= OH + OH + M 12 x 1017 0.0 455
HO, + Hy = Hy0y + H 7.3 x 101 0.0 18.7
H,0, + OH = H,0 + HO, 1.0 x 1013 0.0 1.8
CO + OH = CO, + H 15 x 107 13 -0.8
CO + 0y = COy + O 3.1 x 10! 0.0 37.6
CO+0+M=COy+M 59 x 1015 0.0 4.1
CO + HOp = CO, + OH 15 x 1014 0.0 237
OH+M=0+H+M 80 x 1019 -1.0 103.7
0, +M=0+0+M 51 x 1013 0.0 115.0
Hy+M=H+H+M 22 x 1014 0.0 96.0
Hy0 + M=H + OH+ M 2.2 x 1016 0.0 105.0

Table entries in units of cm-scc-mol-kcal-K

Rate Constant = AT® exp(-E5/RT).



Tar release
Hj release

Tar cracking

Tar combustionl

Tar comb_ustion2

1.
2.

Comparative Time Scales of Some Processes

107!

Assuming "cyclic hydrocarbon" global rate.

Table 6

Temperature (K)

103

Assuming benzene global rate.

All time scales in seconds.
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Figure 3: Distribution of heating value content of products from
lignite pyrolysis to different peak temperatures under
inert gas. Heating Rate - 1000°C/s. 100% on ordinate
corresponds to 17.8 kcal/g (9900 BTU/1b), lower heating
value (as received). Suuberg (1977)
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Figure 4, Distribution of heating value content of products from Pittsburgh
high volatile bituminous coal pyrolysis to different peak tempera-
tures under inert gas. Heating Rate - 1000°C/s followed by 4-10

second hold at 1000°C. 100% on ordinate represents 21.6 kcal/g
(12000 BTU/1b) lower heating value. Suuberg et al. (1979)
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DISCUSSION
J.H. Pohl

Most properties of coal <can be correlated using test at
standard conditions, maceral content and C(d.a.f.). Have you
investigated <correlations of results from standard conditions
and these two parameters ? We have found that flame stability
in laboratory pilot scale combustors, and boilers can be
correlated with the heating value of the volatile matter based
on coal (as received). In addition, the heating value of the
volatile matter can be correlated with carbon (daf). These
correlations have been tested with a large number of coals and
several boiler trials. Have vyou investigated such correla-
tions 7?7 If the kinetics of devolatilization are accepted, the
results show that tar formation and destruction at PC flame
conditions is rapid and has little influence of flame perfor-
mance. Is this true, and if so why has so much effect been
expended on defining tar formation for applications to PC
flames 7

R.H. Essenhigh

This is a complex of several questions that need to be
given much more careful attention with

1. Maceral content. There are increasing numbers of
claims for the influence of maceral content and, intuitively,
one would expect some influence. I have not looked at this
parameter so I cannot comment from my own experience. However,
correlation of some properties with maceral content may be
only that : a correlation ; and the maceral content could be
only an index of some other factor. Nevertheless, establishing
char correlations 1is still an important and valuable point
step. -

2. Heating value of VM content. Again, [ have not been
in a position to establish correlations between flame stabili-
ty and the VM content heating value, but the information
referred to is most interesting and it will be a great service
to the combustion field if this can be fully published. Again,
however, the question comes up : is the correlation between
flame stability and combustible volatiles an actual property
of the system or is it only a correlation ?

3. Tars. Tars can be correlated with the pyridine ex-
tract which has also been identified as the easily-evolved
(combustible factor) of the volatiles. I believe Wheelers
(1913) point is still valid that the volatiles do not emerge
together, but over a period of time (though short), particu-
larly the hydrogen. It is certainly the case that tars contain
a very high proportion of the heating value present in the
volatiles released from many coals. Then it might not be
unreasonable to expect that +the true correlation would be
between the flame stability and the tars (but the total com-
bustible volatile is an adequate index of the tars if tar data
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are lacking). The amount of tar release may also be important
in determining sooting tendency.

K.H. Van Heek

How have been established the heating values of the
tars ? | see difficulties, as their qualities change with coal
type and reaction conditions, on the one hand, and as the
amounts received from laboratory experiments are small for
proper analysis, on the other hand.

E.M. Suuberg

In the absence of direct measurements, we assumed a hea-
ting valué of tar 8.9 Kal/g (lower heating value). This value
is "typical" of bituminous coal tars, but we agree completely
that there will likely be variations with the rank of parent
coal. We simply did not have the data.

J.B. Howard

Regarding the <correlation, or lack thereof, between tar
yield and. elemental composition of the —coal, some recent
progress have been made at MIT (Ko, G., Peters, W.A., and
Howard, J.B., FUEL, in press) using not tar yield in general,
but the "ultimate" tar yield observed under low pressure where
the effect of secondary reactions are approximately negligi-
ble. The correlation uses the contents of C, H., 0 and S in a
simple functional form approximately representative of the
chemical bonding, or functional group characteristics, belie-
ved to be important in tar formation. The correlation exhibits
an encouraging reduction in scatter, relative to that of
previous tar —correlations, wusing data for a range of coal
types and from several countries.

E.M. Suuberg

This is indeed an important development. Of course it
still leaves the problem of correcting vacuum vyields to
atmospheric pressure yields but as indicated in the reference
by Suuberg in the Chemistry of Coal Conversion, this kind of
correlation may also. be possible. Further work is clearly
required on this latter point, though the only concern I would
reiterate 1is that one must make sure that enough samples are
used in order. to provide relaible statistics. In connection
with this, I'll point out that a fairly simple correlation
does seem to exist between tar yield and H/C ratio at low H/C
ratios (below about 0.75, if one leaves out experiments in
which tar cracking-is likely, such .as fluid beds, shock tubes,
and entrained flow reactors). But whether a particular
correlation- is satisfactory (an uncertainty of + 5 % absolute
is 'seen in a simple correlation with H/C, below about 0.75),
depends upon how demanding the correlation's user is.
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H. Juntgen

You have found that tar yield is not a clear function of
H/C ratio. Reasons may be, that tar formation is very much
complex and consists on several different mechanisms.

1) Role of chemical structure of coal : tar formation is
not only dependent on cleavage of weak bonds of coal macromo-
lecule, but also on hydrogen donor effects due to hydroaroma-
tic structures in coal. So it must be expected, that not only
H/C ratio, but the CH distribution is relevant to tar
formation.

2) The theory of metaplast formation as a first step of
pyrelysis is not relevant to distillation of compounds trapped
in the holes of macromolecules (= mobile phase). This follows
from the fact, that tar formatiom begins before gas formation.
Metaplast formation is also not relevant, if transport
processes in the particle are fast (e.g. in the case of very
small particles).

E.M. Suuberg

We agree entirely that better correlations may be possi-
ble by including more structural features of the coal, or by
performing a more elaborate correlation, such as that sugges-
ted by Professor Howard's Group. We wanted here, however, to
emphasize that there is no simple correlation with rank of H/C
ratio. As you point out, it may be desirable to include other
chemical characteristics such as donatable hydrogen content
(sometimes substituted for by aliphatic hydrogen content),
oxygen functional content, and maybe some characteristic of
the macromolecular structure. In addition to these, we have
tried to indicate that other variables must also be conside-
red.

These include : - cation and mineral content
- particle size
- external gas pressure.

Inclusion of all these additional wvariables will make
such correlations unattractive to end users whose main inte-
rest is in pulverized <coal combustion (particularly if the
determination of values for the variables involves elaborate
chemical characterizations, such as spectroscopic or wet
chemical determination of donatable hydrogen). Having establi-
shed a case for the lack of simple correlations, now we are in
a position to begin to ask what the additional key variables
are, and how much accuracy we want in exchange for how much
information we must provide. With respect to this effort, it
should be noted that there is still a paucity of reliable,
information on tar yields from pyrolysis ; additional experi-
mental data will be needed, particularly from heated grid type
experiments.

2) We would be a bit cautions about agreeing with these
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conclusions True, a great deal of tar formation precedes most
gas formation, but there is some gas formation at very low
temperatures of pyrolysis, so some bond breaking is certainly
occurring at the temperatures of tar formation. Indeed, the
bonds that break to form the extractables (metaplast) need not
be the same as those that break to form gas. Also a large
amount of bond breakage may not be necessary to form large
amounts of extractables, if the macromolecular structure is
not too highly crosslinked.

As regards metaplast transport in the particle, little
is known about time scales, because little is known about me-
chanisms. For example, we have shown (Suuberg & Sezen, Proc.
1985 Int. Conf. on Coal Sci. Pergamon 1985) that even a diffu-
sivity of metaplast species within the particle of order
10-6 "cit/s can be consistent with observed tar formation beha-
vior. For a 100 m particle, the characteristic diffusion time
from the center of the particle 1is far longer than the
characteristic time for tar release shown in table 6. This
does not "prove" that liquid phase diffusion is the mechanism
for tar escape (bubble transport may be quite important), but
it does suggest that one cannot immediately conclude that
transport is "fast". Again, this area requires further work.

P.T7T. Roberts

Volatile matter energy content : Estimates of volatile
matter energy content, expressed as the difference between
coal and rapidly pyrolysed char, show that it amounts to 12 -
14 mJ/kg for coals in the approximate volatile matter range
20-40 % w (db). This is a small ( 50 %) proportion of the
energy release needed to raise all combustion air to realistic
flame temperatures in p.f. boiler suggesting that char parti-
cle combustion 1is important in early flame development, i.e.
on a timescale comparable with burner mixing times.

R.H. Essenhigh

The contribution of the char in the so-called "primary
flame ball" has clearly been underestimated in the past. The
value you gave verbally for the flame temperature with no char
combustion of about 800°C makes the point even more clearly.
Smoot's flame temperatures (for his type I flames) generally
did not exceed 1000°C, which 1is why there was little char
combustion, and only the volatiles were burning. Goldberg
temperatures at a whole-coal equivalence ratio of 1.5 were as
high as 1410°C, but the air quantity was substantially
reduced.

At 10% excess air his flame temperature dropped to about
1000°C, and this was only achieved with up to 20% or 25% of
the char also burning.

This makes flame stability appreciably dependent on the
char combustion efficiency in the "flame ball". This was in-
vestigated by Waibel and myself and reported in a 1970 paper
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at one of the periodic Penn State Coal Conferences. The
results were summarised in ch. 3 in the book on Coal Proces-
sing Technology, edited by Wen and Lee, published by Addison-
Wesley in 1979. Those tentative results showed that flames for
many conditions would extinguish with only a small drop in
char combustion efficiency.

I.W. Smith

In order to correlate e.g. tar yields with coal proper-
ties (C, H/C, etc...) it may well be possible to measure
yields at equilibrium for successive well specified reaction
conditions. How far do we have to go to allow for various
heating rate, final temperature, system fluid dynamics, etc. ?

E.M. Suuberg

We agree that the smaller the range of conditions for
which such ccrrelations are to be performed, the better will
be the correlations. For example, to eliminate from considera-
tion particle size, pressure, and vapor phase secondary
reactions will eliminate all these difficult to quantify
variables. Nevertheless note that most data shown in table 3
are for heated grids operated at comparable heating rates and
temperatures. Even with this limited subset of data, no simple
correlations are yet apparent.
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HETEROGENEOUS COMBUSTION OF RESIDUAL COKE PARTICLE

G. PRADO, D. FROELICH and J. LAHAYE

LABORATOIRE ENERGETIQUE ET COMBUSTION
ECOLE NATIONALE SUPERIEURE DE CHIMIE DE MULHOUSE
3 RUE A. WERNER 68093 MULHOUSE CEDEX (FRANCE)

and

CENTRE DE RECHERCHES SUR LA PHYSICO-CHIMIE DES SURFACES SOLIDES
24 AVENUE DU PRESIDENT KENNEDY 68200 MULHOUSE (FRANCE)

The combustion of pulverized coal involves two major steps : (1) The
devolatilization, occuring during the initial heating, (2) the subsequent
combustion of the porous, solid residue resulting from the first step
(char). These two steps are strongly inter-dependent and, for some condi-
tions, might occur simultaneously, also, char combustion is generally much
slower (by a factor of about 10) than particle devolatilization.

Modelling of "the heterogeneous char combustion requires the coupling
of chemical reactivity and mass transfer, and is complicated, as outlined
by SMOOT and SMITH (1) by many factors

- Coal structural variations,

- Diffusion of reactants,

- Reaction by various reactants (0,, H,0, CO,, H,),
- Particle size effects,

- Pore diffusion,

- Char mineral content,

- Changes in surface area,

- Fracturing of the char,

- Variations with temperature and pressure,

- Moisture content of the raw coal.

Some of these factors have been taken into account in experimental
work, and several reviews (1-15) summarize the results, with in common the
theoretical approach of reactivity and mass transfer. outlined below.

1 - Theoretical calculation of burning rates

It is now established that pulverized coal combustion is controlled by
chemical kinetics at low temperature, oxygen pore diffusion at moderate
temperature, and oxygen bulk surface diffusion at high temperature. The
extent of each of these three zones depends on the nature and size of coal
particles.

Zone I : (T = 600°C)

In this zone, chemical reactions are slow enough to have negligible
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effects on oxygen transport inside pores. Oxygen concentration profile is
constant at the surface and inside the char particle (Fig. la), whichburns
internally, at constant diameter.

Zone II : (T = 600 - 800°C)

Chemical reactions are fast enough to affect oxygen concentration.
Oxygen pore diffusion is the limiting factor, and its concentration de-
creases to zero at the center of the particle (Fig. 1lb),which burns inter-
nally and externally.

Zone IIT : (T > 800°C)

Chemical reactions are so fast that oxygen is entirely at the outer
surface of the particle (Fig. 1lc). Oxygen diffusion in the boundary layer
controls the burning rate. The particle burnsat constant density, with no
effectof chemical reactivity and porosity.

C°2

[}

Figure 1 : Oxygen concentration profiles in
the vicinity and inside the particle
for the three regimes

The modelling of burning rates necessitates the computation of char
reactivity and of oxygen diffusion.

1.1 Char reactivity
The intrinsic reaction rate, R, at the internal surface of a porous
solid, may be written as m
R=kc kg/m’.s
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with R : intrinsic reaction rate kg/m?.s
rate constant kg/m .s . (kg/m?®) "
¢ : local oxygen concentration kg/m?
m : true order of reaction

For char surface, it is usual to consider active sites, related to

the intrinsic reactivity
m
R = kt [s]mC C

-m -1
) s

with : k, : intrinsic rate constant (kg/m?
-2
[s]: active sites concentration m
mc carbon atom mass (kg)
Very often, the intrinsic reactivity is reported relative to the
external surface reactivity RS

R = kc"
S S

CS ¢ oxygen concentration on particle outer surface

and a global reactivity Rm is defined, expressed as a rate of mass loss per
unit mass of the particle

Rm = n Ag RS kg/kg.s
with Ag : specific surface of the sample, m?/kg
n : effectiveness factor

n is the ratio of the actual combustion rate to the rate in the absen-
ce of pore diffusion resistance existed. It corresponds to the fraction of
specific surface involved in the reaction, assuming the local intrinsic
reactivity equal to Rs'

For zone I : n = 1

zone II : A /A <n< 1
€ g

zone III: n = A /A <<1
e g
. . _ m
with R, = m ky [s] Cq
m
R = Ag [s] m_ kg Cg

R is proportional to the active surface Ag[S].

Often, Rm is plotted against oxygen concentration on particle outer
surface

R = k_c"
m s s

with : ks : apparent rate constant (kg/m3)_n kg/kg.s
n : apparent order of reaction

The apparent and intrinsic rate constants are usually written as
Arrhenius expressions
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k = A exp (-E_/RT)
s a a
kt = At exp (—Et/RT)
Ea : apparent activation energy (kJ/mole)
Et :  true activation energy (kJ/mole)
Aa : apparent pre-exponential factor (kg/ma)_m kg/m?.s
A i true pre-exponential factor(kg/m®) " s !

Finally the global reactivity per unit mass Rm is easily converted
in global reactivity per unit of external surface R X

ext
— 2
Roet = Y 9 R (kg/m %s)
with Y : characteristic size of particle (ratio of volume to
external surface). (m).
o : particle density (kg/m?).

a

1.2 Oxygen Diffusion :

The oxygen diffusion to the outer surface is described by the FICK

law :
J = h_ (C_-2C))
s D o s
with Js : oxygen mass flux at the outer surface (kg/m?.s)
hD oxygen diffusion mass transfer coefficient (m/s)
o oxygen concentration in bulk gas (kg/m?)

The oxygen diffusion mass transfer coefficient h_ can be computed

from SHERWOOD's number Sh for a sphere : D
h_ d 1 Y
Sh = g - 24+0,6 Re”* sc/?
a
with Re : Reynold's number
c Schmidt's number
particle size (m)
Da bulk gas diffusion coefficient (m?/s)

For small particles, the slipping velocity is usually very small,
and the particle can be considered as stationary relative to the gas.

Consequently : D

a
Re = O and hD = 2 3
From mass balance consideration, the oxygen flux to the surface must
be equal to the oxygen leaving the surface and contained in COorCQmolecules.
This provides a relation between the oxygen flux the global reactivity

D
a
Y g Rm =72 3 (CO - CS)
with A : stichiometric factor
_ v
A = Mc/(Mg' g)

Mc/Mg @ atomic mass ratio of C and reactant
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vg = 1 and A = 3/4 for C+ %0, —> CO
vg = 2 and A = 3/8 for C + 0, > CO.
For a spherical particle,y = d/6 and :
12 ndg
Ba = Oadz (Co - cs)

1.3 Discussion :

a) The dependence of Da with temperature T and pressure P is writ-

t :
- D, (T, P) = D, (Ty, P,) ( f,i{o) 7/4 (—gﬂ)
Replacing mass concentration c, by molaﬁdf;action X
€ =% = ;% (Xo = Xg)
Mg : Molar mass of gas
One obtains 3/ _,
R oafT v d

It follows that small particles will be controlled by chemical kinetics
ina wider temperature range than large particles. At a given temperature,
small particles might burn in the 2zone II regime, while large particles
burn in the zone III regime.

b) In zone III, Cs= o, and the maximum combustion rate is
12 A D§
Rm,D - Ua d Co
As long as Rm < Rm D chemical kinetics control partially the
combustion rate. ’

c) 1In zone III, it is easy to compute the burn-out time t of a parti-
cle, in the pure diffusion regime

R . L dm
m,D m dt
p
with m = X o a?
P 6 a
mp : particle mass
The integration gives
2 _ g _ B8ADyCt
d,” - d = 5
a
and the particle burn-outtime (d = 0) is :
o
t = —2— g2
gap c, °©°

Experimentally this expression is val?d for 4, < 200 um.

d) Very often, the reaction order is assumed to be 1 . In that case
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with : Ky o ° chemical rate constant relative to oxygen concentra-
’ tion C
o
ke s : chemical rate constant rapported to oxygen concentra-
’ tion C
s
kp : diffusion rate constant
one obtains Kk
C = D c
s k_ + k o
D e,s
and 1/k = 1/k + 1/k
e,o0 e,s D

This is a well known relation, indicating the dependence of carbon burn-out
with chemical kinetics and diffusion. Diffusion is controlling the process
for small values of kD/ke

’

3
From above : kD a T 4 /Pd

a exp (-E/RT
ke,s p ( y )
kp / kg g © T '* exp (E/RT) / Pd
’

Diffusion regime is favoured by high temperature, high pressure and
large particles.

For example, at atmospheric pressure, T = 1773 K, the regime is
purely diffusional for particles > 100 um, and purely kinetically controlled
for particles < 1 um (6).

e) The diffusion of oxygen through the pores,assumed to be cylindrical
and of constant diameter has been computed using THIELE modulus (7).
Details are available in ref. 2 and 4. With these assumptions, it is
possible to show that the global reactivity per unit of mass Rm is

- in zone I, independent of do’ and consequently Re is proportional

to d . xt
o

- in 2zone II, R_is inversely proportional to d_ , and consequently
Rex is independent of d . For the expression R = % C; the apparent
réaction order n is relatéd to the true reaction m by n= (m + 1) / 2 and

the apparent activation energy is

1.4 Conclusion :

Three regimes corresponding to three zones govern the particle com-
bustion (Fig. 2).
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III II‘ I
-1
R di
Bege @ 9P Rexe & 9 ext P
E. -0 n= (m+1)/2 n=smn
a
o, = const. Ea. = E/2 E‘ =E

I
I
1
l
I
1
!
!
|
!
I
I
!
]
!
I
I
|
1
!
!
!

o‘ and dp vary dp = const.

Log (rcaction rate)

bulk pore reaction
surface diffusion contxol
diffusion

1/Tp (particle temperature)

Figure 2 : Rate controlling regimes for heterogeneous
char oxidation.
(figure used with permission from Smith, 1979)

There is no diffusion limit, internally or externally. The effec-
tiveness factor n = 1, and the apparent activation energy is equal to the
true activation energy. The apparent reaction order is also equal to the
true reaction order. The particle burns internally, at constant diameter,
with a global reactivity computed per unit of external surface (R )

. c s . ext
proportional to the initial diameter do'

Zone II

There is some diffusion resistance through the pores, but not through
the external boundary layer. The effectiveness factor is between Ag/
and 1. The apparent activation energy is half of the true activation
energy, and the apparent reaction order n is related to the true reaction
order m by n = (m + 1) / 2. The particle burns internally and externally,
with decreasing diameter and density, and the global reactivity R is
. . ext
independent of diameter.

Zone III

The reaction rate is only limited by oxygen diffusion in the external
boundary layer. The apparent activation energy is close to O, and the
apparent reaction order is 1. The effectiveness factor is equal to Ae/Ag,
i.e. very small. The particle burns' at constant density, and the global

reactivity Rext is inversely proportional to the diameter.
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2 - Experimental results

In the last 20 years, many authors have studied carbonaceous material
combustion in a variety of equipmentsand conditions, including : drop.tube
furnace, thermobalance, choc tube, flat flames of gas...

The three =zones of combustion have been experimentally observed
(8-11), and previous hypothesis validated.

Most of the results are summarized in the review of SMITH (4) who
plotted the reaction rate per unit of external surface (R ) and the
intrinsic reaction rate (R,), against temperature in Arrhenius form, for
coke, chars, and various carbons. The curves of SMITH are reported on Fig.3
and 4. Details on coal types and conditions are available in ref. (4)
and (12).

2

Rt B /cm“s

0.001

1 1 L 1 1

4 S 6 7 93 10

10%/1_ k"
Figure 3 : Burning rates of coke and chars. (see Table 1 for key).
(Figure used with permission from Smith, 1982)
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Figure 4 : Intrinsic reactivity of several porous carbonaceous solids in oxygen
(at an oxygen pressure of 0.1 mPa (1 atm)). (Figure used with permis-
sion from Smith, 1982). (See ref. 4 for key).
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In summary, it is apparent that values of R differ for different
types of coal by a factor of up to 100. Appareﬁ% activation energy and
apparent order of reaction differ also widely. (Table 1).

Table 1

Data for coal chars in Fig. 3

ILin [Preexponential] Activation | Apparent | Particle
© Parent coal | factor nI energy |  order of | size
ro- |(gfom?s (atm) )| (kcal/mol) | reaction | (1m) |
I Petroleum coke I 7.0 I 19.7 I 0.5 I 18,77,85,88

2 East Hetton, swelling | | |
bitumi 1, K I 635.8 34.0 1.0 | 72

3 Brodsworth, swelling I I
bituminous coal, UK | 111.3 24.1 1.0 | 31

4 Anthracites and semi— | |
anthracites, UK and | 20.4 19.0 1.0 787’2451’222
western Europe | ’

5 Millmerran, non-swelling I I
sub-bituminous coal, I 15.6 17.5 0.5 85 |
Australia |

6 Yallourn brown coal, |
Australia | 9.3 16.2 0.5 89.49

: I

7 Ferrymoor, non-swelling
bituminous coal, UK } 70.3 21.5 1.0 | 34

8 Whitwick, non-swelling |

. 7.7 . 7
bituminous coal, UK | 50.4 | ! | 1.0 2 |
) - I | I

9 Pittsburgh seam, swelling
. . .17

| bituminous coal, USA I 4187.0 |I 34.0 0.1 16
| 10 Illinois No. 6, swelling | | | | |

| bi-buminous 1, USA ! 6337.0 | 34.1 0.17 13

| I I

Rext combines the separate effects of the intrinsic reactivity of
the carbon and the extent and accessibility of the internal pore surface
of the char. It is therefore very important to derive intrinsic rate
expressions (Fig.4). This eliminates effects of different pore sizes and
surface areas. However the dispersion of experimental points illustrates
the wide range of reactivity, leading SMITH to conclude that, pragmatically,
there is a need to determine Rg,t for engineering purposes, for each char
considered at relevant temperature and oxygen concentrations, and for a
range of particle sizes for a given char.

Also, there is still a strong need to gain unifying understanding
of carbon reactivity.

To meet these two objectives, it is necessary to design new experi-
mental techniques allowing to separate as clearly as possible the different
parameters involved : temperature, heating rate, oxidant concentration,
properties of the char... This implies to measure combustion rate on
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isolated particles, in a well controlled environment.

2.1 Measurement of combustion rate on isolated particles

Several laboratories have recently designed experiments allowing the
measurement of combustion rates of isolated particles.

TIMOTEY (13) measured temperature evolution of the coal particle
surface during combustion in adrop tube furnace, and proposed a model of
particle gasification.

MITCHELL (14-15) derived the combustion rate of a particle in a
flame from measurement of particle temperature during a short time, and
proposed a new technique applicable to a drop tube furnace (16).

FROELICH (17) and EYNAUD (18) designed a reactor allowing the con-
tinuous observation of a single coal particle burning in.a controlled envi-
ronment. To illustrate the capabilities of this technique,adescription
of the reactor follows.

2.2 Drop tube furnace for the combustion of single particle

A schematic of the equipment is on Fig. 5. Coal particles are placed
in a rotating disc, and fall individually in the furnace, in a controlled
quasi-stagnant atmosphere. For each particle, the following parameters
are measured

- ignition delay,
- volatile matter combustion time,
- char combustion time and temperature.

Fig. 6 illustrates the measured emittance of the burning particle
at twowavelengths and the corresponding temperature, computed from PLANCK
law, with a grey body assumption. This assumption is probably valid for
char combustion but not for volatile matter flame. A third wavelenght has
been added recently to check this hypothesis, and derives more precise
informations.

Detailed heat transfer balance, taking into account the radiative
and convective flux to the particle, allows the determination of the heat
flux due to the chemical reaction

C+ %0, —> CO
at the surface of the particle.

From this chemical heat flux, the reactivity Rgyt and the mass loss
are computed (Fig. 7). These results are for a bituminous coal (FREYMING
type), diameter 80-100 im. The average value of Ryt is 8 x 10°2 kg/m?.s,
at a temperature of 1750 K. On the Arrhenius plot of Fig. 4, this corres-
ponds to < = 5,7 and R = 8 x 10 ~° g/cm?.s, in excellent agreement
with the Arrhenius line drawn.
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Coal being a very heterogenous material, it is important to study
a large number of particles for a given sample. Fig. 8 illustrates the wide
dispersion of measured reactivity. This figure corresponds to the combustion
of a bituminous coal 100-120 um, Freyming type, for a furnace temperature
of 1400 K to 1700 K, burning in air. Approximately 100 particles were
measured at each furnace temperature. It appears that for a given particle
temperature, Rgoyt lies within a factor of 10. This might be due to experi-
mental uncertainties, but probably also reflects the maceral composition
of the coal, and the variation of specific surface according to the consi-
dered maceral.

The least square line drawn on Fig. 8 corresponds to :

55771

R = 2,43 exp (- T

2
oxt ) kg/m?.s

The apparent activation energy is 48.0 kJ/mole, which would cor-
respond to a combustion in 2zone II, and a true activation energy of

96.0 kJ/mole, in good agreement with other results on bituminous coals.

3 - Other important considerations for char reactivity

3.1. We have considered so far only reactivity of char relative to
oxygen. In industrial applications, char burns in a mixture 0, -CO, -H,0-CO-
H,-N,. Very few studies of char reactivity in this type of environment have
been published yet (19-20). In a recent study related to blast furnace
tuyere applications, we have prepared, in a drop tube furnace, coal-char
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particles at different temperatures, for a heating rate of approximately
10° K/s, under N, or N,/0, atmospheres. These chars have been submitted to
gasification in a C0,/CO/N, atmosphere, heated up to 1500°C at 10°C/mn in

a Mettler thermobalance. The CO, reactivity tests were conducted by

C. OFFROY and J.L ROTH, at I.R.S.I.D., Maiziéres-les-Metz (France). The

observed mass losses for a South African low volatile coal are reported

in figure 9. A strong increase of reactivity of the char in this CO,atmos-

phere is observed with increasing devolatilization temperature. The same

experiment with a bituminous coal results in smaller difference of reacti-

vity. In all cases, the reference coke particles are much less reactive

than the coal-char particles. This is coherent with results of WELL (19),

and further data are needed.

3.2. Many authors have stressed the importance of extent of internal
surface to correlate reactivities, specially at moderate temperature.
Another phenomenon recently observed in the drop tube furnace at Mulhouse
and at M.I.T., should be taken into account. High speed cinematography
of particles burning in pure oxygen indicates clearly that some particles
explode in several fragments during devolatilization (18). The conditions
(mainly heating rate and temperature) of this phenomenon have to be cla-
rified, the practical implications being important.

3.3. Finally, the possible swelling or shrinkingof the particle during
devolatilization has to be taken into account in the model of char reacti-
vity. We have systematically measured the particle size distribution of the
coal before and after devolatilization, under nitrogenor air, for tempera-
tures ranging from 1100K to 1700K. For all conditions, the size distribution
remains constant, indicating that no swelling occurs,although the swelling
index of this coal in standard test is 3 - 5.

WEIGHT LOSS
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s r

25 |-
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Conclusion :

The concluding remarks made by SMITH, at the 18EE Symposium of com-
bustion, four years ago, are certainly pertinent to open the discussion
at this workshop. In summary

- Where required for engineering purposes, it is necessary to deter-
mine the Rgyxt for chars made from coals under conditions appropriate to the
type of combustion system of interest. The response of Rgyt to temperature,
oxygen concentration and particle size needs to be knownfor each type
of char.

- There is a strong need to gain a unifying understanding of carbon
reactivity, and to clarify why the intrinsic reactivity Ri,varies so widely
for different carbons.

- The roles of impureties and the atomic structures of carbons need
further investigations.

- To satisfy these needs, new experiments are required, to give
information on particle temperature and velocity, coupled with accurate
measurements of combustion rates in atmospheres and heating environments
appropriate to the combustors considered.

The new generation of drop tube furnace experiments on single par-
ticles, coupled with modern diagnostics techniques, should bring some
answers to these questions. ’
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NOMENCLATURE

Aa apparent pre-exponential factor((kg/ma)—m kg/m?s)

Ae external (geometrical) area(m?/kg)

Ag specific pore surface area(m?/kg)

At : true pre-exponential factor ((kg/ms)—ms_l)

C local oxygen concentration at the vicinity of the surface (kg/m?
0<CK< Cs

Co oxygen concentration in bulk gas (kg/m?)

CS oxygen concentration on particle outer surface(kg/m?)

d sphere diameter (m)

Da bulk gas diffusion coefficient (m?/s)

Ea apparent activation energy (kJ/mole)

Et true activation energy (kJ/mole)

hD oxygen diffusion mass transfer coefficient (m/s)

JS : oxygen mass flux at the outer surface (kg/m?s)

k : rate constant((kg/m*)™™  x kg/m?s)

ke,o chemical rate constant rapported to oxygen concentration Co (m/s)

ke,s chemical rate constant rapported to oxygen concentration Cs (m/s)

k apparent rate constant((kg/m’)—m kg/m?s )



236

kt intrinsic rate constant ((kg/m®) " s7!)
kD : diffusion rate constant (m/s)
m : true order of reaction
m. carbon atom mass (kg)
mp particle mass (kg)
n : apparent order of reaction
P : pressure (Pa)
R : reaction rate (kg/m’s)
Re : Reynold's number
ext global reactivity per unit of external surface (kg/m’s)
- : global reactivity per unit of mass (kg/kg s)
Rm,d : maximum global reactivity per unit of mass (kg/kg s)
[s] : active sites concentration(m 2)
Sc : Schmidt's number
Sh : Sherwood's number
: particle burn-out time (s)
T : temperature (XK)
X : molar fraction
n effectiveness factor
Y characteristic size of particle (ratio of volume to external
surface) (m)
o : particle density
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DISCUSSION
E. Suuberg

In between the volatiles flame and the char ignition, both
of which are obviously high emission periods, it is possible
that you have a non luminous Hpflame around the particle,
which shields the surface from 0Oy, which is why the char does
not begin to burn immediately.

G. Prado

It is certainly a possibility, but we have no experimental
evidence of it.

P.R. Solomaon

You showed the intensity of radiation going to zero between
the wvolatile ignition and the char ignition. How general is
this phenomenon ?

G. Prado

This phenomenon is dominant at temperature above 1500 K.
Its occurence decreases with temperature. At 1100 K, it beco-
mes a rare event.

E. Saatdjian

During devolatilization, a soot cloud forms around the
particle. VYour temperature (measured) curves exhibit 2 peaks.
Should the initial part of the curve be corrected ? and how ?
Higher or lower ? What do you suggest ? ’

f. Prado

As soot emission is dominating during devolatilization, the
grey body asumption is no longer valid. A 1/T dependance of
the emissivity may be assumed, resulting in a significant
decrease of the computed temperature. We are presently
developing a three wavelength pyrometer to experimentally
clarify this point.

P.J. Jackson

We have regularly measured CO concentration at 10 m - 15 m
downstream of burner in large pulverized coal flames. We ob-
served high CO concentration in char burn-out region. COy
develops later e.g. 20-25 m downstream.

D.R. Hardesty

1) Comment : Our work at Sandia and the works of Seeker et
al at EER have shown that particle bursting, jetting or rapid
spinning (1 re/msec) are relatively rare phenomena. These
studies were done at oxygen concentrations of 3 to 10 %, with
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a range of coals (from lignites to bituminous coals), for
particles less than 150 m at gas temperatures less than 1700 K
We certainly do occasionally see such events; recently,
experiments with a Canadian subbituminous <coal (20% ASTR
volatile content) at Sandia by Mitchell have shown a higher
incidence of (presumably) particle fracturing during devolati-

lization. We suspect that such phenomena during devolatiliza-
tion at very hight oxygen concentrations (hence, high particle
temperature and event high heating rates) 1is somewhat

pathological in nature.

2) Several questions on the optical technique

a) I am suspicious of your measurements which show tempera-
tures only a 1000 K higher than Tgas. I am concerned that with
such "hot-walled" drop tube reactions, your —collected
radiation is dominated by wall-emitted (and particle scattered
or reflected) radiation. Have you estimated the error due to
such factors ?

b) What can you say about particle emissivity as a func-
tion of particle burnout ? We (and others) have extensive SEM
micrographies which clearly show the accumulation, growth and
coalescence of mineral matter particles on the char surface
during burnout. With increasing burnout the surface becomes
literally covered with such material.

How does the grey-body assumption hold-up with burnout?

c) How do you discriminate against radiations from the coa-

lesced, soot-like structures which invariably form (presuma-
bly) due to cracking and condensation of heavy tars in the
vapor phase following pyrolysis or devolatilization of

bituminous coals. We and Seeker have observed that these
structures oxidize during the same period during which the
char is consumed.

G. Prado

1) We found that for the bituminous coal studied (Freyming)
particle explosions is a very frequent event in pure oxygen
above 1100 K, and a rare event in air for the same conditions.
Clearly, more experiments are needed.

2) (a) The equipment has been very carefully designed to
eliminate interferences of theses radiations from the furnace,
so only the scattered and/or reflected radiations interfere
with our measurements. These interferences increase with wall
temperature. At 1200 K, the error is estimated to be 40 K,
and increases at 100 K around 1500 K. This limits the opera-
ting conditions, mainly for lower oxygen concentration opera-
tions.

b) We do not observe any peculiar trend in computed tempe-
rature during char burnout, which could be due to the non-
validity of the grey body assumption. However, we are develo-
ping a three wavelength pyrometer to check this hypothesis.
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c) With the rotating disc technique, we have extremely
dilute coal particle concentration, and the soot separates
well spatially with the char. Furthermore, from fast movie
experiments, we have no evidence of soot burnout during char
combustion in our reactor. We do not believe that soot and
char combustion interfere significantly for our conditions.

T.F. Wall

Your result indicate a range of reactivity for chars from a
single coal. The final burn-out of interest in practical
systems will be determined by the least reactive material.
Would you comment on the possible analysis of your data in
terms of a normal distribution of (say) the pre-exponential
constant with a fixed activation energy for the reactivity
equation.

G. Prado

We have not modeled yet our results in terms of a gaussian
distribution of kinetic parameters, but we certainly retain
the suggestion for the near future.

J.B. Howard

It would be of interest to perform the measurement of the
different types of ignition at smaller particle sizes than
those used in your work so far. One would predict the hetero-
geneous ignition to become more prevalent as particle size
decreases, and the suggested experiments would allow this
prediction to be tested. Could you go down to say, 25 or 30 um
with your equipment ?

G. Prado

With the rotating disc technique, we are limited to parti-
cle larger than 100 pym. We can use a fluidized bed technique
for smaller particles, but with no control of the exact number
of particles introduced. This does not prevent some statistics
to be made on the different types of ignition, with a reduced
precisions. We will try to test the hypothesis in future ex-
periments.

G. de Soete

1) You reminded us that the coke oxidation may be chemical-
ly controlled, or diffusion controlled (pore diffusivity, bulk
diffusivity), which leads to these three "zones". It should he
added that, on top of that,  principly in each of these
"zones", the reaction can be either desorption controlled or
adsorption controlled. Since the apparent reaction order (a)
with respect to (0,) concentration gives interesting infor-
mation on the type“of control (a=0 for chemical desorption
control; a=1 for chemical adsorption control; a=0,5 for dif-
fusional desorption control, etc...), this apparent order
should always be determined in a kinetic study.
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2) Even above 1000°C, dual site desorption yielding CO, may
occur when the covered sites fraction is close to unity Tthus
in desorption control —case); another case where the desorp-
tion rate of CO, may be important, is the case of catalytical-
ly assisted o%idation, as may occur if the ash content is
important.

R.H. Essenhigh

1) Past literature on swelling shows that it appears to be
suppressed partially or completely by high heating rates, with
a best estimate a few years ago of about 10 % swelling or
less. This is consistent with your results of zero swelling.

2) It is always condescending to congratulate very compe-
tent workers for very competent work but it is particularly
pleasing to see the recognition of the importance of large
number measurements for proper statistical accuracy.

3) The choice of rate equation can sometimes have a signi-
cant influence on predicted combustion efficiency in final
burn-out, particularly if the temperature is falling sharply.
It may be that in testing different models, they can be most
sensitive to the final burn-out stages.

4) Do you know the activation energy of the plot you gave?
With the precision of measurement you are arriving at, and I
hope you will achieve, it should justify the use of a better
equation than the semi-empirical "nth" order rate equation. Do
you plan to use a more complete rate equation in the future ?

G. Prado

The true activation energy for this plot is about 100 kJ/
mole. Thanks for your comments, which should help us to impro-
ve our analysis of burning rates.

J.H. Pohl
Kobayashi, Sarofim, and I observed both swelling and non-
swelling behaviour for seam = 8; The swelling behavior depen-

ded on temperature and heating rate (there could not be sepa-
rated). The coal swelled at lower temperature, but not at and
above a —calculated temperature of 1150 K. In response to
Professor Essenhigh, measurements routinely made for a wide
variety of coals at EER in a pulverized coal flame show 99.9
percent removal of hydrogen within 0.5 seconds. Do you think
the observed volatile flame is burning soot.

G. Prado

The yellow, intense emission of the volatile flame evidence
in color movies suggest strongly that the volatile flame
contains burning soot.
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P.R. Solomon

I would like to comment further on the question of swelling
and its dependence on heating rate. We find results similar to
those reported by Pohl and Sarofin. That is, for swelling
coals, the amount of swelling can be observed to go through a
maximum as a function of increasing heating rate. These
results are in inert atmospheres and dont require a flame. We
followed up these observations by examing the chars in a
scanning electron microscope.

For maximum swelling the char consists of smooth cenosphe-
res without blow holes. At higher heating rates (achieved
using helium transfer gas), the cenospheres are smaller and
have one or two blow holes. At even higher heating rates, the
char particles consist of even smaller particles consisting of
many bubble cells with a blow hole in each cell.

K.H. Van Heek

1) Is the fact, that you find no swelling possibly due to
the maceral composition of your coal, as inertinite does not
swell and some particle shrinking can compensate the swelling
of vitrinite particles ?

2) You showed an increasing reactivity (CO,) of the chars
with increasing temperature of preparation. However, the main
factor must be the higher rate of heating at higher final
temperature as normally temperature treatment reduces reacti-
vity even at relatively short residence times (some secs).

G. Prado

1) As the entire size distribution of the particle, and not
only the average values, remain constant during heat up, we do
not believe in the possibility of compensating effects.

2) We totally agree with your comment.
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POLLUTANT FORMATION AND DESTRUCTION
A.F. SAROFIM
Department of Chemical Engineering

MASSACHUSETTS INSTITUTE OF TECHNOLOGY
CAMBRIDGE, MA 02139
(U.S.A.)

1. INTRODUCTION

One of the principal deterrents to the increased use of coal is the
concern with noxious combustion-generated emissions. The pollutants of
greatest concern have changed over the centuries (Table 1) and can be seen
to be related to either the combustion process itself, for example
polycyclic aromatic hydrocarbons, soot, and the oxidation of atmospheric
nitrogen, or to contaminants in coal such as mineral constituents, sulfur,
and organically bound nitrogen. In this presentation, an overview will be
presented of the mechanisms governing the formation and, sometimes
destruction, of the different pollutants,

TABLE 1. Coal Consumption: Past, Present, and Future Environmental Issues

Century Dominant Problem Effect
12th Smoke (Soot and PCAH) Inconvenience
Ash + SOx Impairment of respiratory function
Acid Rain (SOx, NOx) Damage to aquatic life, vegetation, and
i main-made objects
21st Greenhouse Effect Climatic

(C0,, N,0)

Although the broad coverage of all emissions has the disadvantage of a
superficial coverage on each, it has the merit of showing the
interdependence of the processes governing the formation -of different
pollutants and the potential danger of reducing the emission of one
pollutant at the expense of increased emission of another. The sequence
of presentation will first cover the mechanisms of formation followed by a
discussion of their interdependence.

2. POLYCYCLIC AROMATIC HYDROCARBONS AND SOOT

Polycyclic aromatic hydrocarbons (PAH) and soot are the pollutants
generated by coal that were of major concern in the early days of coal
burning. The emission of both are very strongly dependent on combustion
conditions. They are produced in high yields by the small poorly designed
combustors that were originally used for coal, typically consisting of
grates supporting the burning and pyrolysing coal lumps placed under the
surface of the charge being heated. The pyrolysis products emerging from
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the grate were rapidly quenched and carried into the ambient environment.
The emissions of PAH and soot from modern large scale pulverized coal
fired boiler,by contrast, are found to be low. Interest in the PAH is
mainly for purposes of evaluating the emission associated with coal use
relative to that of other sources such as diesel engines and wood stoves
and in determining its role as a precursor to soot. The interest in soot
in coal combustors is increasingly because of the dominant role it plays
in determining the radiative flux from the flame zone. This section will
provide a short summary of the effects of coal type and operating
conditions on the concentration and composition of PAH and soot.

A schematic of the processes governing the emission of soot and PAH is
provided in Fig. 1. The coal, on heating, releases volatiles including
PAH, Secondary pyrolysis of the lighter volatiles provides an alternative
route to PAH, The products of pyrolysis may undergo further decomposition
under fuel-rich conditions to give compounds with larger ring structures
and ultimately soot. On mixing with air at high temperature they will be
oxidized.

CHAR AND VOL ATILE

ENFRGY FEEDDACK FROM
COMBUSITION

PAH
-
[\
\‘)’\x\“‘ 5001
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FIGURE 1. Schematic of processes governing the emission of PAH and soot®

The primary products of pyrolysis will have compositions that will be
closely related to that of the parent coal®. The PAH from coal can be
distinguished from that produced by pyrosynthesis reactions from lower
hydrocarbons by the presence of a higher degree of alkyl side—chain
substitution and heteroatoms such as S and N®, The yield of the PAH is a
strong function of coal rank, increasing with rank from low values for low
rank coals such as lignites, passing through a maximum for high-volatile
bituminous coals, and decreasing to low values for anthracites®. This
trend is shown in Fig. 2, in which are provided the PAH yields obtained on
the pyrolysis of coals for a residence time of about 0.3 seconds at
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temperatures of 900 to 1700 K. In the order of increasing carbon content
the five coals studied were a Montana 1lignite, a Montana Rosebud
subbituminous coal, a Pittsburgh hvA bituminous coal (PSOC 997), a
Pocahontas #3(PSOC 130), and a Primrose anthracite (PSOC 869).
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FIGURE 2. PAH yield during the pyrolysis of coals of different rank (%
carbon gontent) at temperatures of 900 to 1700 K (Residence time
= 0.35)°.

The pyrolysis products generated by coal will wundergo further
decomposition in the absence of oxygen. Detailed study of the
transformation products show a steady decline in the total concentration
of PAH, with the side—chain substituted compounds decreasing at a faster
rate than the non—-substituted compounds, and with an increase in the
relative amounts of the higher ring compounds. The increase in soot yield
at the expense of the PAH yield is evident in Fig. 3. From Fig. 3 it is
apparent that the sum of the soot and PAH yields are approximately
constant so that the ultimate soot yields at high temperatures will show
the same dependence on coal type as that shown in Fig. 2 for PAH’’*, The
decrease in alkyl substitution with increasing secondary pyrolysis6 is
shown in Fig. 4, and is of importance in determining the mutagenicity of
the PAH®,

In practice the soot and PAH concentrations will be determined by a
balance between the rates of formation and oxidation. Studies of the
oxidation of coal particles dispersed in laminar oxidant streams show the
formation of a luminous spherical flame around individual coal
particles1—9. From the magnitude of the intensity of the radiation
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estimates of the maximum soot yields of up to five percent of the coal

weight have been obtained’. When the oxygen concentration falls below a
257 : -
FIGURE 3.
00T D CONDENSED ASH Effect of pyrolysis
20k e bt J temperature on the
7 .
P yields of tar and soot
/ . .
/ for a high-volatile
+ . .
_" bituminous coal (t =
st ] - 0.35)*,
]
E |
s 1
" |
g 10 4
i
+
Sk 4
™™
L 1 1
?200 1500 1800 2100 2400
TEMPERATURE  (K)
Q
<
o
T 6 T T
3
2
b=
i
2 s =
2
é substituted PAC
=]
s 4af e
b=
@
b
2
a3 B
o
"
o
2
(02}
v 2f .
o unsubstituted PAC
®
o
(=] 1 .
2
(=4
[
o
(5
e o ] ! ]
4 1100 1200 1300 1400 1500
2 Pyrolysis Temperature (K)
FIGURE 4. Effect of pyrolysis temperature on the yields of alkyl

substituted and unsubstituted PAE® .



249

critical value, the rate of oxidation cannot keep up with that of burnout,
and the soot forms a contrail several micrometers in diameter and tens of
micrometers long7". In such laminar flames, the rate of soot oxidation
is expected to be described by the Nagle Strickland-Constable relations
under fuel-lean conditions and by OH radical attack under fuel rich
conditions*®. For turbulent flames the rates of PAH and soot oxidation
have been found to be controlled by the rate of mixing of the fuel-rich
eddies containing the soot and the oxygen—-rich ambient gasesll. Analyses
based on the turbulent mixing model of Magnussen have been found to
adequately correlate the rate of decay of soot concentrations in turbulent
flames**’ %%,

The size of soot particles in flames are generally found to follow the
predictions of coagulation theory, with the major source of uncertainty
being the present lack of understanding of when the particles will stop
growing individually and form aggregatesls‘l‘. The mean particle size for
spherical particles can be related to soot volume fraction fv and
residence time by

ad= (/)13 £,0)2/5 (1)

theory
where ktheor is the rate coefficient for collisionIEetween particles with
allowance for a self-preserving size distribution” . Similar relations
have been found to apply to the soot produced by coal in a laminar flow
pyrolysis experiment, in which the growth of the particles was by both
surface growth and coagulationls.

In summary, the concentrations of soot and PAH are determined by the
difference between the processes governing their formation——strongly
influenced by coal type and pyrolysis conditions——and destruction——
dependent on the mixing of fuel- and oxygen-rich eddies and temperature.
The amounts of soot and PAH correlate with the tar yields of coals and,
under comparable combustion conditions, follow the progression
anthracites{lignites<bituminous coals. The emissions from combustion
systems are determined by the time available for mixing with oxygen of the
fuel-rich PAH-containing eddies before they contact heat transfer surfaces
and are quenched. This is demonstrated graphically in Table 2 which
presents the concentrations of selected PAH in the effluent from small
coal-fired stokers and a large power—plant together with representative
concentrations in pyrolysis products; the results suggest that the
pyrolysis products are rapidly quenched in the small units but there is
adequate time for mixing and burnout in the larger units. Although the
soot and PAH concentrations in the effluents of large boilers are small
the localized concentrations of soot in the flame zone may be large enough
to significantly augment flame radiation. Soot yields in the flame zone
of utility boilers of the order of one percent of the total coal carbon’
have been reported and a highly sooting bituminous coal has been shown to
have much higher emissivity than an anthracite of comparable particle
size .
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TABLE 2. Comparison of PAH, evolved (ng/J) during the pyrolysis of
Montana Lignite and Pittsburgh High Volatile-A Bituminous coals
with that emitted by various sources

Phenan—
Methyl threne/
Anthracenes/ Anthra-
Phenanthrenes Fluoranthene Pyrene cene
Pyrolysis
1. Montana Lignite - 1.72 2.71 10.95
2. Pittsburgh High- 5.89 6.32 11.68 19.04
volatile Bituminous
Residential Stoker Coal-
fired Boiler, 200 KW
1. High-volatile Bitumi- 3.16 3.12 2.12 5.16
nous (Elkhorn #3)
2. Western Subbituminous 0.37 0.096 0.132 0.72
(Colorado)
Coal-fired Power Plant 0.50x1073 0.07x1075  0.4x1075 7.6x107°

3, NITROGEN OXIDES

Coals have a high nitrogen content, of the order of 1 to 2 percent by
weight, and therefore the oxidation of fuel nitrogem is an important
contributor to the NO_ emissions. In order to determine the relative
contributions of fuel nitrogen and atmospheric nitrogen to coal-generated
NO_, Pershing and Wendt conducted pilot—scale combustion studies using
both air and argon/oxygen/carbon dioxide mixtures as oxidants with the
carbon dioxide being added in such concentrations as to give the same
flame temperatures for the two oxidants®®., Their results showed that the
fuel nitrogen contribution was dominant under most conditions of current
interest. However, prior to the modification of furmace and boiler design
for purposes of reducing NO emissions, the fixation of atmospheric
nitrogen had been found to account for significant production of nitrogen
oxides for high temperature operations such as those encountered in
cyclone burners and in furnaces with high heat release rates per unit area
of wall surface®.

The oxidation of atmospheric nitrogen is easily suppressed by the
reduction in peak combustion temperature by staging the air supply, by the
reduction in combustion intensity, or by internal recirculation of cooler
combustion products by aerodynamic means. The emphasis here will be on
the formation of nitrogen oxides by the oxidation of the organically or
fuel bound nitrogen in coal. Most of the nitrogen is believed to be bound
in the heterocyclic polyaromatic ring moieties that constitute the organic
matter in coal®’®., The processes that control the fate of this coal bound
nitrogen is shown schematically in Fig. 5. Part of the nitrogen in coal
is released during heating. The volatiles undergo a sequence of pyrolysis
and oxidation reactions which determine the distribution of the nitrogen
between the ultimate products of molecular nitrogen and nitric oxide.
(Recent findings of significant amounts of ritrous oxide will be discussed
later). In parallel with the gas phase reactions, the nitrogen that is
retained by the char will also be partially converted to nitric oxide.
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Char can reduce nitric oxide, providing another route from the coal
nitrogen to N2. It is clear from a consideration of the pathways in Fig.
5 that the overall conversion of the coal nitrogen to nitric oxide will be
determined by the oxidation and temperature histories to which the coal
and its volatile products are subjected. The examination of the
individual steps will be discussed first followed by the presentation of
data on the overall process.

O Product Secondory
Pyrolysis

Process

Reduction
of NOx
by Chor

Pyrolysis

FIGURE 5. Schematic of processes occuring during the formation of nitric
oxide from coal nitrogen.

The heating of coal until a constant weight is approached shows that
the organically bound nitrogen is more refractory than the other volatile
elements with the exception of sulfur (Fig. 6). At the ASTM temperature
for devolatilization of 1223 K (750 °C), the char may retain 30 to 80
percent of the original coal nitrogen., It takes temperature of 2100 K to
devolatilize most of the coal nitrogen. The nitrogen is evolved mostly
with coal tars, as determined from heated grid or pan experiments in which
the volatile products are rapidly quenched after release. The nitrogen
released with the volatiles is found to correlate well with the tar
released (Fig. 7). The high molecular weight products are expected to
rapidly decompose to lower molecular weight compounds and HCN is expected
to be the dominant intermediate for the nitrogeneous compounds, both as a
primary product of decomposition and a secondary product generated by the
reaction with hydrocarbons of any amines produced during the primary
decomposition step.

The kinetics of devolatilization of the nitrogen content of coal is of
importance to the design of strategies for NO_ reduction. In a staged
combustor it is important that all the nitrogen be released in the fuel
rich first zone since any nitrogen retained by the char will be oxidized
downstream under lean condition in the second stage, conditions which
favor the formation of NO. This view point is supported by the
observation that the reduction in coal particle size will reduce tke
production of NO under staged conditions, since size reduction favors
early release of the coal-bound nitrogen. Despite the importance of
nitrogen devolatilization kinetics suggested by the preceding arguments,
models of coal nitrogen oxidation by Smoot and coworkers®” have been
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successful in matching experimental NO values using the simple assumption
that the fractional nitrogen release by coal equalled the fractional
weight loss of the carbon. Clearly, the importance of mnitrogen
devolatilization kinetics on N0x formation is still uncertain.
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FIGURE 6. Effect of temperature on the retention of selected elements by
the char produced on the crucible heating of a char (time varied
to obtain asymptotic yield).

The conversion of the nitrogen compounds to NO and N, was identified by
Fenimore®® as the reaction of a fuel nitrogen intermediate, NX, with
either an oxidant, primarily OH, to form NO or with NO to form N,. The
kinetics of the reaction are either treated using global rate expressions,
drawn mainly from the studies of De Soete®*, or using a reaction set
involving the major .primary reactions®®. The major component of the
detailed mechanism is based on the seminal research of Haynes27
identifying the pathway leading from cyano compounds, which appear to be
dominant in the hydrocarbon rich flames, to the NHi radicals which are the
key intermediate, NX, postulated by Fenimore. Recent observations of
significant concentrations of N,0 in the effluent of a number of
combustors suggests that the gas phase reactions may be more complicated
than was first thought and reactions such as NCO + NO = N,6 + CO, studied
by Perry’’, may be important. Other reactions of importance that are not
yet adequately understood are the hydrocarbon—-NO reactions. These are of
importance because they provide a means of recycling the NC to HCN
providing further opportunities for conversion to N_. This set of
reactions provides the basis for the process of "reburning” NO. It is
believed that CH and CH, are hydrocarbon radicals participating in the
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reduction of the NO in reburning, but uncertainty persists because of the
difficulties of calculating the concentrations of these radicals in
flames.
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FIGURE 7. Correlation of evolution on pyrolysis of coal nitrogen with that
of tar: For varied heating rates, and a Rocky Mountain
Bituminous (triangles, Appalachian Bituminous (squares), and a
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The reactions of the nitrogen in the char are incompletely understood.
The char nitrogen is believed to be oxidized to NO which is then partially
reduced to N, while diffusing out of a particle. Limited information is
available on the reduction of the NO by char and the augmentation of the
reduction by C0°°, These reactions are catalyzed by inorganic
constituents in the char and are also influenced by the heteroatom content
of the char’, effects that need to be studied in greater detail.

The complexity of the reactions involving nitrogenous compounds can be
appreciated by examining part of the data obtained in a comprehnsive study
of the effects of fuel equivalence ratio and coal type on the composition
of the emission of the first stage of a staged combustor. The data in
Fig. 8 show the effect of air/fuel ratio on the composition, prior to the
introduction of secondary air, of the nitrogenous species for a bituminous
coal and a lignite. As expected as the stoichiometric ratio is decreased
below one, the nitric oxide is reduced but one sees increasing amounts of
ammonia and hydrogen cyanide, with the ammonia being dominant for low rank
coals, A study of a large number of coals of different rank has led to
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correlations for the fuel nitrogen conversion to NO under fuel-rich and
fuel-lean conditions. These correlations®> can serve as bases for
determining the effect of coal type on NOx emissions until more
fundamental models are developed.

4. MINERAL MATTER

Understanding of the transformation of mineral matter is important
because of its influence on fouling, slagging, and heat transfer in
boilers, on the performance of particulate control equipment, and on the
health and ecological effect of prticles escaping to the atmosphere. In
order to be able to improve the performance of existing coal-combustors it
is desirable to understand the processes that govern the size distribution
and chemical composition of the ash within and at the exit of a combustor
or furnace.
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The processes governing the transformation and deposition of ash are
complex and are only partially understood. The mineral matter in
pulverized coal is distributed in various forms. Some occurs in an
essentially carbon-free form, and is designated as extraneous. Some
occurs as mineral inclusiomns, typically 2-5 um in size, dispersed in the
carbonaceous coal matrix. Some is atomically dispersed in the coal either
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as cations on carboxylic acid side chains or in porphyrrin—type
structures. The behavior of the mineral matter will depend strongly on
the chemical and physical state of the mineral inclusionms.

During combustion the mineral inclusions will decompose and fuse. Most
of the mineral matter will adhere to the char surface but some is released
as micron-size particlesss_ss. As the char surface recedes the ash
inclusions are drawn together and coalesce to form larger ash particles.
Char fragments are released and take with them ash inclusions and ash
adhered to the surface. As each fragment burns out an ash particle is
produced the size and composition of which is determined by the ash
carried with the particular fragment. The residual fly ash size and
composition distribution is therefore determined by the fragmentation
patterns of the ash.

The exothermic oxidation of coal chars results in high particle
temperatures which result in a partial vaporization of the mineral or ash
inclusions. Both volatile compounds, such as those of the alkali metals
(Na, K), and less volatile compounds, such as the salts of Si, Mg, Ca, and
Fe are found to evolve during char combustion. Early evidence for ash
vaporization was provided by the elemental analysis of the fly-ash
produced in cal-fired utility boilers 36739 Volatile salts such as those
of sodium, =zinc, arsenic and antimony were found to preferemntially
concentrate in the smaller ash particles, with the concentration often
correlated with the inverse of particle diameter (d~ ') or of the square of
the particle diameter a?y. Surface analysis of the residual ash
particles has revealed that the volatile trace species were also
concentrated at the surface of the residual ash particlesss—‘o. These
phenomena have been explained in terms of vaporization of the volatile
elements in the high temperature combustion zone followed by their
condensation on the surface of the residual fly-ash particles in cooler
regions of a furnace®®?%®2**,  The volatilization of the oxides of the
refractory oxides of Fe, Si, Mg, Ca can be greatly enhanced by reduction
in the locally reducing zone within a coal particle to either the more
volatile suboxide (SiO) or element (Fe, Mg, Ca). The volatilized
suboxides or metals are reoxidized in the particle boundary layer and form
a fine submicron aerosol.

The submicron particles in fly ash have been studied only recently
Laboratory studies have shown that these particles are produced by the
homogeneous condensation and subsequent coagulation of a portion of the
vaporized fly ash. Measurements on full-scale utility boilrs*® also
showed the presence of a submicron particle mode, which accounted for 0.2
to 2.2 percent of the fly ash at the inlet to the electrostatic
precipitator of the six boilers studied, but as much as 20 percent of the
ash at the outlet.

The progress made to date in understanding the vaporization and
condensation of the mineral constituents of fly ash can be described in
the context of the schematic shown in Fig. 9 of the fate during coal
combustion of the mineral constituents of coal. The vaporization of the
mineral matter is important in the fouling of tubes, by providing bonding
agents for the attachment of fly ash particles to surfaces. This can
occur either by the direct condensation of vaporized species on the tube
to form the glue for particles hitting the tube surface or by reaction of
vaporized species with the surface of ash particles to form a sticky
coating on the particles. Both mechanisms occur in practice. Sectioning
of tube deposits shows an enrichment of potassium sulfate near the tube

41—-41
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surface as would be expected from direct condensation on the tubes.
Surface reaction of silica with sodium salts to form a low viscosity
molten surface layer has been shown to occur at combustion conditions by
Wibberley and Wall®®2°°,

The vaporization process is also important because of its role in the
formation of the submicron aerosol which is difficult to collect. The
vaporization rate is a function of the vapor pressure of the individual
constituents and is a function of composition and temperature”, as shown
in Fig. 10 by the fractional retention of selected elements of a lignite
which has been pyrolyzed for a second at various temperatures. The
vaporization rate of elements has been modeled including allowance for the
reduction of the refractory oxides®?, The condensation and growth of the
mineral constituents generate an aerosol; the size distribution of the
particles are described*®:** by relations very similar to Eq. 1.
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INORGANIC CONDENSATION OR
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FIGURE 9. Schematic of transformation of mineral matter in coal during
coal combustion*®.

There is a general understanding that the size of ash produced during
coal combustion decreases with increasing comminution and with decreasing
mineral content of the parent coal particles. There are, however, no
predictive models wkich will permit the estimation of the
reductionachievable in the size of ash particles when coal is fine ground
or beneficiated and furthermore how the size is affected by combustion
conditions. The major gap is in determining the number of size of the
fragments produced during char -burnout. Recent developments in the
application of percolation theory show promise for providing this
information., One model, due to Kerstein”, is the treatment of char as a
number of sites or bonds. The simulation of the combustion of a char
particle using such a model is shown in Fig. 11.

5. SULFUR OXIDES

The sulfur contained in coals will generally be converted to SO, in a
combustor, with small amounts in the form of SOa. For low rank coals some
of the sulfur may be retained by the alkaline ash., This section will
describe briefly the strategies for the in—-furnace capture of sulfur by
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the injection of limestone and the conversion of S0, to SO,.
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An appreciation for the strategy of sulfur capture by limestone may be
obtained from comsideration of that attainable at equilibrium. In Fig. 12
the fractional sulfur retention by the solid is shown as a function of
temperature and the fuel equivalence ratio (the reciprocal of the air/fuel
ratio used earlier). Under fuel rich conditions, the sulfur will be
retained as CaS. Any CaS formed, however, will be rapidly converted to
Ca0 on encountering oxygen at combustion temperature so that the CaS route
does not appear to be attractive; but it has been proposed that the sulfur
could be rejected as CaS in the slag of a cyclone combustor operated fuel
rich and this option is under active consideration. The alternative is to
capture the sulfur as CaSO, by injecting the limestone upstream of the
temperature at which the sulfate is stable (i.e., at a position at which
the temperature is higher than about 1450 K). Care must be teken,
however, not to inject the limestone at a much higher temperature since
that may result in the loss of surface area of the lime produced through
sinteringSA.

The injection of limestone in furnaces for sulfur capture has, however,
only met with modest success. Data by Pershing and coworkers®® shown in
Fig. 13 is illustrative of the sulfur capture by calcined limestone as a
function of residence time. After am early rapid rise in the sulfur
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content of the 1lime an asymptotic conversion is approached. The
explanation for the slowing down of the reaction is that the calcium
sulfate product, because of its high specific volume, plugs up the pores
in the limestone preventing further access by the SO, to the unreacted
lime. Reducing the size of the limestone, either by crushing or by rapid
heating to obtain particle fragmentation, will result in higher sulfur
capture®*, At present, in the U.S., limestone hydrates with high specific
surface areas are being utilized to obtain a higher sulfur capture, albeit
at the expense of a higher sorbent cost.
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FIGURE 11. Percolation model of char burnout®®. Inset (a) Initial

representation of unignited (solid) and ignited (dashed)
bonds (b) Later stages of burnout showing four fragments.
Right-hand graph shows fragment size distribution initially
(dashed), at 38% (dotted) and 78% (solid) burnout; n =
number of fragments, m = mass of fragment.

The second topic to be discussed under sulfur is that of SO3 formation,
both because of its role in decreasing the resistivity of fly ash for
purposes of improving the performance of electrostatic precipitators and
because of the potential adverse health effects of sulfuric acid produced
at lower temperatures from the SO,. Equilibrium favors S0, at flame
temperatures. Some SO, is formed by the reactions of 0O radicals present
in supra-equilibrium concentrations in the flame zone but it is
shortlived®®. Most of the 80, produced in a furnace is from the catalyzed
oxidation of SC,, It appears from well-defined laboratory experiments
that the aerosol produced by the vaporization and condensation of mineral
constituents in coal provide the high surface areas needed for appreciable
conversion of the SO, to SO,. Some results of the temperature dependence
of the SO, yields are shown in Fig. 14 for a model system in which
Sherocarb particles doped with an iron salt were used to gemerate the
aerosol®’. A maximum in comversion is observed because of the trade-offs
between kinetics which govern the reaction at low temperatures to
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equilibrium which is controlling at high temperatures. A study of
different coals showed a high yields of SO, for an Illinois No. 6 coal
which produced a high iron content aerosol and low yields for coals, such
as a Montana 1lignite, which produced an aerosol with a high alkali
content®®,
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6. INTERACTIONS

The formation mechanisms of the different pollutants are dependent on
temperature and air/fuel ratio in such a way that the adjustment of a
parameter to reduce one problem may create another. Some of these
interactions are:

* Reduction of NOx formation by staging air may result in increased
emissions of soot and PAHs, A further example of interactions of
hydrocarbon and NO chemistry is provided by returning.

*# Staging of air to reduce NOX has been found’’ to increase, under
some circumstances, the emissions of fine particles produced from the
mineral constituents in coal, the vaporization of which is augmented under
reducing conditions.

* The emissions of NO_, have been correlated with those of fine
inorganic particulate matter °.

*# It has been observed that sulfur in a fuel may affect the emissions
of NO because of the interdependence of the free radical chemistry



260

influencing both®?,

*# NO_ may be reduced by soot and char.

The a%ove examples show that the nitrogen chemistry may be influenced
by the sulfur, carbon, and hydrocarbons in a flame, that the sulfur
chemistry is influenced by the fate of the mineral matter, and that
changes in temperature and fuel/air ratio impacts a number of pollutants
but that the changes may be of the same or opposite sign. Such
interactions can only be anticipated by a good mechanistic understanding
of the processes governing each of the pollutants. There remains many
fruitful opportunities for research to guide the development of cleaner

coal-combustion systems.
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DISCUSSION

John H. Pohl (Energy Systems Associates)
I have three questions relating to particulate formation and

destruction in flames.

1) Is there a quantitative relationship between tar and soot yields?

2) Is the time constant required to produce a self-preserving particle
size distribution long .compared to the residence time in a boiler?

3) Should the burning time for soot agglomeration be calculated using
the diameter of the individual soot particles, the diameter of the
agglomerate or something in between?

A.F. Sarofim

In response to the three questions

1) The soot in pyrolysis experiments was found to be formed at the
expense of the tar., The sum of the yields of tar and soot was
approximately constant under conditions at which the asymptotic volatile
yield was attained.

2) The time constant required to approach a self-preserving particle
size distribution depends on the soot volume fraction but is typically of
the order of milliseconds, much shorter than the residence time in a
boiler.

3) The answer depends upon the Thiele modulus or the relative rate of
diffusion into a soot aggregate and the rate of reaction at the surface of
the primary particles. At the low temperatures at which soot contrails
persist, the primary soot particle size should be used in calculating the
burning time from the Nagle Strickland-Constable equationms.



265

P.R. Solomon (Advanced Fuel Research)

What is the current thinking on the predominant primary nitrogen gas
from pyrolysis, HCN or NH3? If HCN is the predominant species as many
pyrolysis experiments suggest, then what is the mechanism for NH,
production in flames?

E. Suuberg (Brown University)

1) Has there been a study to demonstrate directly the applicability of
Nagle Strickland-Constable constants to burnout of the vapor—phase
pyrolyzed tars (soot)? The concern is that these materials may be quite
different than the carboms, blacks and soots studied previously (then may
be more amorphous).

2) Has there not been evidence of direct formation of significant
amounts of HCN and NH, during primary pyrolysis (e.g. Blair et al., 16th
Symposium)?

A.F. Sarofim

HCN and NH, in coal flames may be formed by primary pyrolysis of amine
and cyano substituents on the aromatic rings within the coal structure, by
the decomposition of tars produced from the coal into lighter gases, and
by gas phase reactions involving the gas—phase primary and secondary
nitrogen—containing species. It is to be expected, therefore, that the
HCN and NH, content of pyrolysis and combustion gases will be stromgly
dependent on coal composition and the temperature/oxidation history of the
coal. Only fragmentary information is available on these processes. The
contributions of side chain substitutions are believed to be of secondary
importance on the basis of models proposed for the coal structure and the
similarity in the trends of evolution of tars and nitrogen compounds
during pyrolysis. The observations of HCN and NH, by Blair et al. could
well be due to secondary pyrolysis reactions which are difficult to
suppress completely. The secondary pyrolysis of tars can yield varying
amounts of HCN and NH3 depending on the composition of the tar, as
explained by Dr., Jungten (v. infra). Another factor is that gas phase
reactions with hydrocarbons have consistently been found to yield HCN in
fuel-rich hydrocarbon flames, conditions which would be more likely to be
encountered in the flames of bituminous coals rather than lignites. There
are conditions, however, when gas phase reactions favor the formation of
NH3 (Roby, R.J. and Bowman, C.T., presentation at 21st Symposium on
Combustion). The situation is far from being settled...

The Nagle Strickland-Constable constants have been obtained for
electrode carbons and have been applied with success to carbon blacks.
They can be considered to provide an order of magnitude estimate for the
burnout times of the soot produced in the vicinity of a burning coal
particle., The issues raised by Dr. Suuberg on the effect on burning rates
of soots of their tar content, particle morphology, and porosity are ones
that need to be addressed before reliable estimates of burnout times can
be obtained.

In laminar flame systems these effects may be important., In turbulent
flames the rate of micromixing of oxidant with fuel rich eddies is often
controlling and the kinetic constant used for soot burnout then become of
secondary importance.

H. Juntgen (Bergbau-Forschung GmbH)
1) Can you give more information on the side chain substitution of coal
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generated PAH? Methods wused for analysis? Carcinogenic effect of
substitution?

2) Have you investigated chlorine compounds in gas phase? Kinds of
compounds? Mechanism of formation?

As to the formation of different N containing species during pyrolysis
and combustion: At low temperatures formation of NH, and HCN is also a
function of substances burnt: e.g. pyrrolidine tends to form higher
concentration of NH,, pyrrol tends to form higher concentrations of ECN
and NO. Therefore coals behave differently due to the different
occurrence of N compounds in their tars. At higher temperatures HC
radicals are formed which can lead to a partly intermediate reduction of N
compounds to NH, (remarque to the comment and question of P.R. Solomon
with reference to the paper presented at the workshop.)

A.F. Sarofim

The differentiation of PAH emitted by coal from that gemnerated by other
fuels on the basis of the greater extent of alkyl substitutions on the PAH
rings was reported first by Hites and coworkers. They drew this
conclusion from analyses by GC/MS of products emitted during the
combustion of coal in a simple flame system. More recent studies in our
laboratory of coal pyrolysis products, obtained at times and temperatures
representative of those encountered in pulverized coal flames, show that
the extent of side chain substitution decreases with the severity of
secondary pyrolysis, achieved by increasing either the residence time or
temperature. A novel steric exclusion chromatographic technique developed
by Lafleur et al. (Lafleur,A.L., and Wornat, M.J., "Multimode Retention in
High-Performance Steric Exclusion Chromatography with Poly-
divinylbenzene”, submitted to Analytical Chemistry) was used for the
analysis. We have yet to complete the mutagenicity studies on the effect
of side chain substitution but Silverman and Lowe (Ref. 5) have shown that
the position of methyl substitution on the aromatic rings had a
significant effect on the biological reactivity of methylated PAHs.
Referral is made to Dr. Jackson'’s comments for the fate of chlorine in
coal,

P.J. Jackson (Central Electricity Generating Board)

Firstly, in response to Dr. Juntgen’s question, our research has shown
that early in the combustion, virtually all the chlorine in coal is
converted to hydrogen chloride in the gas phse. I have been working on
the subsequent behavior of chloride with respect to its deposition, and.
there is appearing a strong correlation of this with the calcium
concentration in the gas. (Unpublished work). With regard to calcium, may
I take this opportunity to thank Professor Sarofim for his information
about the behavior of organically-bound calcium during char burnout—-it
confirms what we had suspected.

Further, our deposition studies have included minor elements in coal,
such as lead, zinc, phosphorous and boron, the former three of which
featured in Professor Sarofim’s presentation. Incidentally, we bhave
recently shown that even in high temperature staged p.f. combustion in a
large boiler, phosphorous was not apparently reduced to elemental form,
and later enriched in the depositing ash, as is the case with fixed bed
combustion including high temperature reducing conditions. Since we are
interested in the behavior of boron, I ask Professor Sarofim he has any
information on its release during combustion,
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G. de Soete (Institut Francais de Petrole)

At the time being, how good (or how bad?) is our understandig of the
heterogeneous NO formation from char bound nitrogen, especially taking
into account the competition of CO enhanced NO reduction on the char? Is
our knowledge on that particular point (of competition between
heterogeneous oxidation and reduction) speculative? Or do there exist
results from fine fundamental studies to support it?

A.F. Sarofim

The factors governing the formation of nitric oxide from char bound
nitrogen are understood qualitatively. Oxygen penetrating a char particle
will oxidise the nitrogen and carbon non-selectively (the NO/CO ratio of
the primary products wil be the same as the N/C ratio in the char). As
the NO and CO diffuse out of a char particle the NO will be partially
reduced to N, as a consequence of both the direct and the CO enhanced
reduction of NO by C. The rates of reduction will be catalysed by
inorganic constituents such as ion—exchanged Ca in coal and will be
influenced by the concentration gradients in a particle which are
functions of the pore-size distribution, the particle size, and the
temperature. In principle, models utilizing the kinetic parameters of the
individual reactions developed by Dr. de Soete could be used for this
purpose. Calculations have been carried out of the reduction of NO in
pores by a homogeneous reaction with CO (Wendt, J.0.L., and Schulze, O.E.,
A.I.Ch.E. J1., 22, 102-110, 1976). There is a need to extend such models
to incorporate the influence of heterogeneous reactions.

H. Kremer (Ruhr-Universitat Bochum)

Having seen your photograph of burning coal particles with a soot
containing cloud I would like to ask first whether there is an influence
of particle density on soot formation. My second question is concerning
the importance of soot radiation as compared to that of char and ash
particles in connection with radiation modeling.

A.F. Sarofim

The amount of soot produced by dilute suspensions of coal particles
increased when the interparticle distance decreased to the point where the
volatile flames surrounding different particles overlapped. This would be
expected from the decreased access of oxygen to the volatiles when the
particles are closely spaced, which results in locally fuel-rich regimes
in which soot formation is favored. The major interest in soot formation
in flames is for the modelling of radiation. The emission from soot will
dominate that from char and ash in the flames of bituminous coals in which
the peak soot amount is expected to exceed one percent of the coal feed.
Early evidence for the dominant contribution of the soot radiation was
provided by the comparison of the radiation from a high volatile
bituminous flames with that from an anthracite in an International Flame
Research Foundation study.

K.H. van Heek (Bergbau-Forschung GmbH)

You mentioned an interesting chemistry, the reduction of MgO by CO.

1) What is the experimental evidence of these reactions and are they
confirmed e.g. by using the pure oxides as model substances?

2) I assume, that not all of the minerals mentioned are in the state of
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oxides. Are there similar reduction reactions for other compounds?

A.F. Sarofim

The reduction of oxides present in minerals -to the more volatile
suboxides or elements is supported by a number of independent
observations. The enhancement of the rate of vaporization of $i0, by such
a mechanism had been first reported in the coal literature by Raask and
Wilkinson to explain the fume produced in an oxygen-blown gasifier, by a
number of investigators in the aerospace industry who found similar
reactions occur in the glass—fibre reinforced phenolic heat shield$ during
reentry of space vehicules and by model studies in our laboratory on the
vaporization of coal ash in the presence and absence of char. Most of the
studies to date have focussed on the reduction of oxides. Reduction of
other species may lead to a similar enhancement of the vaporization of
mineral constituents. For example, the reduction of pyrites presemt in
the coal may undergo the following sequential reactions which are
thermodynamically favored at combustion conditions:

FeS, = FeS + 1/2 S, ; FeS + CO = Fe + COS
At this time, very few of the possible reactions have been established.

J. Lahaye (Centre de Recherches sur la Physico—Chimie des Surfaces Solides
T C.N.,R.S.)

You have mentioned that the concentrations of some minerals (silica im
particular) in fly ash aerosol is higher than the one expected from their
vapor pressure. Did you take into account that the vapor pressure in
equilibrium with droplets is higher than the vapor pressure in equilibrium
with a bulk liquid (Kelvin equation).

A.F. Sarofim

The Kelvin equation giving the increase in vapor pressure over the
surface of a droplet was not found to be of importance in the vaporization
studies. However, it had to be taken into account in estimating the
condensation of the vapors of inorganic constituents at low cooling rates
under which the vapor pressure driving force for condensation was low and
the radius (10 nm) of the aerosol onto which the vapors were comnsidering
was small.
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MINERAL MATTER IN PULVERIZED COAL COMBUSTION.

P.J.JACKSON

CENTRAL ELECTRICITY GENERATING BOARD, MARCHWOOD ENGINEERING LABORATORIES,
MARCHWOOD, SOUTHAMPTON, SO4 4ZB, UNITED KINGDOM.

1. INTRODUCTION

A mineral is a substance having a definite chemical composition and
atomic structure, formed by natural inorganic processes (1,2). The term
"mineral matter" as applied to coal is most often used to represent the
inorganic impurities as they exist before the coal is heated signifi-
cantly. Here, is considered the behaviour of any coal constituent which
yields an inorganic residue during combustion of the pulverised fuel.

Detailed reviews of the mineralogical species identified in coals and
their modes of association have been published (3-22).

The most popular and probably the most specific method used for
identifying minerals by their structures is X-ray diffraction analysis
(18,23) and differential thermal analysis has been used most effectively
for following changes with thermal treatment (24-27). These techniques
are often supplemented by optical or electron microscopy (3) and by
rationalised chemical analysis such as has been applied to deposits
derived from p.f.-fired boilers (28).

In this paper, a fully detailed consideration is not possible: it
reproduces largely the treatment of the subject presented at a University
of Newcastle, N.S.W. lecture course (29) which is relevant to pulverised
coal combustion in large water-tube boilers, with the addition of the
author's more recent views. Descriptions of many details of the subject
matter are given in Raask's recent book (30).

2. THE NATURE OF MINERAL MATTER IN COAL.

Being a sedimentary deposit, coal is widely variable in its overall
composition, and in its content of inorganic matter and its mode of
association with the chemical entities not strictly part of the organic
matter of the coal substance. As mined, most coals contain very
significant proportions of the adjoining strata: shales, sandstones,
etc., either interbanded or just mixed. All coals contain also some
elements pertinent to this study, particularly the alkali- and alkaline-
earth metals and sulphur, which are associated with the organic material
itself on an atomic scale: either chemically combined, or as ions
adsorbed from ground waters. Yet other minerals, notably carbonates and
sulphides have been formed in voids in the coal seam, such as between
fracture surfaces of hard coals, by being deposited from the percolating
water.

Table 1 represents a consensus of the published information on
minerals identified as being present in hard coals. For all coals, the
proportions of each of these minerals is widely variable, depending on
the sedimentation facies at the time the organic material was deposited,



270

later cycles of inundation, metamorphic processes, infiltration and
deposition by ground waters and the selection of strata during mining.
Most mechanically-mined hard coals of Permian and Carboniferous
(Westphalian, Pennsylvanian) origin include mineral matter composed of
over 807 w/w silicates and quartz, less than 157 w/w carbonates and less
than 107 w/w sulphides. Brown coals and lignites mostly have a lower
content of clay minerals and substantially more calcium, magnesium and
sodium, combined either as carbonates, sulphates or organically with the
coal substance; most of their sulphur is also present in organic
combination (8,31,32). Relevant to the subject of this paper is the
variability of composition of the clay mineral illite and of the
carbonates.

TABLE 1. Major Minerals Naturally Occurring in Coals.

Silicates
Quartz Si0,
Biotite K(Mg,Fe)s(AlSisolo)(OH)z

Major silicates with clay minerals. Quartz present as sediment,
round to angular grains - lmm to <lum.

Clays

Montmorillonite Al1,Si,0, .(OH), . x H0

Illite-sericite KAl (ﬁlég (OH)

Kaolinite Al Si 0 %Oﬁ?

Halloysite Al él 6 OH)

Chlorite (Fe Mg,ﬁn) § Fe) Si 0 (OH)
Smectites (Ca,Na) (A1, Mg,Fe) %Si Ai?s 20 8H) .nHZO

Finely-dispersed in coal substance; principal constituents of shales;
Crystals < lpym. Impregnation of joints in brown coal.

Sulfides

Pyrite FeS,
Marcasite FeS,
Sphalerite ZnS
Galena PbS
Chalcopyrite CuFeS,
Arsenopyrite FeAsS
Millerite Nis

In nodules and crystals 10cm to <lum in coal substance and in joints and
cleats. Pyrite and marcasite are principal sulphides. Principal form
of iron in most hard coals.

Carbonates

Calcite CaCO5
Dolomite (Ca,Mg)CO5
Siderite FeCO5
Ankerite (Ca,Fe,Mg)CO3
Witherite BaCO5

In hard coals present mainly in joints and cleats. Principal form of
calcium and magnesium, secondary form of iron.
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TABLE 1. Continued.

Sulfates

Barite BaSO4

Gypsum CaSO4 . 2H50
Anhydrite CaSO4
Bassanite CaSO4 . LH,0
Deposited from ground waters.
Chlorides

Halite NaCl

Sylvite KC1
Bischofite MgCl,.6H,0

Occasionally present as discrete crystals, often as ions adsorbed on
coal substance (vitrinite): can be recrystallised from solutions after
wetting.

Oxides and Phosphate

Hematite Fe, 05
Magnetite Fe304
Rutile TiO0,
Apatite Ca5(P04)3(F,C1,OH)
Combined with or Adsorbed on Organic Matter
Calcium Ca
Magnesium Mg

Sodium Na

Sulphur S

Vanadium v

Boron B

Nickel Ni

Iron Fe

3. CHANGES DURING PREPARATION FOR COMBUSTION.

The act of mining releases pressure on most underground coals,
permitting loss of gases and water; strata are broken and this process
is continued in the pulverizing of the coal. Some of the coarser-
grained mineral matter is separated by these processes from coal
substance but the more finely-disseminated material is still "inherent"
in at least the larger coal particles: this includes clay minerals,
pyrites and the elements combined with or adsorbed on the internal
surface of the organic matter. If the coal is treated by a gravity-
separation process the proportion of the mixed inorganic material,
especially shales and pyrites, which are of higher density, is sub-
stantially reduced. Wet washing may also redistribute soluble material,
such as salts of calcium, magnesium or sodium. With the common practice
of recirculating washery water, washing leaves significant films of the
solution on the superficial surface of the coal: the solutes might later
be leached out during storage (33,34) or crystallised on evaporation of
the water either naturally or during the drying of the coal when it is
ground. Some of the fine magnetite used to increase the bulk density of
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the washery water is left on the surface of the coal: this can increase
the iron content of low-ash coals.

The products of coal mills are classified by aerodynamic means and
since the density of most of the inorganic minerals is significantly
greater than that of the coal, the particle size of separated mineral
matter in the p.f. fed to the burners is generally lower than that of the
relatively clean coal (10,11,21).

4. BEBAVIOUR DURING HEATING.

Firstly, there is a loss of "inherent'" water, adsorbed on the coal
substance or loosely combined with mineral matter, at temperatures below
about 500 K. The next significant change, as the pulverized coal passes
into the ignition zone of the flame, is the decomposition of the organic
matter to yield complex hydrocarbon vapours ('volatile matter") at
temperatures over 500 K, depending on the structure of the coal. 0f the
elements combined organically or physically adsorbed, chlorine and
sulphur are volatilised and others such as calcium and sodium will tend
to remain in the char, possibly to be volatilised at a later stage of the
burning of the particle when its temperature has risen to over, say,

1000 K. Information on the details of these processes is at present
sparse and bears significantly on the mechanism of the formation of
species later responsible for the ash behaviour in depositing and
reacting on boiler surfaces. Any sodium chloride present as such in the
coal is volatilised rapidly as particle temperatures exceed 1300 K (35).
In the early stages, an appreciable proportion of the organically-
combined sulphur is released in the volatile organic fragments, later to
be pyrolised to yield elemental sulphur, its hydrides and eventually
oxides. Chlorine is most likely volatilised as hydrogen chloride at an
early stage in the flame. At temperatures around 600 K, pyrite and
marcasite decompose to pyrrhotite (FeS) and sulphur, these ultimately
oxidising to iron and sulphur oxides.

The carbonates yield CO, and the respective metal oxides at tempera-
tures between 900 and 1200 K, the oxides, depending on their cationic
composition, are partially converted to sulphates as they cool below
about 1200 K. Kaolinite and other clay minerals undergo a series of
structural changes as combustion proceeds and the temperature of the
residual ash rises. Micas and the related illites cleave easiest along
the planes of potassium ions and since they are not mechanically strong,
pulverizing exposes a considerable area of this surface. Potassium
would be relatively easily released from this surface by heating (36) and
there is at least circumstancial evidence that potassium can be exchanged
for sodium (37-39) during combustion; the possibility of hydrogen
chloride reacting to form volatile potassium chloride (40) also should
not be ignored. The composition of the atmosphere surrounding the
mineral matter during its heating, which varies greatly with time, also
affects the direction and rate of many of the chemical reactions, for
example, the decomposition and oxidation of sulphides and the decomposi-
tion of carbonates, the latter being stabilised by the generally high
partial pressure of carbon dioxide.

Close proximity of different mineral components and their decomposi-
tion products bring about other interactions: two examples of relevance
to the later behaviour of the products are as follows. Carbon and
silicon dioxide can react to produce silicon monoxide vapour at
temperatures of 2000 K (4): the SiO subsequently oxidises to Si0, as
submicron spheres of very high specific surface, capable of reacting with
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other gaseous species or of depositing by diffusion processes on to other
particles or boiler surfaces. Calcium and sodium oxides residual from
the decomposition of coal substance (e.g. vitrinite which is :
comparatively rich in these elements) can react locally with the residues
of clay minerals during the burning-out stages of coke combustion. This
yields small silicate spheres possessing a surface glaze rich in calcium
and/or sodium and therefore of melting point much lower than that of the
parent silicate (41-44).

The size distribution of the mineral matter itself, as well as that of
the overall p.f. containing it, is important in determining the
composition and size-~consist of the products, which in turn affect so
strongly the pattern of deposition behaviour in the plant. As the
devolatilised coke burns away, at temperatures up to 2000 K, some of the
finer particles of mineral residues are separated at the burning surface
and disperse as the carbon is converted to carbon monoxide. Others, if
touching, tend to coalesce and this process is aided, when they are of
sufficiently low viscosity, by the negative angle of contact between the
silicate glass and the carbon surface of the supporting char particle
(45). So, some silicate particles could be formed larger than the clay
or other mineral crystals from which they were derived, but this seems to
be of relatively rare occurrence. The principal result of the non-
wetting of the silicates by the carbon is the production of many
individual silicate particles, mostly glassy spheres, from each coal
particle containing clay mineral crystals. The fusion of silicate
minerals has been studied in some detail, relating the rate of rounding
of the particle shape to temperature and viscosity; for a British coal,
only a few percent remained angular when heated for up to 0.5 s at 1600 K
(46). Quartz in particular requires temperatures over 1700 K to become
rounded: the particles larger than about 50 pm, e.g. sand in the coal,
remained unfused at 1800 K, a temperature typical of the hotter zone of a
p.f. flame.

5. EFFECTS OF MINERAL MATTER ON COMBUSTION.

High speed photography of burning single particles of coal (47) has
shown that during the combustion of most of a char residue, individual
particles of inherent mineral matter are separated and lost to the
surrounding gases. Towards the end of the burning process, the
remaining ash largely disintegrates. Thus, there is a low probability
of steric hindrance of oxygen access to and carbon monoxide escape from
the reacting surface, which would occur if a layer of coherent ash
accumulated over the carbon. The non-wetting of fusing silicates in the
high temperature region near a combusting surface also inhibits such an
ash cover and aids the removal of the inorganic material. So, it seems
unlikely that char reactivity is significantly reduced by ash-forming
constituents of the char particles unless ash content is extraordinarily
high, or the ash is highly refractory.

Conversely, several of the metallic elements likely to be retained in
the char after devolatilisation are known to enhance, or catalyse, the
oxidation of carbon: these include manganese, sodium, lead and the
alkaline-earths, as reported by Heap et al (Table 2). Although this
shows negligible effect of vanadium, probably because of its low
abundance in most coals, vanadium and iron in particular catalyse the
combustion of residual oil char (48,49) and would undoubE dly act
similarly if present at similar concentrations (up to 10 ~ atomic) in
devolatilised coal.
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TABLE 2. Relative Potential Enhancement of Char Combustion Rate by
Organically Combined Metallic Elements in Coal (22).

Element Min. Max. Element Min. Max.
Mn 2000 100,000 Ca 1 400
Na 150 10,000 Mg 8 150
Cs 100 4,000 Sr 1 60
Pb 30 2,000 Ag 1 50
Ba 10 800 Be, B, Al, Cd, Ni, Au, V 1

6. COMBUSTION PRODUCTS.

The flame thus contains a mixture of partly decomposed coal, with
mineral residues and gaseous species. The coal particles in the flame
consist of part evolving volatiles, part burning char, and part ash
residues of different sizes relative to the parent coal particles. The
residues of reacting mineral matter are surrounded by gas containing
volatilised inorganic material - hydrogen chloride, sulphur, sulphur
oxides, sodium and potassium compounds and trace-element radicals,
sulphides, chlorides and oxides. The major constituents of the gas are
water vapour, oxygen, carbon monoxide and dioxide with a background of
nitrogen and high concentrations of ions and radicals taking part in the
combustion reactions. The concentrations of any of these constituents
are extremely variable, as is the local temperature, and the distribu-
tion of residence times is likewise spread widely about a mean of 1
second. It is from this witches' brew that deposition can first take
place, on the walls of the combustion chamber.

These are the immediate products of heating the coal and there is
scope for such a wide variety of chemical reactions that calculations
modelling the history of specific components have so far been restricted
to relatively simple, apparently homogeneous, cases such as sulphur
oxides, carbon and nitrogen oxides and water (50,51). Inferences about
the course of chemical reactions in the pulverized coal flame have been
made from either the later products in suspension or after deposition, or
by analogy with chemically much simpler systems with very few potentially
interacting components.

We know that at the end of the main combustion period, designated the
"flame", with temperatures falling by radiation to the walls, we can
begin to describe products which are reproducible and recognisable; in
most plant this state of affairs is achieved at a gas temperature of
about 1650 K, before most of the products pass near to convectively-
cooling surfaces. Some of the mineral residues are solid - some iron
oxides and some silicates as spheres, larger quartz particles and smaller
particles of the oxides of calcium, magnesium and iron as angular
fragments. For most coals, these are accompanied by a much higher pro-
portion of spherical particles of glassy silicates of relatively low
viscosity, many of sub-micron diameter and even smaller spheres of silica
condensed from the vapour.

The volatilised alkali-metals are especially important in bonding
deposits and forming corrosive layers in them. They are most probably
present as hydroxide vapour initially, this reacting with hydrogen
chloride or sulphur dioxide and oxygen in stages, to form species which
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result in deposits of sodium and potassium carbonates, sulphites,
chlorides and sulphates (52). The proportions of chloride and sulphate
depend on the temperature history and the concentrations of the principal
reactants, all of which are very variable with respect to time, the
mixing pattern downstream of the burner and the composition of the fuel.
Low residence times and low (or even '"negative") oxygen concentrations
favour higher proportions of hydroxide, carbonate or chloride, but
ultimately the thermodynamics favour near-complete conversion to sulphate

(35). At around 1400 K the rate of formation of sulphur trioxide is at
a maximum (51).

7. DEPOSIT FORMATION.

At the walls of the combustion space, or as the combustion products
are cooled by tubes over which they flow, deposition of some of the
solid, liquid or gaseous species takes place: most of this deposition is
irreversible, and is selective in terms of its particle size, density and
composition. A classification of the nature of the depositing material,
the dominant dynamic processes of deposition and their effect on the
plant is given in Fig.l. (29).

DIAMETER SEDIMENTATION MATERIAL EFFECT ON PLANT ACCUMULATION
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FIGURE 1. FLUE GAS-BORNE MATERIAL IN P.F. FIRING
ARRANGED ACCORDING TO ITS PARTICLE SIZE.
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This, a summary of the behaviour of the principal participating elements
in Fig.2 and a diagram of the sequence of chemical reactions (Fig.3),
illustrate the following description of deposit growth on heat-exchange
surfaces.

COAL
SUBSTANCE

FIGURE 2. CLASSIFICATION OF BEHAVIOUR OF MINERAL MATTER IN COAL DURING
COMBUSTION. MAJOR ELEMENTS: OUTER. MINOR ELEMENTS: INNER.

Mineral Sulphides Shales Carbonates Coal substance Phosphate

Elements major s Fe Al Si K Ca Mg Na s «C Ca P
minor Pb Zn Cu Mn As Na Ca Mg Fe Fe Ba BvY F

Products SO, Fe,0, SO, HCI Cay(PO,),
S0, FeO | | | l 0, HF

ALO, S0, KOH Cs0 MgO NaOH
|

| :

K,

CaSO.

id silicates

Mg SO,
liquid sulphates
crystalline silicates  C23(P0y)2 1 ]
. 3
| glass T corrosion
sintered ash + slag bonded deposits

FIGURE 3. DEPOSIT GROWTH PROCESSES IN PULVERIZED COAL COMBUSTION.
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7.1 Deposit Growth.

Most clean tubes exposed to p.f. combustion products exhibit first the
formation of a pale-coloured layer of softish fine-grained dust: this is
composed of fly ash particles mostly less than 10pm in diameter, enriched
in sodium and often in potassium. When this layer is several tens of
micrometres thick, the value depending inversely on the local temperature
and heat flux, coarser fly ash particles adhere to the surface, forming
irregularities; this material accumulates much faster than that forming
the initial layer. The rate of accretion of ash is higher at the apices
of the projections thus formed, which in the case of tubes over which gas
is flowing transversely, are usually larger at the upstream positions 30°
to 60° from the direction of the gas movement. Thus, two "ears" form,
which grow upstream preferentially at the tips of any unevenness in the
surface. Generally, in between these ears, a "dead" space fills with
more loosely-bonded fly ash, which becomes enclosed when the "ears'" grow
together to form a roughly V-section deposit on the upstream face of the
tube. After several hours, the deposited ash in gas at temperatures
over about 1000 K turns from its original black, grey and colourless
state to various shades of brown, red or purple, and the deposit becomes
harder and tougher. Downstream, a deposit forms, similar in character
to the forward-facing one, but much thinner; on near-horizontal tubes,
loose dust can accumulate by gravity and if undisturbed this forms a
lightly bonded crust which preserves its shape as a triangular-section
deposit of included angle 20° or less. Wall tubes, or those in closely-
spaced elements or platens, show similar deposit characteristics,
modified according to the local gas-flow patterns, deposit growth
proceeding in an upstream direction.

Gas temperatures and heat fluxes ‘'determine whether the parts of the
deposits remote from the cooling effect of the tube achieve temperatures
at which fusion of the whole of the ash particles takes place. If this
happens, firstly small areas, then an extensive liquid surface of dark
coloured glass is presented to the gas, sometimes punctured by gas blow-
holes, on which fly ash particles stick and become incorporated in the
slag. As the deposit increases in thickness, its mass may exceed its
ability to retain a rigid structure, and it then falls or flows. In
areas of very high ggs temperature, say, over 1600 K, and/or high hegf
flux (over 150 kW m “), the temperature gradient can exceed 200 K mm ~,
resulting in a thin slag layer close to the metal; more usual values for
the high temperature gradient are 30 to 100 K mm . Depending on the
viscosity of the molten ash and local conditions of atmospheric
composition and temperature, slag layers can be a few millimetres to
several centimetres thick - lumps forming in corners or as "eyebrows"
over burners may be 0.5 m or more thick and have a mass of over 100 kg.

7.2 Deposition-Erosion Processes.

A detailed analysis of the physical processes involved in forming
deposits was published in 1966 (53). The conclusions, confirmed by
other workers (54-56), were that the deposit constituents present as
vapour in the flue gas are deposited mainly by molecular diffusion, and
that the smaller particles, say around 1 pm in diameter, are deposited by
eddy diffusion and the larger ones, say over 10 pm in diameter, mostly
by inertial impaction. Transfer through the boundary layer is likely to
be affected by both thermal diffusion and electrostatic attraction.
Retention of material reaching the surface is, for discrete particles,by
van der Waals forces; if a liquid film is present, very strong surface
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tension forces dominate. Bishop (57) demonstrated the presence of a
liquid "primary" layer, corresponding to the sodium/potassium/chloride/
sulphate quaternary eutectic region (m.p. down to 787 K), in deposits
derived from high chlorine coals, and the equimolecular complex sulphate
Na3K3Fe (304)6 melts at 825 K: both of these temperatures are well below
that of "the surface of most high temperature superheater tubes.

The alkali metal compounds play a very important part in deposit
formation, in subsequent reactions within the deposit and most probably
in corrosion of the underlying metal. Sodium chloride and sulphate are
deposited as condensates from vapour and dewpoints corresponding to the
known vapour pressure are exhibited (38,40,54,57). The rate of deposi-
tion of sodium sulphate has been shown to accord with convective mass
transfer theory (55,57).

As a corollary to the deposition of fly ash, consideration should be
given to the behaviour of the solid particles which bounce off. Those
larger than about 10 pm have sufficient momentum to penetrate the
boundary layer and impact the surface; the kinetic energy of the
particles may cause local fusion at their surfaces (58)- For the more
refractory particles moving at higher velocities, the energy released on
impaction is transferred to other materials at the surface - deposited
dust or even that of the substrate itself, normally iron oxides, and this
can result in their removal to the passing gas stream. Bishop (57)
concluded that this leads to less deposition on the middle of the
upstream surface of a tube. In the extreme case, erosion of the protec-
tive oxide scale or metal takes place, often at an embarrassing rate.

The apprgagh velocity (V) of the particles is a dominant factor (metal
loss V7 °7), as is the angle of incidence, and angular quartz grains
abrade more effectively than glassy spheres (59). In boileET, signifi-
cant erosion occurs where local gas velocities exceed 30 m s ~: this can
be caused by faults in boiler design, extensive fouling of a tube bank or
misalignment of sootblowers which entrain coarse deposit debris.

7.3 Reactions in deposits.

The large temperature gradients within the porous deposits set up a
high temperature fractionation system, in a temperature range within
which the alkali metal compounds have significant vapour pressures, and
this results in migration of sodium and potassium compounds towards the
cooler inner layers. Most of the ash particles react to some extent
with the alkali metal hydroxides, chlorides and sulphates to form lower-
melting silicates, hematite from magnetite via iron chloride, and iron
and aluminium complex sulphates, often molten at the local temperatures.
This type of deposit, considerably enriched in sodium, potassium, calcium
and magnesium, is bonded by the local growth of glass or crystals of new
compounds within the deposit. Their strong lattice bonding confers high
mechanical strength to accompany the significant elasticity afforded by
the porous structure. It is these properties which make such "bonded"
deposits difficult to remove on-load. Off-load removal is also hindered
by the insolubility in water of silicate glasses and calcium sulphate;
the progressive sulphation of lime particles after deposition (60) can
result in the formation of very hard bonded deposits on primary super-
heaters and economisers (41). Development of a strong adhesive bond by
the formation of an iron-rich silicate enamel immediately over the tube-
metal oxide, has been demonstrated by_%aask (61), who estimated that when
its rupture strength exceeded 10 kN m °, sootblowing would not break it.

The sintering of silicate particles has long occupied the attention of
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investigators in this field. Generally, bonds are formed between the
fly ash spheres at temperatures in the range 1100 to 1700 K. Develop-
ment of sintering, usually measured as ultimate compressive strength
(62,63), progresses smoothly with temperature and time and is dependent
on the particle size and its distribution and on the composition of the
surface layers of the ash. Reaction of sodium and calcium at the
surface of silicate glass particles has been shown to penetrate up to
about 40A (44), and to form a low-melting, low-viscosity glaze which
initiates sticking at temperatures as low as 1300 K. The rate of coal-
escence of particles depends on the mobility of bonding in the glass at
their surfaces; this is controlled by temperature and the concentration
and nature of the cations in the structure. Those known to be of
particular significance in industrial coal combustion are sodium,
potassium, calcium and ferrous iron; of potential activity but of
unproven participation are boron, lead and zinc.

Since ferrous ions in the silicate glass result in a much more labile
structure than the corresponding concentration of ferric ions, the state
of oxidation of iron in pulverised coal ash and its deposits is of great
significance to slagging propensity (64,65): a prime example of the
important interaction of coal mineral matter and its environment.

The sticking of particles results in the gradual accretion of ash onto
plant surfaces, and confers mechanical strength to the deposits. The
relationship of these functions to the local temperature is consistently
of the form shown in Fig.4, which was derived empirically. The position
of the inflections in this curve in relation to both axes and the
gradient of the steep rise are of vital significance to the successful
design and operation of pulverised coal-fired boilers.
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FIGURE 4. DEPENDENCE OF ASH DEPOSITION AND DEPOSIT STRENGTHS
ON LOCAL GAS TEMPERATURE

The rate of deposition of ash depends on the mass concentration in the
gas approaching a target, and on its particle size distribution (see
Fig.1). The use of deposition efficiency in recent research excludes
these factors: it is calculated as the ash which sticks on a target, as
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a proportion of the ash expected to impact on it (66). Much recent
research to relate features of this behaviour, simply, to the chemical
composition of coal ash and derived functions (67) has yielded too wide a
scatter for accurate forecasting of the behaviour of fuels. A more
subtle and realistic approach is to take note of the mode of combination
of the elements in question, via the mineralogical constitution, thus
allowing for the appropriate variation in lattice and glass bonding
energy: an increasing proportion of effort is now being devoted to this.

7.4 High Temperature Corrosion.

Enrichment of the inner layers of deposits in the more volatile
components of the depositing material is unfortunate: many of the
elements thus concentrated close to the metal and its normally protective
oxide are capable of reacting with them at rates which constitute corro-
sion, that is, loss of metal sufficient to cause operational embarrass-
ment. The rates of reaction are strongly dependent on local tempera-
tures, as well as on the composition of the metal and its oxide layers -
indeed, choice of the latter affords an important means of control of
this problem. Two areas of the boiler are particularly susceptible to
the high rates of corrosion (over 50 nm h "), as follows.

Combustion chamber wall tubes, . usually of mild steel, have been
corroded at rates up to 800 nm h . The circumstances of the attack are
the local impingement of an early part of the p.f. flame, a high heat
flux, and in various boilers high chlorine content coals (68), and coarse
p.f. (more than 40% larger than 80um or more than 2% larger than 300um).
Corrosion products almost invariably consist of high proportions of iron
sulphides (FeS and FeS,) accompanied in the high chlorine cases by
chlorides. It appears that severe corrosion is caused by a combination
of the factors listed above and can be alleviated by control of almost
any one of them. In short-term circumstances where this is not
possible, the CEGB has found a solution in the installation of coextruded
tubes, having outer layers of alloys of higher corrosion resistance, such
as 50:50 nickel:chromium or AISI Type 310 (25Cr:20Ni) steel (69).

High temperature superheater and reheater tubes, particularly those in
the higher gas temperatures (over 1300 K) are subjected to corrosion by
the complex alkali-metal sulphates, liquid in the resulting temperature
range at the tube surface. The mechanism of this corrosion has been
described (69-71). When high chlorine coals are burned and especially
at local sub-stoichiometric combustion conditions (72), it is possible
for chloride to be included in the alkali-metal salts and this apparently
penetrates between the metal grains before sulphur or oxygen and acceler-
ates and wastage (Fig.5). High K:Na ratios in the deposit lower the
melting point of the complex sulphates and result in higher rates of
corrosion; this relates back to the behaviour of the mineral matter in
the flame. Alleviative measures are more difficult to apply in this
region of the boiler and the most economical relief has been afforded by
installing coextruded tubing, in this case with an inner alloy of high
creep strength.
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FIGURE 5. ELECTRON PROBE IMAGES OF CORRODED SUPERHEATER TUBE METAL.
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(Courtesy of Electricité de France)

8. FURTHER RESEARCH.

Early investigations of the relationship between coal composition and
problems in p.f. combustion due to ash misbehaviour resulted in simple
classifications based on the concentrations of key elements, such as
chlorine, sulphur or sodium. More recent trends have been to examine
the accuracy of forecasting using ratios of groups of elements, such as
the "silica ratio" (S10,x100/Si0,+Fe,05+Ca0+Mg0) or " slagging index"
(Bases/Acids x ZSulphur) (66), but these, too, are proving insufficiently
precise for industrial use without recourse to yet other fuel or
operational factors. These approaches hint at the realistic informa-
tion required: the chemical and physical mobility of the complex mixture
of raw materials at a range of energy contents, and in a variable
environment, as exemplified in the broadest way by Fig.4. A significant
improvement in the accuracy of predicting behaviour during and after
combustion should be yielded by taking note of the energetics of the mode
of combination of those elements known to be relevant.

An increasing proportion of investigators in this field appear to be
working on these lines. The following is a check list of topics for
future investigations.

1. Mineralogical constitution of the fuels (73).

2. Variations of the chemical composition of relevant minerals such as
illites, carbonates, sulphides.

3. Transfer to and reactions in the vapour phase of key elements: sodium,
potassium, sulphur, chlorine, silicon, ironm.

4. Mobility of ions near the surface of mineral combustion residues.
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5. Structural changes and viscous flow in glasses (74).

6. Vapour/condensed phase interactionms.

7. Mass transfer phenomena for the wide variety of species in the
combustion gases, in relation to their properties as elucidated
above (56).

8. Chemical reactions and mass transfer by diffusion within deposited
material, in particular the rate of equilibration of iron with the
local oxidising potential.

9. Mechanical and thermal properties of deposits and their constituents
at a realistic range of background physical and chemical conditions.

10.Last but not least, it is essential to ensure that any of these
studies are closely related to the real industrial environment which
is being modelled. Parallel work in operating plant and the conven-
tional laboratory is most valuable (62,65) in this respect and it is
strongly recommended to more workers.
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DISCUSSION

D.R. Hardesty

Would you please comment on the status of research and/or
use of flame additives such as copper oxychloride which seem
to be useful for influencing boiler deposits.

What do we know about the importance of the time/tempera-
ture history and local gas composition on the effectiveness of
such additives ?

P.J. Jackson

I will restrict my reply to copper oxychloride : it is now
reliably established that the mechanism of its action, in re-
ducing the extent of ash particle aggregation and coalescence,
is by inducing crystallisation at the surface of the silicate
particles. This 1is an instance of my general remarks in sec-
tions 6,7.3 and 8 of my paper. It appears that the decomposi-
tion products of copper oxychloride in a pulverized coal
flame-cuprous oxide and elemental copper-nucleate the crystal-
lisation of spinels and possibly of mullite and since these
compounds have melting points higher than the surface tempera-
ture of the ash particles, diffusion, and therefore bonding,
between them is inhibited. Hence, deposits of greater porosity
and lower mechanical strength are formed. Since the effects
need be only at the surface of the particles (a very few atoms
deep), very small mass proportions of the volatile copper com-
pound are required - 1 or 2 ppm m/m more than this being
redundant. The effectiveness of copper oxychloride was first
established in boilers of the South-Western Region of the
C.E.G.B. and the mechanism elucidated in laboratory studies
between 1966 and 1982. Several well-controlled plant trials in
other countries have confirmed the initial success. What still
needs determining, as Dr Hardesty hints, is to quantify the
effects in terms of deposition rate and mechanical strength of
deposits under carefully-defined operational conditions such
as local temperature and oxidising potential. It is probable
that its effect will he less at very low oxygen partial pres-
sure, when the majority of the ion will be in the ferrous
form; plant experience to date indicates that temperature
history of the ash and additive has little influence, in so
far as they have been varied.

F.C. Lockwood

If the mathematical models could predict particle trajecto-
ries and temperature histories in the combustion chambers of a
power station boiler, do you think that a mathematical submo-
del could currently be constructed which would allow one to
predict the build up of slag deposits on the heat transfer
surfaces ?

P.J. Jackson

If there were, equally closely defined, a relationship bet-
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ween the response of the inorganic material in the fuel to its
temperature and chemical environmental history, the reply
would be - yes. However, such is not the case, and it is the
purpose of current studies of the behaviour of the inorganic
minerals and their products to derive such a relationship. In
this context, I should elaborate the point made in section 8
of my paper, that mathematical expressions have been construc-
ted to represent simply the dependence of the sintering and
fusion of coal ashes on their chemical composition, but these
are limited in their application to narrow ranges of fuel
composition without incurring too great an error for satisfac-
tory application 1in industry, and since high costs are at
stake, these errors dare not be accepted. In addition to the
variations in ash behaviour inherent in the heterogeneity of
the ash particle surface layers, there are those which are
dependant on only partially predictable factors of plant
operation, a scenario which is also being actively investiga-
ted.

A. William

Please can you give an indication of the behaviour of the
ash particles in the burning char particles.

P.J. Jackson

This subject 1is dealt with in some detail in section 4 of
my paper. Topics of current particles interest, on which quan-
titative information is rought, are

(a) The proportion of silicon vaporised to SiO, its depen-
dence on the mineralogical assemblage in the coal, and its
subsequent chemical history.

(b) Volatilisation, and reactions with silicon compounds,
of sodium and potassium.

(c) Reactions hetween calcium and magnesium compounds and
silicates during char burning.

(d) The ultimate particle size distribution (psd) of sili-
cates, and its dependence on the psd of parent minerals and
factors such as (a), (b), (c) above.

H. Juntgen

Relative to the catalytic behaviour of mineral components
in coal, I ~can give an example of the effect of the mode of
bonding of calcium in the coal substance and of its distribu-
tion in particles of coal. Calcium in German lignites (Rhei-
nische braun kohle) is combined with humic acids and therefore
evenly distributed in the coal particles, and these coals show
an extremely high reactivity with water vapour. Other ligni-
tes, which contain calcium in larger crystals of CaC0s, show a
distinctly lower reactivity.

P.J. Jackson

I am grateful for Professor Juntgen observations - it is
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particularly timely, because I have recently investigated the
effect of the degree of mixing of particulate chromium/iron
oxide with graphite on the catalysis of its aerial oxidation.
Similarly, dispersion of the metal atoms on the graphite
surface by impregnating it with a nitrate solution yielded a
much greater enhancement of reaction rate than the mixing of
40-to-60 um particles.
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INFLUENCE OF MINERAL MATTER ON BOILER PERFORMANCE
J. H. POHL

ENERGY SYSTEMS ASSOCIATES
TUSTIN, CALIFORNIA, USA

1.0 INTRODUCTION

Mineral matter and ash increase pollution, reduce boiler performance,
and increase the cost of power generation. Emissions of pollution are
increased by compounds librated from the ash such as toxic metals and sul-
fur and by the particulate fly ash itself. Fly ash decreases the perform-
ance of the boilers by decreasing availability, capacity, and efficiency.
Losi of one perc?nt afailability or capacity or a decrease in 100 Btu kW1
hr™" (105 kJ kW™ hr™*) increases the cost of generating power from a 1000
MWe plant by one million U.S. dollars per year (1).

Decreased power plant performance and increased pollution is the result
of abrasion and wear, slagging, decreased heat transfer, corrosion,
fouling, erosion, electrostatic precipitator performance, and problems of
waste disposal. Efforts to predict these problems in boilers are largely
empirical and have only been partially successful. The ability to predict
decreases in boiler performance caused by mineral matter and fly ash will
reduce the cost of power generation by assuring that new boilers are
properly designed to handle the proposed coal and that coals are properly
selected for existing boilers.

This paper reviews the current ability to predict problems in boilers
caused by mineral matter and ash and suggests future areas of research
which will improve the ability to predict the influence of ash properties
on boiler performance.

2.0 ABRASION AND WEAR
Mineral matter as well as coal abrades and wears pulverizers and feed
pipes. Three empirical indices of abrasion have been used:

1. The relative quartz value (2),
2. The amount of free silica (3), and

3. The total content of materials harder than the surfaces;
i.e., S’iOZ, A]203, F3203.

The relative quartz value is the weight fraction of quartz particles which
are greater than 44 microns in diameter. The relative quartz values
correlated metal loss in a laboratory ball mill. It should be noted that
the coals used had only small differences in the relative quartz value but
that those small differences resulted in large differences in metal loss
from the balls.

The relative quartz value also predicted relative abrasion in operating
plants. However, the relative quartz value over-predicted abrasion in all
mills except one.
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The percent free silica is calculated based on the ash composition and
the ratio of 5102/A120 in kalonite,

FS = Si0p - 1.17 Al,03 . (1)

The free silica has been shown to correlate with the wear on the blades
of a laboratory blender for New Zealand coals, but has not been confirmed
by field measurements.

The percentage of Si0, + Al,03 + Fe,045 in the coal has not been corre-
lated with wear in laboratory, pilot scale, or power plant tests.

Field tests are insufficient to demonstrate the usefulness of any of
the abrasion indices. Therefore, field tests on abrasion need to be con-
ducted before more complicated methods to predict abrasion are developed.

Should more complicated methods to predict abrasion be desirable, then
methods based more firmly on the mechanism of abrasion have a better chance
of universal success. Such methods will need to be based on the minerals
free from the coal (excluded mineral matter) during and after grinding as
shown in Figure 1,

Accumulative Percent Ash (d)

COALS

Figure 1. Mineral matter distribution in power plant coals (4).
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New relations will also depend on the particle size and nature of the
excluded mineral matter. The particle size distribution of the total
mineral matter has been measured and shows particle sizes between 0.1 and 4
microns with mass mean particle sizes between 1 and 2 microns (5).
Information is not available on the particle size distribution of excluded
mineral matter nor the hardness and shape of this mineral matter.

3.0 SLAGGING

A number of empirical techniques exist to predict the slagging poten-
tial of coals. These techniques have been reviewed (1) and found to poorly
predict the performance of operating boilers (6). Causes of the failure
have been claimed to result from use of off design coals and operating
conditions. However, the indices also poorly predict the performance of a
wide range of coals burned under standard conditions in pilot scale
furnaces.

There are many problems with the existing indices. First, the indices
are based, for the most part, on bulk properties of the ash while slag
deposits are known to form in layers (7) as shown in Figure 2.

Figure 2. Slagging deposit showing segregated development.

In addition, most slagging indices do not account for the total ash
content of the coal, the operating conditions of the boiler, nor the flow
patterns in the boiler.

Improving the ability to predict the slagging potential of coal ashes
will require a better understanding of slag formation and deposition. This
will require that flow patterns in boilers be observed and that deposits
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from boilers be extracted and analyzed in individual layers for several
slagging and nonslagging coals and boilers. Hypotheses of the slagging
mechanism can be formed from these results and then verified using
controlled experiments in laboratory and pilot-scale furnaces.

4,0 HEAT TRANSFER

Heat transfer is currently estimated by both crude and sophisticated
radiation models. These models require the emissivity of the gas and flame
zone and the absorptivity and thermal conductance of the deposit on the
boiler walls.

The emissivity of the gases has been well handled by methods developed
by Hottel (8) and modified by Edwards (9).

The optical properties of soot are well known (10). However, the
?mognt of soot formed is not well known and appears to vary with coal type

11).

The contribution of fly ash to the emissivity of the combustion cloud
was uncertain in the past. However, recent work (12) has confirmed as
suggested by Sarofim and Hottel (13), that fly ash is largely transparent
and makes only a small contribution to gas cloud emissivity.

Many measurements have been made of deposit emissivity or
absorptivity. Measured deposit emissivity decreases with increased
temperature and varied between 0.4 and 0.95 (14). A highly reflective ash
with an emissivity of 0.4 may upset the heat balance of some boilers,
particularly during start up. However, heat transfer to the walls of most
utility boilers is controlled by the thermal conductance of the deposits.

Limited measurements of the thermal conductivity (thermal conductance
times the deposit thickness) have been made.1 Thf measured thermal 1
con?uct{vities varied from 0.02 to 2.0 kW m™* k™" (0.015 to 1.0 Btu hr~
ft™ F™*) (15). Use of these values in heat transfer models with observed
deposit thickness have been universally unsuccessful. Inspection of the
deposits of Figure 2 and review of the techniques used to measure the
thermal conductivity of deposits indicates the measured values are too Tow
and that treating the deposits as solids results in unrealistic heat
transfer,

Recent work by Viskanta (16) has included the structure of the deposits
in determining thermal conductance. Heat can be transferred through the
deposits by conduction, transmission, re-radiation, and possibly
convection. These modes of heat transfer need to be taken into account in
new measurements of thermal conductance in boiler deposits.

5.0 CORROSION

Corrosion is extremely complicated and involves many reactions as shown
in Figure 3 (17).

One index of corrosion has been developed (18). This index empirically
reproduces some of the mechanism shown in Figure 3. The index predicts an
increase in corrosion with an increase in soluble alkalis, an increase in
iron (a surrogate for sulfur in eastern U.S. coals), a reduction in calcium
or magnesium (which will form stable compounds with sulfur). Comparison of
predictions using this inddex with performance of operating boilers has
been disappointing (19).
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6.0 FOULING

Again, many fouling indices have been proposed. These have been
reviewed and found to be unreliable (1, 6) for the same reasons as the
slagging indices.

A fouling index has been recently developed which satisfies many
objections, and has correlated the performance of over fifty world coals
(20). This index, Figure 4, relates the difficulty of removing a fouling
deposit to the pounds of Na,0 per million Btu of coal (a parameter which
accounts for the sodium content of the coal,the ash content of the coal,
and the heating value of the coal), and the ratio of exit gas temperature
(a measure of boiler design), and the initial deformation temperature of
the ash under oxidizing conditions.

Figure 4 shows that coals with low sodium contents can be fired
successfully near the initial deformation temperature (oxidizing) without
forming difficult deposits, but coals with high sodium contents must be
fired at conditions which produce temperatures considerably below the
initial deformation temperature (oxidizing) of the ash to avoid deposits.

Only limited confirmation from boilers is available for this simple
empirical relationship. Efforts should be directed to determining if such
a simple relationship can adequately correlate boiler performance.
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Figure 4. Correlation of fouling.

7.0 EROSION

An adequate empirical relationship of erosion has been available for
some time ?21). This relationship predicts that the rate of erosion is
proportional to the ash loading, velocity raised to the 3.5 power, and a
relative erosion index (I).

The relative erosion index must be measured. In the past, no
satisfactory means of measuring the relative erosion index was available.
Recently, Australian Coal Industry Research Laboratories, Ltd. (ACIRL) in
Ipswich, Australia, and Combustion Engineering in Windsor, Connecticut,
USA, have measured erosion on irradiated tubes. The results have been
encouraging but need to be compared with operating experience.

8.0 ESP PERFORMANCE

The properties of the ash affect the efficiency of the electrostatic
precipitator (ESP) and hence the emission of particulate matter. Precise
mechanisms of ESP operations remain uncertain and arguments continue about
the properties of fly ash which most affect ESP collection efficiency.

The properties most acknowledged to affect ESP performance is the
particle size distribution of the fly ash. Figure 5 shows a correlation of
calculated ideal efficiency (no sneakage or rapping re-entrainment) with
measured particle size distribution for a large variety of coals.



294

The influence of fly ash resistivity, particle shape, and agglomerating
properties are less certain. Operating the ESP at a voltage gradient so
high as to cause back corna will reduce the collection efficiency of the
ESP and higher voltage gradients will be present in ash layers with high
resistivity. However, short of breakdown, the fly ash resistivity may have
a small influence on collection efficiency than previously thought.

Two experimental techniques have been developed to estimate ESP
collection efficiency. In the first, the particle size distribution, in-
situ fly ash resistivity, voltage-amperage curves, and breakdown voltage
are measured in a pilot-scale combustor. These are used to calculate the
collection efficiency of the ESP using a model developed by Southern
Research Institute in the United States. This model uses empirical factors
for sneakage and rapping re-enhancement derived from measurements on
operating ESP's in the United States. Figure 6 shows that the collection
efficiencies calculated in this manner agree well with limited measurements
on operating boilers.

The second method uses pilot scale precipitators to determine the
voltage-amperage curves, and the collection efficiency versus specific
collection area. The results are plotted on specially modified Deutch
Equation paper. The result is straight, parallel lines of constant drift
velocity on a plot of collection efficiency versus specific collection
area. ACIRL in Ipswich, Australia has successfully compared measurements
of this type with the collection efficiency measured in operating ESP's

99.9 T — T

99.0 [ n

Ideal Collection Efficiency (Percent)

90.0 1 | 1
0 5 10 15
Weight Fraction with Particle Size Under 2 um

Figure 5. Influence of fly ash particle distribution
on collection efficiency.
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9.0 EMISSIONS

Mineral matter also contributes to emission of pollutants other than
particulate matter. Volatile metals (in some cases reduced) are vaporized
in the flame zone (22). Many of these elements are toxic and condense on
or to form fine respirable particles.

Experimental techniques have been developed to measure the rate of
evaporation of elements (22). Modeling techniques have been developed at
the University of Arizona which can predict condensation and coagulation of
the aerosol vapors.

Mineral matter both emits and captures sulfur oxides. Sulfur from
pyrite in the mineral matter is released and oxidized to sulfur oxides.
Some of this sulfur oxide is captured in the alkalic metals of the fly
ash. The simple correlation shown in Figure 7 has been developed based on
power plant and pilot scale data. This relation predicts the capture
efficiency of fly ashes based on the Ca/S ratio. It should be noted, that
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the correlation can be violated by drastically changing the time-
temperature history of the process. This was done for the pilot scale data
which falls off the correlation.

PILOT SCALE
A Beulah Lig., BSF, 1 MBtu/hr
@ [Indiana Lot #2, BSF, 1 MBtu/hr
. Indiana Lot #3, BSF, 1 MBtu/hr
SULFUR CAPTURE EFFICIENCY IN FURNACES @ Indiana Lot 43, BSF, 0.5 ¥Btu/hr
A Indiana Lot #3, FSF, 0.35 MBtu/hr
@ Indiana Lot #4, MT, 50 MBtu/hr
@ Utah, MT, 50 MBtu/hr
B Illinois #6, ESP, 0.07 M3tu/hr
A Decker, ESP, 0.07 MBtu/hr

00N —

INDUSTRIAL PLANTS
Barnstone, 21% 0p
Barnstone, 23% 02
Barnstone, 25% 0p
Big Stone, U.S. Lig.
Cumberland, U.S.
Hazelwood, Aus. Brown
John Siever, U.S.
Liddell, Aus. Black
Shawnee, U.S.
Wallerawang, Aus. Black
Widows Creek, U.S.

Inherent Capture Efficiency
S
1

ApopoobDdooond

Figure 7. Comparison of inherent capture efficiency
between power plants and pilot scale furnaces.

10.0 WASTE DISPOSAL

Disposal of fly ash can present problems when certain elements are
leached from the ash and enter the water supply. A laboratory technique
has been developed to estimate the extent of fly ash leaching. Results
from leaching performed on fly ash produced in a pilot-scale combustor are
shown in Figure 8. Results show that some elements from the test coals
were leached more extensively than common for U,S. power plants and some
less. The accuracy of this test is unknown. Leaching of elements from the
fly ash produced in pilot-scale combustors must be compared with that from
fly ash produced in power plants and both must be compared with element
leached into the ground water from disposal of power plant fly ash.

11.0 CONCLUSIONS

A great many empirical indices have been developed to predict the
influence of mineral matter and ash on power plant performance. Some have
been recently shown to predict plant performance poorly, others have not
been adequately tested, and a few appear to be useful to predict plant
performance, but need further power plant verification.
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An urgent need exists to determine to what extent the unverified
indices can predict plant performance. Research is then required to
develop new indices which can predict performance to replace indices that
have failed. The new indices should be based on examination of the problem
in the power plant, formation of mechanistic hypotheses of the problem,
testing of these hypotheses in controlled laboratory and pilot-scale
equipment, and verifying the results with power plant data.
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DISCUSSION

D.R. Hardesty

From your perspective, what fundamental research would
you recommend on mineral matter transformation and/or deposi-
tion ?

J.H. Pohl

The problem areas of mineral matter in boilers are out-
lined 1in the paper. Those areas which need verification are
abrasion indices, fouling index, leachabhility and disposal of
fly ash. Those which require formulation of new hypothe-
ses are : slagging, heat transfer, and corrosion. The hetero-
geneous chemical and physical nature of slagging deposits
needs to be determined. The deposits should be collected as
functions of time and compared with deposits obtained by
probes and in pilot scale combustors. These deposits need to
be collected for a range of slagging and non-slagging coals,
cross sectioned and analyzed. This will lead to hypotheses of
slagging which can be verified in small scale experiments.

The thermal conductance (k/As) of the wall deposits
often controls heat transfer in boilers. Measurement and
interpretation of the thermal conductance is required. Such
measurements can be made on deposits collected from boilers on
heat flux probe. The surface temperature, deposit thickness,
and heat flux must be measured in the presence of a realistic
incident heat flux. The first two of these measurements are
difficult. Further, the results need to be interpretated in
terms of a porous, semi-transparent, re-radiating surface.

Corrosion indices are also poorly known. Some indication
of the extent of corrosion can be obtained by depositing ash
on partially protected corrosion samples, placing these sam-
ples in a ~controlled atmosphere for a series of times up to
hundreds of hours. The depth and type of corrosion can be
determined by —comparing the corroded and non-corroded areas.
The results could then be correlated with coal composition and
boiler design.

J.B. Howard

You presented some fly-ash particle size distributions.,
Could you comment on how these distributions may relate to the
particle size distribution of the coals burned ?

J.H. Pohl

I would like to but can't at this time. I suggest that the
mineral matter and particle size distributions of pulverized
coal be determined by density separatation, low-temperature
ashing, and particle counting. This will yield the particle
size distribution of excluded and included mineral matter. The
amount of inherent mineral matter <can be determined by
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leaching. The amount and particle size distributions of the
various forms of mineral matter can then be correlated with
the particle size distribution of fly ash samples taken along
the axis for a number of <coal and flame conditions. The
results need to be interpreted using models developped at MIT
and elsewhere for vaporization, condensation, and agglomera-
tion of fly ash.

T.F. Wall

The question was raised regarding the number of ash par-
ticles formed from the combustion of each char particle. The
attached figure gives size distributions of ash from narrow
fractions of four coals. Given are size distributions
- of the coal
- of low-temperature-ash (representing the original mineral
matter)

- of ash from the combustion of the coal in a drop-tube furna-
ce

- the size distribution of the ash expected if each coal par-
ticle generated one ash particle (1:1).

The four coals are of similar rank (VM:30-35% db) with
the following initial deformation and flow temperatures :
Eraring (1400/+1560°C), Bayswater (1250/1300°C), Greta (1400/
+1560°C), Muswellbrook (1270/1380°C).

Clearly, the fly ash is of a different size distribution
than that from the 1:1 model; with more fines and more coarse
fly ash particles being generated.

From the experiments the particle size distribution of
flyash was determined predominantly by the size of the p.f.,
the distribution of inorganic material between the coal
particles (inherent) and the extraneous minerals, and, the
swelling or fragmentation behaviour of the p.f. The particle
size of the low temperature ash was significant only where the
p.f. contained large amounts of extraneous minerals, for
example, the Bayswater coal. With the exception of the Eraring
coal, combustion temperature had little effect on the size
distribution of the flyashes.

P.f. size appeared to influence flyash size in two ways;
by determining the extent of agglomeration of mineral inclu-
sions, with larger p.f. producing a larger mass mean size of
flyash, and, by affecting the extent of char fragmentation,
with larger p.f. tending to produce more fine ash. Char frag-
mentation in this <case involves simple degradation due to
large size of the char.

Reference : L.J. Wibberley, Institute of Coal Research,
Report 86/1, 1986.
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R.H. Essenhigh

Would you agree that a deposit cannot grow wuntil the
first layer has been formed, in which case the initial deposit
is what matters, and analysis of aged deposits can be mis-
leading.

J.H. Pohl

I definitely agree. Samples of boiler deposits should be
obtained at different exposure times and analyzed as suggested
in the answer to Dr. Hardesty's question.



303

H. Juntgen

In one of your slides you showed reactions between SO 3
and HC1l resulting in FeClp. Can you give more comments on the
significance of this or other reactions ? What is the source
of S03 (decomposition of sulfates on sulfur oxidation) ? Has
this reaction influence on emissions of chloride compounds ?

J.H. Pohl

I am sorry but the graph was confusing. Chlorides enter
as NaCl, organic Cl and in clays. These chlorides then reacte
with H to form HCl which can react to form FeCl with iron.
Sulfur trioxide usually is derived from the sulfur dioxide.
The reactions of S03+S09 (not reverse) appears to be rapid.
Results show that the amount of SO 3 retained follows equili-
brium at the injection temperature. In a boiler, the SO may
be increased toward the equilibrium concentrations by cataly-
sis.

T.F. Wall

Can you please outline the evidence for the relative
importance of conductivity (for thick deposits) and emissivity
in limiting heat transfer in power station furnaces as well as
the wvalues of thermal conductivity for thick deposits one
would back out from measured heat transfer and deposit thick-
ness.

J.H. Pohl

Sensitivity studies using the Richter. model have shown
that uncertainties in the thermal conductance of wall deposits
controls may be twice as important as uncertainties in wall
emissivity and flame emissivity.

Crudely, thermal conductance k/As is the important heat

transfer component. Measured values of k at 1000 K are about
1 Kw/mK. Realistic deposits are 2-100 mm thick in operating
boilers. However, deposit thickness of 1-5 mm usually must be

specified to obtain agreement with measurements. This would
results 1in a k of about 4 Kw/mK which may be considerably too
high.

K.H. Van Heek

Could you please comment on the situation in the U.S.A.
concerning either disposal or utilisation of the ashes and on
the needs for relevant research ?

J.H. Pohl

Ash disposal is not yet a problem in the United States.
Some fly ash in the United States is economicably sold for low
density aggregates (cenospheres) and cement kilns. How-
ever, disposal of fly ash in many european and some asian
countries is restricted.
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1. INTRODUCTION

The emissions of nitrogen oxides are much higher with the combustion of fos-
sil fuels containing organic bound nitrogen compounds than with clean fuels
like natural gas and light distillate oil. During combustion the fuel-bound
nitrogen can be converted partly or totally into nitrogen oxides, these

causing the higher emissions.

AIR STAGING FUEL STAGING
air|| coal
air | | coal
stage1 | heat loss
stage 1 |heaf loss SR1>1
SR1<1 fuel
bl addition
i additi stage 2 | heat loss
e
air_addition SR2< 1
air —T
stage 2 |heat loss | addition 1
stage 3 |heqt |
SR2>1 Iheat loss
SR3 >1
‘ flue gas # flue gas
parameters parameters
fuel type primary fuel
temperature secoudary fuel
SR1 prim./secoud. fuel ratio
SR2 temperature
residence time T4 SR1
air preheating SR2
SR3

residence time Tq
residence time T;
air preheating

Figure 1. Principles of staged com-
bustion of pulverized coal.

Legislation limiting the specific
emission rates of nitrogen oxides
has led to intensive efforts to
achieve these goals technically by
controlled combustion only. Staged
combustion has been found the most
effective measure to reduce NOx
emissions with combustion of fuel
nitrogen containing coals and heavy
fuel oils /1/. The influence of dif-
ferent combustion parameters on the
reduction of NOx emissions from pul-
verized coal flames by air staging
was investigated previously to our
own experiments /2,3/ by other
authors /4 to 7/. Based on these
results and the gained experience
the possibilities of fuel staging
are at present systematically in-
vestigated. This paper deals with
available results on air and on fuel
staging with coal combustion.

Fig. 1 is showing both staging
principles as they may be applied
with low NOx burners, assuming that
all stages normally are losing a
certain portion of energy by radia-
tion. However, it also might be
possible that, e.g. in the reducing
stage, with air-staged combustion

heat is added from the flame circumference. There are several parameters
which are of importance for the final flue gas NOx concentration.
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2. FORMATION OF NO FROM FUEL NITROGEN

Coal is containing from 0.5 to 2 % fuel nitrogen which consists mainly from
aromatic compounds like pyridine, pyrole or amines /8/. Fuel nitrogen is
oxidized to NO after having been reduced previously to hydrogen cyanine
(HCN) or ammonia (NH,) respectively. This statement is supported by many
results from investigations with fuels which were doped with nitrogen addi-
tives like pyridine, NH, etc. and with fuel nitrogen containing fuels. Feni-
more /9,10/ has found tﬁat prompt NO in rich hydrocarbon flames is formed
via the same nitrogen compounds.

With coal combustion one has to differentiate among NO from gaseous fuel
nitrogen and NO from char. A part of the NO formed can be reduced to nitro-
gen at the carbon surface and form molecular nitrogen N, after recombina-
tion. Fuel nitrogen reactions are much faster than thermal NO formation.

2.1. NO from gaseous fuel nitrogen

NO formation from gaseous fuel nitrogen occurs along a complex reaction
path which up to now can not be described quantitatively. Fuel nitrogen is
converted to fairly simple compounds like amines and cyanides. With growing
temperature during pyrolysis of nitrogen compounds the proportion of HCN is
increasing and becoming the dominating one with very high temperatures. HCN
is reacting further and forming N atoms containing radicals which can react
rapidly with oxygen containing components /11/. However, this finding is not
supported by the results of the authors.

The cyanides are converted to either molecular nitrogen or NO by forming
amines as intermediates /12/. Similar reaction paths seem to exist for
ammonia. If coal particles during combustion are not heated too fast they
devolatilize prior to ignition and lose a great part of the bound nitrogen.
These products are converted during the combustion of the volatiles. The
devolatilization itself is dependent on the temperature and has an effect
upon the formation of fuel NO.

Bound nitrogen is devolatilizing mostly ( 90 %) along with the tar and high
boiling components at temperatures above 900 K, i.e. in the second range of
coal devolatilization. With low pyrolysis temperatures the nitrogen is re-
maining mostly in the char, at high temperatures from 70 to 90 % of the
nitrogen can evolve. This is depending on the thermal stability of the
nitrogen compounds. Because of their fairly late escape from the coal par-
ticles they are usually not burning in the premixed phase of substoichio-
metric combustion but later in the diffusion-controlled combustion stages

/13/.

2.2. NO from fuel nitrogen in the char

The conversion of fuel nitrogen in the char is less well understood than
that of the volatiles /11/. It is known, however, that the rate of char
nitrogen conversion to NO is smaller than that of the volatile nitrogen
compounds. The amount of volatiles evolved from the coal particles is de-
pending more on the final temperature than on the heating rate. But if the
latter is extremely high then the devolatilization step can be skipped and
the combustion of volatiles and of char occurs simultaneously /7/.

This heterogeneous conversion is dominated by the chemical reaction of the
nitrogen containing components in the interior and at the outer surface of
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the particles. Song et al. /11/ found out that the oxidation of nitro-

gen and carbon is not selective which is corroborated by the results of
this investigation. During char combustion the devolatilization of nitrogen
is continuing and diminishing the N/C ratio. The formation of NO from char
is very little depending on the combustion process except on the overall
excess air level. Therefore it can hardly be influenced by proper control
of the combustion process.

3. REDUCTION OF NO BY STAGED COMBUSTION
Depending on conditions with pulverized coal combustion, NO formed initial-
ly can be reduced later during carbon burnout by means of homogeneous and
heterogeneous reactions, the latter involving unburnt char. Also heteroge-
neous catalytical surface reactions at ash and other solid particles are
known to be effective. The fairly low NO formation can apparently be ex-
plained by indirect NO reduction at available char particles. The hetero-
geneous reduction of NO at the char surface can be described by the fol-
lowing gross reactions

C+ 2 NO —= CO, + N (1)

2 2
2 (2)

C + NO —a CO + 1/2 N
However, this reaction mechanism is of minor importance for the reduction
of gas phase NO with staged combustion.

3.1 Nitrogen oxide reduction with air staging

With air-staged combustion of nitrogen containing fuels homogeneous as well
as heterogeneous catalytic reactions are of importance. The presence of CO
causes a fairly rapid diminution of NO which can be explained by catalyti-
cally boosted heterogeneous reactions /14/. These can occur directly among
CO and NO, catalyzed by the ash, or indirectly via chemisorbed oxygen which
converts CO to CO,. At the free active surface NO is reduced by chemisorp-
tion of an oxygen~atom, according to the following reactions

CO + NO --e CO, +1/2 Nj (3)
CO + C(O)——== co, + Cf (4)
NO + Cf ——a= C(O)+ 1/2 N, (5)

The decreasing predominance of heterogeneous catalytical reactions with
higher temperatures can be explained by a weaker adsorption of oxygen
C(0) ——= CO (6)
The heterogeneous catalytical NO reduction is dependent on the ash content
and on the ash composition, but no information on the decisive components
is available.
Under reducing conditions the fuel nitrogen can be present in the compo-
nents NO, HCN, NH,, and is partly contained in the char /11,15,16/. Nitro-
gen monoxide as wéll as HCN and NH, can be reduced to molecular nitrogen
/8/. The reduction of NO is occuring with sufficiently low stoichiometric
ratios, preferably homogeneously, via the ammonia compound NH2
NH, + NO ——== N, + H.,O
which is“equilibrated Wwith ammonia NH3
NH, + OH ——== NH, + H,0 (8)
Rising témperatures cause higher NH2 concentrations and speed up the NO
reduction.

(7)
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3.2 Nitrogen oxide reduction with fuel staging

A new type of combustion, incorporating fuel staging, was derived from flue
gas treatment with reducing fuel components /7/. In fuel-rich flames NO is
diminished by fuel radicals /17,18/. As Myerson /18/ has shown, reactions
involving CH and CH, are responsible for the reduction of NO

CH + NO ——== “HCO + N (9)
The nitrogen atoms formed can be consumed in fast consecutive reactions
N +NO ——= N, +0 (10)

With the experimental”investigations HCN, plotted versus the stoichiometric
ratio, showed a maximum value which can be attributed to the following
reaction

CH + NO —= HCN + O (11)
Under minimum NO formation conditions only little HCN is formed which in
the presence of atomic oxygen is rapidly oxidized to NO. According to Shaub
/10/ not the fuel radicals CH and CH, are decisive, but the NO reduction is
occurring indirectly via higher concéntrations of atomic nitrogen following
reaction (10). These results also confirm the importance of the reactions
(9) and (10) involving the CH radical. After this investigation the re-
duction of NO by NH, and by NH is fairly weak.
Fuel staging, also Called '"reburning" or "in-furnace NOx reduction", is
involving a splitting of the fuel into two or more fuel streams which are
feeding two combustion stages being followed by a burnout zone. The second
combustion stage can be considered the NO reduction stage. It is of great
importance to operate this second stage substoichiometric /19/. The NOx re-
duction is influenced by stoichiometry, the reduction zone temperature, and
the residence time in the first stage (between both fuel additions). It was
found that a stoichiometric ratio of 0.9 and a temperature of above 1200 °C
lead to minimum NO concentrations. If the reducing fuels are containing
bound nitrogen, combustion at too low a stoichiometric value will lead to
low NO concentrations but also<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>