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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 ofregions 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.!t 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.LT. 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. 
llintgen 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. Muller, 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 Jlintgen 
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/sl, 
and combustion time ranges from minutes to hours, depending 
on particle size. In fluidiz 3d bed ~ombustion heating 
rates can be estimated at 10 to 10 Kls, burning tempe
ratures are between 800 and 900 0 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 systems 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 ~ 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 Ill. 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 smaller and larger than previously used, and for 
more exact operation conditions 12/. 

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 NO formation. 

x 

2. CLASSIFICATION OF COAL ACCORDING TO RANK 

Coal is a chemically and physically heterogeneous rock, 
mainly containing organic matter. It principally consists 
of carbon, 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. 

5 
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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 O/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 O/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, Hand 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 figure 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 is 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 0- 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 O/C, 
where H is the aromatic H-content, and to tR~ tempera
ture (f~~ure 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/: 

C = 0.837 + 1.54 . 10-3T - 5.4 . 10-7 T2 (kJ/kg K). 
P 

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 

Hu (MJ/kg) = 33.91 + 121,42 (H - ~ + 104,67 /16/ 

in which c, H, S, 0 mean the content of C, H, Sand 0 
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 
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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 ~ 
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 Structure---------------------------------------------

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 part~c1es 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 2-formation as given in the left hand picture below 
of figure 16 for the combustion of coals of different 

9 
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rank but of the same particle si~e 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 0 C to 600 0 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 16 
below. The most important results are that chars ignite 
at higher temperatures compared with the volatiles, that 
ignition temperatures of chars increase from 590 0 C to 
860 0 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 
f~ectroscopic 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, 
ethyl en or ethers. Oxygen is also present in the form 
of phenolic OH groups and in heterocyclic bondings. The 
distribution of Sand 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 is 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 H2 is plotted against the C-number 
for two different coals at temperatures of 600, 700 and 
800 0 C. It can be seen that the sapropelic coal Lady Vic
toria (45 % Exinites) has a five times greater yield on 
Cl5 to C25 hydrocarbons than the humic coal Westerholt 
(I2 % EXlnites). 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 ----------------------------------------------------
Structure 
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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 pores -
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 0 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 0 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 0 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 0 C, 
destillation of mobile phase, beginning at temperatures 
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up to 250 0 C, and forming an aliphatic tar, degradation 
of macro-molecule under formation of an aromatic tar and 
gases beginning up to 400 0 C, and the condensation of 
big aromatic structures to char, combined with formation 
of H2 , CO and N2 which begins at about 600 0 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-o 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 3 , CH 2 , and CH in side chains or bridges 
result in the formatlon or Cl to C3 hydrocarbons. Hydro
aromatic CH 2 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. 
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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-law-density particles. 



A more detailed study of the change of vi train 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. 

17 

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 0 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. 

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 pu~e 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 dec2ease with decreasing particle 
diameter between 10 and 10 ~ 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 ~race elements is neccessary. 

S is general converted to S02 with only traces of SOl in coal 
combustion, the latter and parts of S02 can be absor5ed in 
flue ash, if these contains suitable mlneral 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/. 

6~~_§i9~ifi~~~~§_~f_~~~l_~i~~~9§~_f~~_~~e ~Qx:~~~~~~ion 
in Flames 

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 3 , 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 N2 , NH], 
and HCN, various liquid compounds as amines and heterocycles, 
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 NO , 
main product is HCN, while pyrrol and methylpyridin for~ 
increasing parts of NO: From there it follows that NO 
formation during combustion is a function of chemicalxconsti
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 0 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 2 ) 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 CO 2-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. 



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 3two 
different carbon concentrations 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. CorrespondentXdata 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 2 formation. 
Also the reduction of NO by the char is of lmportance. 
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. CONCLOSION 

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 
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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 ~, 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 pa~ticle 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 2 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 THE DEGREE OF COALIFICATION: 

RANK 
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(SIMPLIFIED) 
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FIGURE 1: Classification of coal according to rank 
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FIGURE 2: Typical ultimate analysis of coals of different 
rank 
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PRECURSOR MATER IA! SAND CflEMICI\l COMPOSlTION OF 
MACERAL GROUpS 
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FIGURE 3: Precursor materials and chemical composition 
of maceral groups 
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FIGURE 4: The Hie versus Ole diagram 
according to D.W. van Krevelen 1950 
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FIGURE 6: Vitrinite reflectance versus elemental composition 
according to R.C. Neavel et al (1981) 
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MOISTURE CONTENT ONLY FOR LOW RANK COALS 
(AS RECEIVED FROM THE SEAM) 
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FIGURE 7: Properties needed for heat and mass balance 
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FIGURE 32: Comparison of experimental and theoretical 
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A = 2,0 g/cm ; curves 2: = 1,0 g/cm accor-
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Conversion = f In 

NO Concentration 500 ppm 
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Coal concentration 0.7-2.1 g/ccm 
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FIGURE 40: Model calculation of NO-reduction in fluidized 
beds with different carbon concentration accor
ding to J. Schuler (1986) 
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DISCUSSION 

T.F. Wall 

From 
nities do 
experiments 
simpli fy ing 

H. Juntgen 

your understanding of coal chemistry what opportu
you see for simplifying the feed material prior to 

(e.g. by chemical means or by mild pyrolysis) to 
the interpretation of experimental results. 

Mild pyrolysis with low final temperatures between 400 
and 520°C as prestep seems to alter coal 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 (H2) 
intermediate in formation of tars. Other workers have postula
ted direct abstraction of hydrogen by neighboring species, 
involving no H2 intermediate. Then, too, there is increasing 
evidence as you 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, if 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) I agree, that ethylene bridges can contribute to hydro
gen transfer 9y disproportionation reactions, however hydro
aromatic [H2 - groups may playa preferential role as hydrogen 
donors. I further agree that the binding forces between 
[-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 90nd cleavage is involved. On 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 ct 300 to 400°[. 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 your study on char-nitrogen transforma-
tion into NO. 

What effect have 
1) Temperature 
2) C 0 / C 02 rat i 0 

on the fraction of char-nitrogen converted into NO ? 
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H. Juntgen 

We have investigated the effect of temperature in the 
range between 1000 and 11000C. In this range we have not de
tected significant differences of NO-formation during oxida
tion of char-nitrogen. The relationship between N-c~nversion 
into NO and the CO/C02-ratio is not investigated in detail 
till now using ~~e 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 oxic9tion 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 reactors 
relations between CO/CO 2 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. 7 

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 w:th 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 used 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 .'Jreak up 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 uncertain. Would you comment on this 
question of particle agglomeration. 

H. Juntgen 

We have not investigated this question in detail. 
would assume that the agglomeration of particles in coal 
flames depends on the probability, that particles can stick 
together dcring softening in 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 can 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 coal in relation to 
the way in which it can influence the pyrolytic reactivity of 
the coal macromolecule and labile species. 1he 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 ions ir. humic acids of lignites 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 
of Professor A. Williams. 

to the question 

2) In contrast to the precursor materials of the mace
rals of the vitrinite and the exinite groups it seems to be 
difficult to relate the macerals of inertinite groups 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. Beer 

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 ~m bituminous coal particles even at 100 % 
O2 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 

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, ignition 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 ~ m particles (of 39.5 ~o 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 using 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 in 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 -5 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 I believe that experiments 
using a wire net technique are very useful to explain and to 
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 

tic Ie 
the 

In your presentation, you indicated that for small par
the ignition is heterogeneous. Would you please define 

"ignition process" involved in that observation in terms 
the experimental details. of 

H. Juntgen 

In the experiments described using a wire net technique 
ignition is observed by the beginning of C02 formation, measu
red by a time of flight mass spectrometer. 1he 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 C02-formation of the first sharp [02 
peak (1 in figure 16, left hand picture), ignition of char 
takes place at the time of first [02- formation of char com
bustion (T z in right hand figure of figure 16). Additional 
experiments to determine ignition of volatiles and char are 
performed by observation of the coal layer using a high speed 
camera. H~re 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 up in the right hand picture of 
figure 17. 

M. Hertzberg 

I should like to make a comment in support of Prof. 
Beer'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 into a preheated oven at a high dust concentra
tion. 1he auto-ignition temperature for Pittsburgh sub 
bituminous coal is insensitive to particle size for diame
ters less than 50 ~m. 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 is 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 is necessary possibly with the same 
coals. I am convinced that a comparative study would give 
useful hil,ts 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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1) INTRODUCTION 
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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. lhese 
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-lF) (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 senerally requires soft ionization techniques, but 
does not allow to break up the cohesion (or the compacity) of 
coal that is linked to the bond energies (interaction of the 
Van Der Waals type). lhey 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 little significant information has been 
obtained. 

On the other 
curie point (3) 
suIts 

hand, mass spectrometry by pyrolysis at the 
has provided interesting and reproducible re-
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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 oC heating time: 6 sec.). 
The gaseous pyrolysis residues are ionized 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 ~f 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. 

II) 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 is 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 analy~is 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 Ionization Mass Analysis) 
that also uses a time of flight mass spectrometer,-but uses 
different focalizing and visualizing optics. 

lhe 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). 

q V = 1 
"2 

mv 2 v = 
lc 

[2 (,9.) vP 
1 

t = k (m/ q ) 2: 
m 

The electrostatic reflector that is introduced half-way 
through allows to get rid of the initial energetic ion dIstri
bution because ions 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 
of the same mass 
stored in a fast 
a storing ~emory 

signals that correspond to each burst of ions 
arriving upon the detector are amplified then 
transient recorder (100 or 200 MHz) that has 

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 playa 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/crrr 

1ft h e i r r ad ian c y val u e i s 1 e sst han 1 0 6 W / cm" , pro ton 
adsorption by the material will respect the laws of Lambert 
and Bur. Our the contrary, if the diameter is superior to 10 6-
10 7 W/cm", proton adsorption is not linear and is accompagnied 
by a series or procedures (Cf § II 4). At a very high irra
diance 10 10 W/cm", 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 ~m, and the 
matrice effects are more sensitive. Also, ion ionization at 
90 0 and extraction at 60 0 seems better than inversed geometry 
(ionization at 60 0 and extraction at 90 0 ). 

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 CO2 
laser). 

Interaction time also de pen des 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, t~ere 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, ... ). Each 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/c~. 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). 

noni = 2,4 x 10 15 T 3/2 10 -L(T) 
no 

in which L(T) = 5.10 3 PI 
T 

PI is the ionization potential 

T is the Kelvin temperature. 

Knowing the degree of ionization, it is 
te the microplasma temperature, which, 
irradiancy and the type of material, can 
and 15 OOOOK. 

4) Laser beam wavelenght 

possible to evalua
according to the 

vary between 6 0000 

The laser ionization at medium irradiance (10 8 W/c~ < 0 < 
101~/c~) 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 



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 
§ III 2) or cat ionized molecular peaks (CF § III 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, T = 12-15 nsec), the wave
length emission (1 060 nm) of which is doubled (A = 532 nm) by 
the intercalation of a thermostated K D P crystal, pumps a 
coloring 13ser, which, with respect to its 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 (CnHm+) 
or a metallic origine (XpDq)(XpDq) (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 in the analysis of a standard steel contai
ning 0.538 % of Molybd~ne (I.R.S.I.D. standard nO 108/1). 
Under usual conditions ( A = 266 nm; E '" 2 jJ J) 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 lifetime of the Molybdene 
intermediary metastable excited states. This is totally in 
accordance with the resonant ionization theory (R 1 S) (14). 
Indeed, in a M(w , w, e )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 
with Cadmium, Erbium and Copper (15) (16) 

put into application 
( 17 ) . 

2 ) or of hydrocarboned articles 

The analysis of a series of 19 coals (6 of which were 
French - CERCHAR Minibank) and a various kerogenes (1 F P sam
ples) was done according to the following protocol: 

1 - The absorbance - density curves obtained after diffe
rential gradient centrifugation (0 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 us 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 control 

The sensitivity (1 to 10 ppm for most elements) of the 
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Resonance Ionization (Lamma 500 coupled with tuna
ble dye laser) of a polymer doped with cadmium 
complex (CD+ 200 ppm) and a standart steel (IRSID 
108-1) with 0.5% of Molybdenium. 
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LAMMA microprobe has proved that it is an excellent tool for 
studying the demineralization of finely grinded (2 to 5 ~m) 
coals. Indeed, the minimum grinding time that ensures good 
HF/HCl 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 (<I» 10B W/cm') 

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 (SC 2p +1 H)+ (m/z=45, 69, 93, 117) and 
FeCpH+ (M:z=B1, 105, 129, p=2,4,6, ... ). These ions only ap
pear when an elements, submerged in a hydrocarboned matrice, 
goes above a cohcentration threshold of about 0.4 to 0.5%. 
With high irradiancy (~)1oB W/cm') , the 5+ 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 
CnH+ type can also be detected in petroleum residues that are 
rich in vanadium ("" 4 000 ppm). 

iii) The hydrocarboned mat rice itself leads to the forming 
of clusters of the CnHm+(or C H -) type. The more the hydrogen 
level goes up, the higher tJe ~ (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.B (cf. the Van Krevelen 
diagram). In anthracites, the C+ and CnH+ ions are dominant, 
whereas in lignites or kerogenes 1CnH2t CnH3+or CnH4+) are 
much more intensive while C~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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a) Individual analysis of industrial airborne par
ticles at very low energy and low wavelength 
(228.~ nm) 

b) Detection threshold of polycyclic aromatic hy
drocarbons adsorbed on microparticles of hemati
te at two wavelengths (228.5 nm and 291.7 nm). 
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te intensity ratio R. 

R = 1.45 (HiC) - 0.45 (r = 0.97) 

1 I(CnH2+) 
R =4" L: I(CnH+) with n = 3, 5, 7, 9. 

This methodology should be very useful for evaluating on 
site the HiC 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 ~m. It is ejected after 
the first impact (a transfer of thermal energy into kinetical 
energy). 

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

- The energy threshold at which the molecular peak MO+ 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 (Mo+ 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 HAP mixtures on amorphous carbon particles (2-3 ~m) 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 ~J). During the second with the same 
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particle, a higher energy laser impulse (E> 2 ZJ, @ > 1ULW/c~) 
is triggered, so as to detect the consecutive elements and the 
nature of the majority mineral support by analyzing the clus
ters. 

IV) CONC~USION 

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. 

v) BIBLIOGRAPHY 

(1) L.B. ALAMANY, D. GRANT, R.J. PUGMIRE, L.M. STOCK, 
Fuel, ~, (1984), 513. 

(2) D.W. KUEUN, R.W. SNYDER, A.D. PAINTER, P.C. PAINTER, 
Fuel, ~, (1982), 682. 

(3) H.L.C. MEUZELAAR, A.M. HARPER, G.R. HILL, P.H. GIVEN, 
Fuel, ~, (1984), 640. 

(4) a) H.L.C. MEUZELAAR, J. HAVERKAMP, F.D. HILEMAN 
Pyrolysis mass Spectrometry of recent and fossl. 
biomaterials, Vol. 3, Elsevier. Sci. Compagny - 1982. 
b) H.C.L. MEUZELAAR, A.M. HARPER, J. PUGMIRE, J. KARAS 
International J. of Coal Geology, ~, (1984) 143. 

(5) T.K. DITTA, Y. TALMI, 
Fuel, ~, (1982), 1241. 

(6) a) F.J. VASTOLA et A.J. PIRONE 
Advances in Mass Spectrometry, Vol 4, (1967), 107-111. 
b) B.E. KNOX et F.J. VASTOLA, 
~aser Focus, 1, (1967), 15. 



72 

(7) J.F. ELOY 
Int. J. Mass Spectrom. Ion Physics, ~, (1971), 101. 

(8) a) R. KAUFMANN, F. HILLENKAMP et E. REMY 
Microsc. Acta, 73, (1972),1. 
b) R. KAUFMANN,F. HILLENKAMP, R. NITSCHE, M. SCHUERMANN 
et R. WESCHUNG 
Microsc. Acta, Suppl. 2, (1978), 297. 

(9) J.F. ELOY, M. LELEU, E. UNSOLD, 
I nt. J. Mass. Spectrom Ion Process., ~, (1983), 39. 

(10) a) N. FURSTENAU et F. HILLENKAMP, 
Int. J. Mass. Spectrom. Ion. Physics., ).2, (1981), 135. 
b) H.W. DRAWIN et P.F. FELENBOK, 
Data for plasma in local thermodynamic equilibrum, 
Ed. Gauthier-Villars, (1966), Paris. 

(11) S.E. EGOROV, V.S. LETOKHOV, A.N. SHIBANOV, 
Chem. Phys.,~, (1985),349. 

(12) J.F. MULLER, F. VERDUN, G. KRIER, M. LAMBOULLE, 
S. GONDOUIN, J.L. TOURMANN, D. MULLER et S. LOREK 
C.R. Acad. Sci. Serie 2, 299, (1984), 1113. 

(13) W.F. MEGGERS, C.H. CORLISS, B.F. SCRIBNER 
Tables of Spectral lines intensities-NBS Monograph, 2l, 
(1), (1961). 

(14) G.S. HURST, 
Applied, Atom. ColI. Phys., ~ (1982), 201. 

(15) G. KRIER, F. VERDUN, J.F. MULLER, 
Fresenius. Z. Anal. Chem., 322, (1985),379. 

(16) F. VERDUN, J.F. MULLER, G. KRIER 
Laser Chem.,~, (1985),297. 

(17) F. VERDUN, G. KRIER, J.F. MULLER 
Anal. Chem., sous presse. 

(18) E. TOTINO, J.F. MULLER 
C.R. Acad. Sciences, 301 II, (1986),295-300. 

(19) E. TOTINO, G. KRIER et J.F. MULLER 
C.R. Acad. Sciences, 303 (II), (1986),821. 

(20) E. TOTINO 
These universite de Metz (1986). 

(21) R. KAUFMANN 
"Physical and Chemical Characterization of Individual 
Airborn Particles" (Ellis Horwood Ltd. Chischester) 
p 227, (1986). 



73 

(22) J.F. MULLER, G. KRIER, F. VERDUN, M. LAMBOULLE, D. t~ULLER 
Int. J. Mass. Spectrom. Ion Process., ~, (1985), 27. 

(23) F.VERDUN 
Th~se universit~ de Metz (1985). 



74 

DISCUSSION 

H. Juntgen 

You have reported two results: on the one hand the cor
relation between CnH~/CnH+ seems to show that CnH+ correla
tes to aromaticity and ~, HZ/C~ 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 is 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 (~~+). In this 
experiment, the energy is 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.O.F. masspec
trometer is 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 
qua s i mol e cuI a rio n s ( (M + H)+, (M + N a)+, (M - H)- ... etc 0 f 
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 
(W, N a+) pro d u c e din the c e n t e r 0 f the I as e rim pac t. We 0 b
served a delay between the zero time of the laser pulse and 
the quasimolecular ion formation (delay'" 1]..1 s or more). Now 
we are testing and comparing the ion distribution of laser 
ionization with two kinds of spectrometers: first is the 
T.o.F. spectrometer and second is Fourier 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 Ionization Mass Spectrometry). 
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KINETICS OF DEVOLATILIZATION 
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1. INTRODUCTION 
Quantitative description of coal devolatilization is desired as 

input for overall descriptions of coal combustion mechanisms. 
Devolatilization is 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 
cokingjrepolymerization 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 

77 



78 

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 is 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 l , 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*-Vi ) (2 ) 

and 
ki = kOi exp(-Ei/RT) (3) 

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

If temperature is constant, solution of Eq. 2 gives 
(Vi *-Vi )/Vi * = exp(-ki t) (4) 

When temperature varies with time, which is always the case in 
practice, the solution of Eqs. 2 and 3 can be written 

(Vi *-Vi )/Vi * = exp(-ki te, i ) (5) 
where te,i is the effective isothermal time. If the temperature-time 
history is approximated as a three-step sequence of heating at 
constant rate m to temperature T, holding at T for time T, and cooling 
at constant rate me (i. e., dT/dt = -me during cooling), and if the 
condition Ei » RT is obeyed, then te, i in Eq. 5 is found to be 

where IDe 

te, i = RT2 
mE, 

mmc I (m+me ). 

+ T + 
RT2 
meEi 

RT2 
IDe Ei + T (6) 

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

n 
V = I:: Vi 

1 

Substitution of Eq. 7 into Eq. 
k ~ VI *-VI V2*-V2 . - ) kl + (---) 

V*-V V*-V 

(7) 

1, and use of Eq. 2 gives 

k2 + ...... (Vn*-Vn ) kn (8) 
V*-V 
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From Eq. 5 the factors in Eq. 8 can be written 

Vi *-Vi 

V*-V 

Vi *exp( -ki te , i) 
n 
[ Vl*exp(-kite,;) 

( 9) 

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 is perfectly described in terms of three 
independent first-order parallel reactions, each having a pre-exponen
tial factor ko of 1010 S-l. The other parameter values are given 
below: 

Reaction 

1 
2 
3 

0.25 
0.50 
0.25 

Ei , kcallmole 

40 
50 
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, T = 0, and me = 
co in Eq. 6. 

The points in Fig. 2 are values of In 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 kl' the indi
vidual rate coefficient of lowest activation energy, but to be lower 
than kl 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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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 lines 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 0,1 gives 

(10) 

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 0 for Montana lignite2 are 
plotted as the solid lines in Fig. 3. Each line 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 lower heating rate. This behavior, which is discussed 
elsewhere1 , is equivalent to that seen above for the three-reaction 
case. The main point here is 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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multiple-reaction behavior for the different conditions with only one 
set of parameter values. 

The overall single-reaction model was previously fitted2 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 ~ (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 oil or crack to form light 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 liquid 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 is 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 Kls, 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 (Eg. 6) E, ko, 
kcal 

Case ~ me, K/s me ,K/s mole ~ 
A 10,000 00 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 00 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 ~ 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; 0, 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-l. 
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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. T5, 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 liquids 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 reactor7 was an enlarged and 
modified version of the one described by Anthony et al. 8 About 20 mg 
of 75-90 ~ diameter particles of the same coal used in the plastome
ter were spread evenly in the central region of two layers of 10.5 em 
x 5.3 em, 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 
Kls (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. 
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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, 
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An extract yield of about 25% was obtained from the raw coal. 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
abIes 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 decreases6 (see also Fig. 10). This implies 
that polymerization is an important pathway in extract depletion and 
coke formation. Evaporation fu~d escape from the coal also contributes 
to extractables depletion, as noted above, thereby presumably increas
ing the extractables molecular weight. 

o!' 40 

i 

~ • 1 20 K2 = 0.405-1 

M 
~ 

~ 
c 

K2 = 7.4 5- 1 I 10 • ... 
4 8 12 16 S_ds 

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. 



As shown in Fig. 9, the respective times for initial generation 
and near final depletion of extractables within the coal, corresponds 
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 is quite likely 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 little effect of heating rate. Other workers found the 
Gieseler plasticity during the early softening stage to be reversible 
as the temperature is raised or 10wered9 • 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. 
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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, ~OO Kls (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 metaplast volatiles + coke 

dC 
dt -kl ( C - fa ) - rm (11) 

dM 
dt kl ( C - fa ) + rm - k2M (12) 

dV 
dt k2M (1/1 + a) (13) 
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dE 
dt k2M (all + 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 

(15) 

The rate coefficient k2 can thus be found from a plot of In(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-I) exp(-21200 KIT) (16) 

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

kl = (6.6 X 107 S-l) exp(-14500 KIT) (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) 

nCo) = no ( 19) 

where Kc is the collision frequency, E 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 = o. Permanent sticking of two particles to 
form an agglomerate is assumed to occur as follows: 
(i) Particles collide with a frequencylO 

Kc = 1. 3 d3 (Eo I v) 1 / 2 (20) 

where £0 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 Cl = x/d is assumed 
to be normally distributed with mean eland standard deviation ~. 
(iii) The strength of the neck region is assumed to be 

O"n = O"oM (21) 

where ao 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 stressll 

O"b = 10. 8tJu s (Eo I v) 1/2 / Cl 3 

(v) If O"b is larger than an, then no agglomeration results (E 
otherwise E = 1. Thus the critical C1 for agglomeration is 

Cl Z 2.21 (tJ8"as/0"0M)l/3 (Eolv)1/6 

(22) 

0) ; 

(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 is a function of the liquid content, the intensity of 
turbulence, and the distribution of Cl. Once the energy dissipation 
rate, Eo, 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/cm3 , and 
particle radii of 100 tJm 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=O. The predictions are qualitatively 
consistent with data of Tyler12 and McCarthy13. 

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 ac5ess high temperatures (> 1500 0 C) at high heating rates 
(> 10 cis), 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 effecti'/eness is 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 in 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 tne pyrolysis occuring after pulverized coal 
in a flame is heated to of order 10000C 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 
significance of turbulence levels, denoted 10 6 
What are the units used here? 

J.B. Howard 

made to the 
- 10 4 etc. 

The units are s-Z , 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 D 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. 
Z) The observed endothermic effects are mainly associated 

with the formation of small molecules (HZ' CH 4 , CO, C1 2 ) 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 ~e 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 
does it depend on coal rank? and type? 

J.B. Howard 

of pyrolysis? How 

The heat of pyrolysis is 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 

agree that surface tension should be considered along 
viscous forces in the analysis of molten coal particle ~eha
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. Juntgen 

I can really confirm all your considerations on the signi
ficance of taking into account secondary reactions in kinetics 
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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 early in the heating of some coals, and by chemical 
hreaking 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. HOI-lard 

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 is that the tar yields 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. 

T.F. Wall 

One advantage of multiple reaction schemas in combustion 
models is that each pyrolysis product may be associated 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.H. Beer 

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. Hore 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/HIT on pitch used as binder, we are compa
ring results obtained by Gel Permeation chromatography, by 
G.C.H.S. (Gas chromatography coupled to Hass Spectrometry) and 
Differential scanning calorimetry. These methods and compari
sons might be applied to tars produced during devolatiliza
tion. 
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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/cm2., and as a function of 
particle diameter, which was varied between 51 and 310 ~m. The measured 
"half-life" 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 0 to 600 0 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 [1-3J. 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 [4,5J or as a larger macroscopic surface in 
the case of fires [6J. 
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The combustible volatile content of a coal is the major factor 
controlling the explosivity of its fine dust [4J, and it is the 
devolatilization process that limits or controls the flame propagation 
rate at high dust concentrations and through coarse coal particles [5J. 
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 [7J. 
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 [8J. 
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 [7-9J. The laboratory techniques that have yielded the 
most data are the laminar flow furnace [10J, the flat flame reactor 
[llJ, and wire mesh heating [15J. 

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 [12,13J 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 
[9,10,20J; 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 [16-18J. 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. In a propagating flame front, 
the enthalpy flux density that activates the unburned mixture ahead of 
the flame is given by Sucp(Tb - Tu )' where Su is the burning velocity, c 
is the heat capacity, p is the density of reactant mixture, and Tb - 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/cm2. 
The time available for devolatilization is a/Su2 , where a is the 
effective diffusivity of the flame zone. For a limit burning velocity 
of Su= 3 cm/sec, the maximum devolatilization 'time is 60 msec [5J. 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 C02 laser manufactured by Coherent Radiation and operating at 
its normal wavelength of 10.6 ~m. 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 TEMOO 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. 
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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 ~m radiation and shattered too easily. Three types of 
substrate were found to be suitable: Zinc sulphide, aluminum (AI) foil, 
and molybdenum foil. The ZnS is suitable because it is highly 
transmissive at 10.6 ~m, 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 [21J. 
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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 ~m. 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 ~m and 51 ~m respectively. The detailed size distributions for the 
finer dusts were measured with a Coulter Counter, and their approximate 
distributions have already been published [5J. The coal used was the 
same Pittsburgh seam bituminous (36 pct volatility) whose properties 
were described earlier [4J. The particles were air-dried at room 
temperature, but otherwise no particular effort was made to remove the 
intrinsic moisture content (1 pet). 

For some of the experiments with 310 ~m 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 ~g for a microbalance whose 
sensitivity was 0.1 ~g. The experimental weight-loss method had a 
reproducibility within 2 ~g. 

4. DEVOLATILIZATION RATE DATA 
The data for the weight loss of 105 ~m coal particles as a function of 

heating time at various laser power densities are shown in fig. 2. All 
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exposures were in a nitrogen atmosphere; the measured weight losses 
represent only the evolution of volatiles since there is no char 
oxidation in such an atmosphere. The curves have characteristic 
S-shapes. 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(oo) as 
t+oo. 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 ASTH 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 [9,10,14J. 
Those higher V(oo) 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/cm 2. The coarsest particle (Ds = 310 ~m) gave a final volatile 
yield of 45 pct, and the finest particle (Ds = 51 ~m) gave a "Coo)-value 
of 50 pet. The highest yield measured in these experiments was 55 pet 
for the 51 ~m diameter particles in nitrogen at a flux level of 400 
W/cm2 . 

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

\lCt) = V(oo)[l - e- tl1 J (1) , 

where vet) is the volatile yield for any exposure time t, and \1(00) is 
the maximum volatile yield as t+oo. In a nitrogen atmosphere, the mass 
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loss ordinate is identical with the volatile yield, vet), and is given 
by 100[mo - m(t)J/mo , where mo is the initial mass of the sample at 
t = 0 and met) is the sample mass after an exposure time of t. The 
constant 1 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 1 = t1/2/1n 2. 

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

dV(t) = k[V(oo) - V(t)J 
Cit 

(2) , 

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, 1/1), 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, t1/2' 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 [9J 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 [10J or wire-mesh heating 
[15J. 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 ~m 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 ~m, 
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 [llJ. 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 ~m coal particles was observed to be four times that 
for 80 ~m particles [llJ. 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/cm 2 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 ~m 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 ~m particles 
exposed to a laser flux of 80 W/cm 2 .were shown previously [5J in order 
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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 2 for 400 msec. That 310 ~m 
particle lost 41 pct 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. 
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FIGURE 6. - SEM photographs .of 310~m 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 m through .I!I 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 [23,24,25J: 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 2 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/cm2, and the weight 
loss was 14 pct. There are now significant chan~es 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 pet, 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. 
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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 ~m 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. In air, the curve does not level off to its V(oo)-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 8G is a photomicrograph of a 310 ~m 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 mayor 
may not represent some surface softening with subsurface 
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FIGURE 8. - SEM photographs of 310 ~m 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 w~ht loss for each exposure can be obtained from the 
pOints @] through lliJ in fig. 7. 
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devolatilization. Photomicrograph 8H is for a 100 msec exposure at 75 
to 100 W/cm2, 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. 81, 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 [22J 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 [23J, 
Street, Weight, and Lightman [24J, and McCartney [25J 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 [26J. 
Some researchers have even attempted to correlate the observed 
structural changes with maceral types within the coal structure [23-25J. 
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 ~m coal particles compare favorably with the rates reported 
by Kobayashi, Howard, and Sarofim [10J for 40 ~m 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 (4~ro2), 
into an equivalent, directed laser flux that is incident only in the 
projected area (~ro2) of the particle. 

For this discussion, it suffices to say that the comparison thus made 
between these data and those reported by Kobayashi [10J 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 [9,10,14,20J. 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 xO ' the first law of thermodynamics requires that 

(3) , 

where r is the average particle reflectance, and I~ is the flux lost to 
the surroundings by conduction-convection, reradiation, and transmission 
through the particle. The flux absorbed by the solid is 1(1 -r) - I~, 

and it supplies the power necessary to bring the solid to its 
sublimation temperature Ts and to vaporize the solid at the linear rate 
xO' The density of the solid is p, and its heat of vaporization is 6Hv . 
The heat capacity of the solid is C(T), and the integral is taken from 
the ambient temperature To to the surface sublimation temperature, Ts. 
The ambient temperature To is assumed to be maintained in steady state 
at points in the solid that are far from the devolatilizing surface. 



For a cubic particle with sides of width ao 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 
aop[f C(T)dT + ~Hv] 

To 
2[I(1 - r) - I~.J 

(4 ) 
I( 1 - r) - I,Q, 
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Comparison of equation (4) with the data in fig. 4 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 t1/2 
measured by others in flame reactors [11J. For flame reactors, the 
heating flux I is almost entirely by conduction from the 
high-temperature flame gases. In that case, I = k"~T/Ds' where the 
constant is p~o~ortional to the Nusselt member. Substituting into 4, 
gives t1/2 - Ds ' which is the dependence reported by Samuelson, Seeker, 
Heap, and Kramlich [11J. 

This steady-state analysis is necessarily oversimplified. First, the 
steady-state assumption can be accurate only if 6, the devolatilization 
wave front thickness, is much smaller than the particle's width, ao . 
Prior to exposure, the entire particle is at temperature To; hence the 
incident flux must first bring the exposed surface to Ts before any 
steady-state devolatilization can begin. A finite induction time 
to' is required to do that. It is only when 6 < < 1/2ao that to is 
negligible compared to t1/2. 

One can attempt to use the data reported here to compare measured to 
values with measured t1/2 values. For example, for the 51 ~m diameter 
particle at a flux of 125 W/cm 2, the laser pyrolysis data gives a to of 
about 60 to 80 msec, compared to a t1/2 value of 160 msec. For the 
105 ~m particles in fig. 2 at a comparable flux, to is again 60 to 80 
msec; however, t1/2 is now about 400 msec. For the 310 ~m particles at 
300 W/cm 2 (shown in fig. 3) to is about 30 msec whereas t1/2 is 180 
msec. Clearly, the data suggest that the assumption that 6 < < 1/2ao is 
more accurate at larger diameters and higher fluxes. In any case, the 
morphological structures revealed in figs. 6C, 8H, 81, and 8J would not 
be possible unless 6 were significantly smaller than ao . 

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 Ts. The measured curves have appearance "tails" 
which may simply reflect their nonspherical shapes and may thus have no 
relation to to. 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 0 should be much less than 1/2ao . 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 fhat 
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 ao- and (I -I~)-dependence predicted by equation (4) may still 
be maintained even as o~1/2ao. In the case of coal it should also be 
realized that the magnitude of ~Hv 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 I~ in equation (4). The loss flux I~ is 
taken as some average steady-state value; i.e., the sum of the 
convective loss flux to the cold air surroundings, given by 
NUA(Ts -To)/Ds ' plus the reradiative loss flux of oTs4, where Nu is the 
Nusselt number, A is the thermal conductivity of the gas, and 0 is the 
Stefan-Boltzmann constant. For these small particles, Nu = 2. Taking 
the devolatilization temperature as Ts = 550 C (823 K) gives I~ = 26 
W/cm 2 for the 105 ~m particle. The coal reflectance is taken as 7 pct. 
The data in fig. 4 for Ds = 105 ~m 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 ~m theory curve in fig. 4. The other two theory curves for 
the particle diameters 51 ~m and 310 ~m are obtained using the same 
k'-value. Their respective loss fluxes are calculated the same way, and 
they are 51 and 10 W/cm 2 , 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 I~-values are overestimated for the 
higher fluxes and underestimated at the lower fluxes. If the real, 
time-dependent loss flux values, I~(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, 0 < < ao ' 
only part of the particle loses heat to the surroundings and the 
steady-state I~-values used here overestimate the losses. For low 
fluxes and longer devolatilization times, 6 approaches ao ' and 
conductive losses to the solid substrate may need to be added to I~. 

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 NH4CI04 and its flux dependence are similarly predicted by 
equation (3), and those data suggested that the dissociative sUblimation 
process for NH4C104 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 [20J. 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 ~HR+V 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/c~ for all three particle 
sizes. That k'-value is consistent with a heat capacity inte
gral from ambient temperature to T of 550 0 C that is compara
ble to the values given in reference 7 ; and to a ~Hv 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 is 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 non isothermal dependence? The 
same dependences would be expected for isothermal particles 
under heat transfer control. Your SEM data show zones of 40~m 
isothermal thickness so perhaps 40 ~m 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 j1 m particles at laser fluxes as low 
as 100 w/c~ show clearly that those particles are not isother
mal during pyrolysis since one part of the particles is seen 
to be devolatilized while the other part of the particle is 
unaffected. the devolatilization wave thickness that we see at 
1 DOW / c~ is abo u t 40 j1 m , but we are un c e r t a i n w h e the r t hat 
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/c~ 
is consistent with the wave thickness of 1000 j1m at a heating 
flux of 8 W/c~ 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 usual pyrolysis experiments? 
Even using a lumped analysis (clearl4 inapplicable here) the 
heating rate would be more than 10 K/s, very possibly much 
higher in near-sur·ace 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 unless 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, is 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/c~) 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 (10) 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/c~. 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 0 [. 
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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 is 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 proce~r f~4 define weight 
loss or tar evolution) vary from le~s than 1 s to more than 
100 s-l 5-11 with values in between. 12- 14 

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 prrg!r7 
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. 1s found the rates of 
Badzioch and Hawksleys and of Anthony et al. 1 ~distributed rate) 
acceptable, while the lower rates of Kobayashi et al. and of Anthony et 
al. 1 (single rate) were not. Truelove16 successfully used the high rates 
of Badzioch and Hawksley, while Jost et al. 17 employed the lower rates 
determined by Witte and Gat. 18 Also reported at the Symposium was a rate 
by Niksa et al. 3 which was close to that of Anthony (single rate model) and 
one reported by Maloney and Jenkins14 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-1 which describe, by 
various models, the weight loss or tar loss are plotted as a function of 
reciprocal particle temperature. The activation energies, Eo' and 
frequency factors, ko ' 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, 0 , to describe the width of 
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Anthony et al. (1975) 

TABLE I 

lUl'IETIC IIATES AND MODELS FOR COAL PYROLYSIS 

Reference 
(case) 

l(a) Weight 
l(b) Weight 
1(c) Weight 
l(d) Weight 
l(e) Weight 

Hodel Rate For 

Loss from Lignite at 10,000 Klsec (1 atm, 
Loss from Lignite at 10,000 Klsec (l atm, 
LOBS from Bituminous Coal at 650 Klsec (1 
LOS8 from Lignite (all pressures) 
Loss from Bituminous Coal (69 atm) 

Kobayashi et al. (1977) 2 Weight Lo.s from Lignite and BitUlllinous Coal 

lIiksa et al. (1984) 

Solomon and 
Colket (1978) 

Badzioch and 
Hawksely (1970) 

Suuberg et al. (1979) 

Solomon and 
Hamblen (1985) 

Solomon et al. (1985) 

Weight Loss from Bituminous Coal 

4(a) Tar Evolution 
4( b) Aliphatic Gas Evolution 

5 (a) Weight Los. for Coal B 
5( b) Weight La •• for Coal F 

6(a) Tar Evolution from Bituminous Coal 
6( b) Tar Evolution from Bituminous Coal 

8(a) Tar Evolution from Lignite, S. Bit & Bit. Coal 
8( b) Aliphatic Gas from Lig. S. Bit. & Bit. Coal 

10(a) Tar from Lignite and SubbitUlllinous 
lO(b) Aliphatic Gases from Lignite and S Bit. Coal 
10(c) Weight Loss from Lignite and S. Bit. Coal 

excluding 
including 
atm) 

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

Solomon et al. (1982) 

Maloney and 
Jenkins (1984) 

Witte and Gat (1983) 

13(a) Tar from Lignite, S. Bit. & Bit. Coal 
l3(b) Aliphatic Gas from Lignite, S. Bit. & Bit. Coal 

14 Average for Initial Weight Loss 

18(a) Weight Loss for Subbitlminou. Coal 
18(b) Weight Lo.s for Subbituminous Coal 

Serio et al. (1986) 23,24(a) Tar from Lignite, S. Bit. & Bit. Coal 
Solomon et al. (1985) 23,24(b) Itliphatic Gase. from Lig., S. Bit. & Bit. Coal 

23,24(c) Weight Loss from Lig., S. Bit. & Bit. Coal 

Solomon and 
King (1984) 

Squire et al. (1986) 

Stein (1981) 

30,31(a) Tar from Ethylene-Bridged Anthracene Polymer 

30,31(b) Tar from Ethylene-Bridged Naphthalene Polymer 
30,31(c) Tar from Ethylene-Bridged Benzene Polymer 

42 Bibenzyl Decomposition in Tetralin 

cooling) 
cooling) 



129 

TABLE I (continued) 

llHETIC KATES AND MODELS FOR COAL PYROLYSIS 

Experiaent Frequency Factor Activation Width of !IodeI 
ko (sec-l ) Energy, Eo Activation 

K: cal/mole Energy Distribution 
0" (I: cal/mole) 

Grid 2.9 x 105 20.0 0.0 S 
Grid 283 11.1 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 

BFR 6.6 x 104 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 105 17.5 0.0 
EFR 3.12 x 105 17.5 0.0 S 

Grid 8.7 x 102 13.2 0.0 S 
Grid 2.3 x 1015 68.9 11.4 G 

Grid, EFR & EGA 4.5 x 1013 52.0 3.0 G 
Grid, EPR & EGA 1.7 x 1014 59.1 3.0 G 

HTR 8.57 x 1014 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 

Grid & EFR 4.5 x 1012 52.0 3.0 G 
G.rid & EFR 1.7 x 1014 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 105 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 1015 49.5 0.0 S 

TGA/EGA 1.0 x 1015 56.2 0.0 S 
TGA/EGA 1.0 x 1015 61.0 0.0 S 

Tubing Bomb 7.9 x 1015 65.0 0.0 S 

EFR - Entrained Flow Reactor 
HTR - 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 reactors l ,3,4,6 where 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 injected :long the axis of a hot furnace tube and entrained 
in preheated gas. 2 ,5,7 9,13,14 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 laser heating experiment. 18 A new technique for measuring the 
temperature and emissivity of small coal particles using Fourier Transform 
Infrared (FT-IR) emission and transmission (E/T) spectroscopy8,10,19-23 has 
also been applied to the determination of pyrolysis kinetics. lO ,11,23,24 

The latter technique was first applied to determine particle 
temperatures8 in an entrained flow reactor (EFR) in which an extensive 
amount of pyrolysis data had been obtained. 7- 9 ,13 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.lO,ll 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 is 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, FT-IR E/T 
spectroscopy can be used 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 EIT 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 
9reviously described Functional Group (FG) model for coal pyrolysis4 ,7-

,13, but with adjustments of the previously reported rates which were 
based on less 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-temperature histories in previously reported entrained flow reactor 
experiments. 7- 9 ,13 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 A comparison of the calculated and measured particle 
temperatures for EFR experiments with Zap lignite at a maximum furnace 
temperature of l300°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 l600°C (i.e. good 
agreement for short distances and slightly high predictions at long 
distances).24 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 injector positions and at several temperatures23 ,24 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 ~~e~~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 l600°C) and heating rate (0.5-20,000 K/s). 
In order to obtain data at low temperatures and heating rates, a new 
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Figure 2. Pyrolysis Results for Montana Rosebud, Case a. a) Product 
Distribution Symbols are Experimental Data. Solid Lines are for the 
Functional Group Model. 4 ,7-9,13 Dashed Line is a Single, First Order Rate 
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Figure 3. Predictions of Particle Temperature and Functional Group Models 
for l300°C EFR Experiments. a) Comparison of Measured and Predicted 
Particle Temperatures. Solid Lines are Calculations. (~) FT-IR 
determined Temperatures at Optical Port. b) Predicted Cumulative Particle 
Residence Time vs. Position. The Number Next to each Data Point or Theory 
Line is the Injection Height in cm Relative to the Optical Port. c) 
Comparison of EFR Data for North Dakota Lignite, l300°C, with Predictions 
of FG Model (solid lines) and Single, First Order Model (dashed 
lines) with k = 4.28 x 1014 exp(-54,570/RT)s-1 and Percent VM (daf) = 40. 
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thermogravimetric 
developed. 25 

analyzer with evolved gas analysis (TGA/EGA) was 

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 ki23t~g 
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(-54,570/RT)s-1 (dashed lines in Figs. 2a, 
3c and 4a). This is approximately one-half the k tar 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 unlikely, 
because experiments in which the coal type alone was varied (i.eo, 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 by less than a factor of 10 and 
rates reported by Solomon and coworkers4,7-l1 were insensitive to coal 
type, when coal type alone was varied over a wide variety of coals. A 
review of a number of other pyrolysis ex~eriments shows no more than a 
five-fold variation in rate with coal type. 

Variations in Rates Dne to Inaccnracies in Weight Loss or the Determination 
of Residence Time 

The weight loss rate is determined by measuring a weight loss as a 
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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 tl.me is accural:f5-y known for the heated grid experiments ' , , 
and TGA/EGA experiment. It ~s less precisely known for the en lllained 
flow reactor experiments 2 ,5,7 9,13,14 and the laser experiment, but 
estimates are unlikely to be off by more than a factor of two. The transit 
time was directly measured in the heated tube experiment.lO,ll 
Inaccuracies in the pyrolysis time can, therefore, account for at most a 
factor of two variation in the reported rates. 

Hass 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 ,ass transfer on pyrolysis has been 
addressed in recent reviews by Howard, b Gavalas,27, and Suuberg.:.ns 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 
King30 and Squire et al.3l 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 10-3 sec in the case of 
100 ~m 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, les~ 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 pyrolysis.lO,ll 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 Heek34 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 tbat wbile mass transfer limitations may affect 
product distributions and may have a limited affect on the kinetics for the 
higber beating rate experiments, it is not a major factor in explaining tbe 
wide variation in rates for experiments discussed in this paper. However, 
it should be noted that in many practical applications of pyrolysis kinetic 
models, sucb 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 ~aye8bf~?zferformed for several of the 
entrained flow reactor experiments' " , as well as thj:! heated tube 
reactor experiment.10 As discussed by Maloney and Jenkins,14 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. 

F~ the heat capacity, the room temperature value has typically bee~ 
used.2,I,8"lJ,14 Data of Lee35 and a model and data reported by Merrick,jb 
however, indicate that the heat capacity increas~s 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~ f.~er2ar~uft.ed to be a gray body w~1(f-21missivity values between 0.8 
and 1.0. ' " " Recent measurements have shown, 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) Cp = 
0.3 cal/g K; E 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 800DC, 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 - 100DC in the 
maximum computed temperature. At 1600DC (Fig. Ib) the predictions are 
extremely sensitive to the emissivity as well as the heat capacity models. 
For this case, the predicted :particle temperature during pyroll.sf~ t~ rgO{~ 
lower using the new models 3,24 than previous assumptions. ' " , , 
In addi tion, 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 
cal/g (endothermic) for the 800 DC and 1600 DC experiments, 
respectively.23,l4 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 fini te 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 Kodel 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 ~ T from the cen~er to the 
surface of the particle was estimated by a standard method.3 Ua~ng a 
value of 1.2 x 10-3 cm2 s-l for the thermal diffusivity ct at 700 K, j ~ T 
would be less than 30 K for heating rates less than 25,000 K s-l. At 
higher temperatures, CL increases sharply and ~ T 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 106 K/sec. When the surface temperature has reached 2000 K, the 
calculated ~ T for a 65].l m 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.39 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 in 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 the FT-IR EfT 
measurement20- 22 and is used to determine the temperature.l°,24 

The te.perature .easure.ent is therefore a reasonable indication of 
the overall particle temperature in Refs. 10, II, 23, and 24, but not in 
Ref. 18. For Ref. 18, a non-isother.al .odel is required to obtain kineU.c 
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 4&E12 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.1 illustrate 
this problem. They presented two kinetic interpretations for their data: 
a single first-order process and a set of parallel processei with a 
Gaussian distribution of activation energies. Both interpretations fit the 
data using Arrhenius expressions for kinetic rates. For the bituminous 
coal, the si~!ile 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-I, 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 6esults for the two models. Similar results were 
observed by Suuberg et ale 

Part of the difficulty in the interpretation of the heated grid data 
of Anthony et al. l 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. ~!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 
Fig. 7 (from Ref. 9). which shows numerical fits to the pyrolysis data of 
Campbel144 for C02. The data are for the evolution rate for CO2 measured 
as the coal sample was heated at a constant rate. A single first order 
process would produce a single peak. 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 c are performed 
assuming the Gaussian distributed activation energy model of Anthony et 
al. 1 where 0 is the width of the distribution. Reasonable fits to the 
data can be obtained wi th arbitrary values of , o. 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. 

DETERMDlATION 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 tar. 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 prexponentia1 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 r~3ef4 were 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 ~v~lu~!ort have 
thus been established (see Table I) from three experiments l ,1" 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 kca1/mole is 
close to what is expected from thermochemical kinetics for ethylene bridges 
between aromatic rings 27 and agrees with pyrolysis rates for model 
compounds46 and po1ymers30,3l 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 ( '\, 10 6 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 formed. 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,11,23,24 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-1 withcr = 
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 800oe, 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 using 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 is only achieved, if the reaction order is between 1 
and 2 or if activation energy distribution is used. 

4) I 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, CO, C02, H20, 
CH4 etc. Each species "i" is modeled as a single first order 
process 

dWi 
dt 

= 

where a gaussian distribution of activation energies model is 
used for each. So k i is described by three parameters, k oi , 
the pre-exponential factor, Eo i , the activation energy and ~i, 
the width in the distribution. In the paper we have reported 
the rate constants for tar and aliphatic gases and compared 
these to tile 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 used 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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center of the distribution (i.e. at half the 
over a wide range of heating rates (0.5 K/s to 

Values of A & E derived from heated grid experiments nu
merally form a plane having a mathematical surface with elon
gated contours 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 lost 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 is 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 is 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 C02 and H20 prior to coal 
melting. This evolution 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 is submitted to non-linear 
heating rates, and it is 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 : 

k i kinetic (Arrhenius) constant for reaction i. 

Vi* maximum total amount of volatile watter produced through 
reaction i. 

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

Furthermore, the number of reactions is assumed to be lar
ge enough to describe the activation energies E as a conti
nuous function feE). It follows that: 

dV en: = ko exp(-Ei/RT) x (V*F(E)dE - Vi) 
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Anthony and Howard represent f(E) with a Gaussian distribu
tion of activation Rnergy : 

F(E) = IIa121T exp(-(E-Eo )2 /2 if) 

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

k 0 1.67 10 13 -1 
= x s 

E = 54.8 kcal.mole -1 
0 

a = 17 .2 kcal.mole -1 

v* = 57. 2 ~~ 

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

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

EA = 61 - 90 kcal.mole- 1 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 'RESUL TS 

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 Jl m diameter coal grain. 

These three curves were fitted with an exponential law 

T = A + B exp (C. t ) 

with 

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

Temperature distribution inside the particle were also com
puted, using the general equation 
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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 ~m 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 10 5 K.s -1 on fig. 2. 
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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 \lm 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 jl m particles, heated at approximately 105 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 ? 
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 ~ 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. 



POROUS MORPHOLOGY OF COAL. 
ITS TRANSFORMATION DURING PYROLYSIS. 

J. LAHAYE AND G. PRADO 
CENTRE DE RECHERCHES SUR LA PHYSICO-CHIMIE DES SURFACES 
SOLI DES - 24 Avenue Kennedy, 68200 MULHOUSE (France) 
and 
LABORATOIRE D'ENERGETIQUE ET COMBUSTION 
ECOLE NATIONALE SUPERIEURE DE CHIMIE DE MULHOUSE 
2 Rue A. Werner, 68200 MULHOUSE 

159 

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 
during 
mind, 
tors : 

morphological evolution of pulverized coal particles 
heat treatment is indeed important. It must be kept in 

however, that the kinetics result from three main fac-

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 in 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 last 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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~ctually, the different techniques developed to characte
rlze 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 is of course out of the scope of the review. The main 
methods used for coal characterization and their domains of 
application will be summarized. 
1.1. 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 d 

- 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 

with P in Pascal 
d in !Jm 

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!Jm are penetrated; the cor
responding density is quoted d Hg 

The open pore volume for pore sizes below 15 !Jm in diame
ter is equal to 

1 
d Hg - d He 

In assuming the value of the true density d tr 
solid i.e. the density of the solid material itself, 
me of the closed porosity is equal to 1 1 

-d----d--
He tr 

of the 
the volu-

- gas adsorption will be examined when describing the mea
surements of specific surface areas. 
1.2. Surface areas 

Two main methods are used to characterize coal surface 
areas : 

nitrogen adsorption at the temperature of liquid nitrogen 
. carbon dioxide at O°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. 5~. 
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 

log V log V BT (log ~ ) 2 
13 2 P 

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

relative pressure P 
Po and the temperature T(K). 

Vo = maximum volume of micropores accessible to the adsorbed 
phase. 

S coefficient of affinity of the adsorbent. 
B structural constant of adsorbent (correlated to average 

diameter of micropore). 
P pressure of absorbent. 
Po = vapor pressure of adsorbent at temperature T. 

The difference between N2 adsorption and CO 2 adsorption is 

not correlated to their molecular sizes cr 77K = 0.162 
N2 

0.207 n~). It results from activated processes. 

nm' ; 

273K 
cr CO2 
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 2 0 CO 2 ( 3 ) . 

It is seen that coals with more than 10 ~/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 C02 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 2) and therefore the lowest micropore volume 
have the large%t volume of pores accessible to nitrogen i.e. 
larger than 5 A. 

The CO 2 and N 2 surface areas of lignites must be critica
lly examined. Indeed, prior to surface characterization, the 
sample is heated at 130°C under low pressure; the low nitrogen 
surface area (below 1 ~/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* ( ern' ) 

Sample free 1 
ash) ( g/crn') (g/cm') d 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 . 1 4 0.877 

PSOC 26 77.2 1 .27 1 .06 0.943 
197 76.5 1 .29 1 . 1 3 0.885 
190 75.5 1 .30 1 .00 0.00 
1 41 71 . 7 1 .35 1 . 1 7 0.855 

87 71 .2 1 .40 1 .22 0.820 
88 63.3 1 .45 1 . 31 0.763 

* Mineral-matter free basis. 

Sample 

PSOC 80 
127 
135 

4 
105 A 
Rand 

PSOC 26 
197 
190 
1 41 

87 
88 

These 
porosity 
included 
ty. The 
ween 60 

Open pore Closed pore Open Closed 
volume volume porosity porosity 
(rn'/g) (rn'/g) ( % ( % 

1 1 1 1 volume) volume) 
(---) (---) 

d Hg d He d He d tr 

0.076 0 10.4 0 
0.052 o . 0 11 6.5 1 
0.042 0.017 5.3 2 
0.033 0.040 4 . 1 5 
O. 144 0.047 15.5 5 
0.083 0.060 9.5 7 
0.158 0.047 16. 7 5 
0.105 0.034 1 1 . 9 4 
0.232 0.028 23.2 3 
O. 114 0.051 13.3 6 
O. 105 0.025 12.8 3 
0.073 0 9.6 0 

data were used by Walker et al. to compute the open 
with respect to the volume of the coal samples. Also 

in this table is our evaluation of the closed porosi
vitrinite content of these different samples is bet
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 V1 , V2 and V 3 respectively. The total open pore volume for 
pores accessible to helium at 305.5 K was quoted as Vt . The 
values of V were obtained by difference i.e. VT - (V1 + V2 ). 

Results in percent of the total volume (VT ) are plotted on 
table II. 

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

Sample Rank VT V V V 
(cm'!g) ( % \ ( %i ( %1 

PSOC-80 Anthracite 0.076 11 .9 1 3 . 1 75.0 
PSOC-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 O. 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 is 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 is 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 VT - (V 1 + V 2) are in 
contradiction with their high CO 2 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 rp and rp + dr is denoted by Vf(r)dr. 
The porous volume V is expTessed Hs 

V f 
rmax 

where Ip. is the pore length. 
Assumlng all pores cylindrical and their lengths 1 pro

portional to radius r the result is that f(r ) is pro~ortio-
nal to r- 3 P p 

No mo~phological evidence of these structures has been pro
vided by these authors or by other laboratories. These struc
tures must be considered as models useful 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) in 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 local molecular orientation can be correlated to the size 
of pores. In the work of A. Oberlin pores were classified 



166 

into 11 stages (stage 1, 5-10 nm in size; stage 11 » 1 ~m). 
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 is (statistically) invariant over a 
certain range of scale transformation i.e. if the surface is 
self-similar upon changes in 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 < 3. 

Pfeifer et al. using molecular probes of different sizes 
determined the fractal dimension of porous solids and deduced 
pore distribution laws. 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 (N2 and 
Ar at 77 K, CO at 195 K and butane at 273 K) that the 
fractal dimensi06 of a char ex poly (phenol formaldehyde) is 
close to 3 (29). Using the fractal theory, Pfeifer et al. 
showed that 

dV 2-D -- a r 
drp p 

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) in 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) 



167 

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 lignite (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 bf Koranyi et al. (21) for two british bituminous 
coals. From other experimental results (3), enlargement of 
large pore is 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 \lrI1 Montana lignite heated to 1073 to 1273 K at 103 KS-l . 
. 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 useful 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 CO 2 ~2 

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 (N 2 and CO 2 adsorp"': 
tion) dramatically decrease. At 1400°C and above CO 2 and N2 
s~rface areas are equiv~lent which means that all pores wlth 
dlameters smaller than 5 A are closed. 

Influence of ashes is illustrated in figure 2 (24). 
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FIGURE 2. CO2 Specific Surface Area (SCO 2) versus Tempera
ture of Treatment (HTT) 
o Initial coal (Algerian Didi Coal) 
o Ash free coal (24) 

The CO2 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°Ci 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 ~ones 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 H2/0? 
flame. Rapid pyrolysis of the coal particles occurs in the 
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 ~m particle is 10 5 K/s. 



169 

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 + image 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 ~m 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). 

Method 

Particle size 

Coal A 
G 
I 
K 

Macroporosity (%) 

Mercury density 

75-100 

50 
49 
48 
70 

m 

Image analysis 

50-63 

49 
47 
57 
73 

m 

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 ~m) 
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 : 
Ceno~phek~c chak~. 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 chak~. Irregularly shaped particles, often elonga
ted, with a large number of long, narrow, parallel pores. 
Their morphology indicates a limited fluidity during pyroly
sis. 
Un6u~ed chak~ . 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 un fused 
chars from inertinite. 

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

FIGURE 3. Cenospheric chars derived from vitrinite (12). 



FIGURE 4. Honeycomb chars derived from low-reflectance iner
tini te (12). 
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FIGURE 5. Un fused chars derived from high-reflectance inerti
ni te (12). 
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It was shown that both char porosity and pore size decrease 
in the order cenosphere > honeycomb >!~nfused char. 

The morphology of inertinite derived chars does not change 
significantly in the range of rank studied. In contrast, the 
porosity of vitrinite derived chqrs 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. Shibaoka(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 leaving 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) is 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-



173 

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 

I.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 2 to sur
face area determination in low rank coals. It seems reasonably 
well established in chars and high rank materials that C02 
sorption and sorption of other species give comparable re
sults. But there is still a concern about the quadrapole 
moment of C~ in connection with the polar surfaces of low 
rank materials. C02 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 C02(of nitrogen too) with the 
polar groups of the substrate. These specific interactions are 
quite 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 your determination of closed pores by 
using the equation 

v = c dHe dtr 
d tr determined by van Krevelen was based on measurements of dHe 
by R. Franklin. Are they differences by the determination of 
d He (P.L. Walter jr) and d tr (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 combllstion 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 isolated vitrinite and 
not on the entire coal. It might be better 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 2 , H2 , He) and pressures (up to 70 bars). 
Always the most important 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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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 is 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, ~ 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. Moreover, the conclusions 
may very well change from one 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 YM 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, igmtlOn 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) = fi(CP, ES, FC) (1) 

In principle, the function f i 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 I, 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 (C,H, 
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-dependent, 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, 0 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 I). If all other coal 
properties were functions of C,H, and 0 (neglecting Nand S), and of some 
unspecified or unknown parameters, Xi to xn' we would have for any coal 
property CP [say CP(i)] 

(2) 

which is a function of at least 3 variables. 
Of course, we also have the crude relationship between C,H, and 0 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 Xi; note that any coal can, in theory, be 
represented by its C and H coordinates alone in Figure 1. 

Figure I 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 (O/C)/(H/C) = [l + B(O/C)]/A 
or 

H/C A(O/C)[l + B(OIC)] 

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 /e = A I (o/C)/[l + B I (a/C)] 

where A I and B I 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 xi 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 elementar analysis). See Figure 2 for a rudimentary coal 
classification diagram, based upon these parameters. Note that lignites are often 
treated separately ftom "true coals." They would fall to the right of 
subbituminous coalson 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 to 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: Thcories and Experiments 
In the process of turning the function(s) fi in Eq. I 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 
elemen ts 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 
nat 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, Wheeler, Carpenter). Temperatures are much 
higher: 500 to 1000C. Reason: measuring different things. Temperatures 
reported are usually Igni tion Sou fce Temperatures (1ST), not particle 
temperatures, or gas temperatures. Relation of 1ST to gas or particle 
temperatures is unknown. Alternatively, the process involved is not 
heterogeneous ignition and a diff eren t 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 condit-ions in a boiler using TET on a flame ball model, and D. 
Stickler, et aI., 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 780-8200 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. 

A t very high heating ra tes (l0 5 and 106 deg C/sec) particles still pro ba bly 
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 EssenhiKh, 1979, Farzan et aI., 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 kinetic 
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 (1ST) 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 lOOC or to pyridine ex tract (Essenhigh and Howard, 1971). 

One-dimensional flames show variation in ignition times, but this has been 
identified as due to the optical properties 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 properties independent of coal rank. Measurements show that temperatures 
at the flame front are all close to 1000C for coals, chars, petroleum cokes. 
Allowing for the difference in heating rates, this is consistent with the "single" 
particles measurements and the de Soete 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. 
Ouestion - Are volatiles effects (if any) due to the volatiles~: 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 types: 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 lA, 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 8000 C. 
Q-factors were about 1.8. 

The conclusion is that: at an equivalence ratio of lA, 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 
considera ble significance. 

One-Dimensional Flames: Tvoe I (Smoot et aI., 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: Type 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 ai. (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 ai. (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 III 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 temperatures 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/1. 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: Tvoe 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 arc 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 "0." In 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 is 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 relea-se of volatiles (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 a!. 
(1979) and will be discussed further below. 

5. THE NATURE OF COAL VOLA TILES 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 a!., 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 de volatilization 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 aI., 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 Methane 

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 HIC atomic ratio of a wide range of 
coals (Erg un, 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 dozen 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 aI., 1986). The regression equation was found to be: 

% VM = -0.408[C] + 11.25[H] + [0] + l.3[S] 

where the quantities in brackets are 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 (105 K/s) to high temperature (1600-2400 K) in steam. It was found 
possible to correlate the volatiles yields by: 

VM1600 K ~[HJ + 2[OJ] - l.41 48.1 
[C] + [S] 

and 

VM2400 K 52.6 [HJ + 2[OJ] + 6.89 
[C] + [S] 

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 yields 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 a!., 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 [0] + 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 i,s needed. The correlation 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 aI., 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, Ch4) or incombustible (e.g., H 20 and CO2) will have an 
important bearing on flammability characteristics. The partitioning of nitrogen 
between char and volatiles will have an important impact on NOx formation in 
many situations. The concentration of high molecular weight species may tend to 
determine the propensity towards soot formation (Seeker et aI., 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 (>::1000K/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 research 
laboratories. The technique involves heating of a thin layer of particles 
(normally in a size range between 50 and 1000 /Lm) in the folds of a wire mesh 
whieh acts as a resistance element in a circuit. Heating rates up to 10,000 K/s 
can be achieved, and temperatures up to about I300K 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 (l05 - 106K/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 a!., 1986; Tichenor et a!., 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 I 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 (>IOOK/s). 
The key to references is CL (Cliff et aI., 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 a!., 1981), FH (Freihaut et a!., 1982), UN (Unger, 1983), 
and TY (Tyler, 1980). More detailed data on nirogenous products of pyrolysis 
are available from Blair et a!. (1976), Pohl and Sarofim (1976). An enormous 
variety of compositional data is seen in Table 2. TIle 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 aU 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 #1 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 #11 and #12 and comparison of #13 and #14 
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 104 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 seem 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 a!. (1976) found 
little effect of heating rate on light gaseous yields above 500 K/sec. Data 
on mass loss alone (Niksa et a!., 1982) seem to confirm that above a few 
hundred degree per second heating rate, there is minimal effect of heating 
ra te on vola tiles yields. 

No distinction is made in Table 2 between 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 a!., 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 increase in light gaseous yields (Suuberg et a!., 
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 from pyrolyzing particles 
(Unger and Suuberg, 1981; Suuberg et aI., 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 pa{"ticle size seems to 
depress tar yield and increase gas yield, somewhat as does increasing pressure 
(Suuberg et aI., 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 her,e. 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 109 sec-!, a mean activation energy of 49.5 kcal/mol 
and a standard derivation of activation energies of 8.1 kcal/moI. The, gaseeus 
products are similar to those of primary pyrolysis. Doolan et aI.- (1985) have 
reached the same conclusion in, work on Millmerran subbituminouscoal tar, 
except that surprisingly little H20 and CO2 are formed during tar 
decomposition. Also, little acetylene is formed below l300K. 

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 activation- 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 mQdels 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 prop,erties of interest? 
It 'appears as though heating rate variation in the range from a few 
hundred to 104 K/s- has little effect on total volatile -yields, composition 
an~ 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 
(>1051<./s) is limited, and some suggest somewhat hig'her yields of volatiles 
are possible; but these are normally seen in experiments also involving 
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temperatures in excess of about l600K (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 
> I 05K/s are likely to be unnecessary, in terms of providing a "realistic" 
picture of vola tiles 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 10000C. 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 global 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 aI., 1980), or measurements 
of stable operating limits in swirl type burner devices such as that in use at 
Ohio State University (Essen high, 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: 

(6.1) 

where Pi is the mole fraction of gas i in the mixture, Ni 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 Ni 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 metlrod 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 C02 
(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 LPi<l. 

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 aI., 1983). This may be described by the general equation 
for reaction: 

the ni are determined from the choice of fuel. The appropriate rate law is 

(6.2) 

where the symbols in square brackets represent concentrations, in units of 
mole/emS, 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: 

CnHm + [i + i ]02 -nCO + fH20 

followed by: 

This recognizes that the single step reaction over predicts the heat of combustion 
by assuming that all carbon in the fuel is burned to CO2 and all hydrogen in 
the fuel is burned to H20. At flame temperatures, significant amounts of CO, 
H2 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 H20. 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 H20. The values of a and b are unchanged. 

Finally, the H2 - H20 equilibrium may be accounted for by assuming that the 
fuel is broken down to CO and H2 in a first step, followed by a detailed 
mechanism for combustion of CO and H 2, involving key elementary 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 - n CO + 2" H2 



196 

This is followed by all the reactions of Table 5 (and their reverse reactio.ns 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 H2 has been modeled 
by (Edelman, 1977): 

and for cyclic hydrocarbons: 

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 H2 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[sootj/dt 

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 aI., 1981; 
Seekeret aI., 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: 

l~ Isothermal processes, at tile 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 H2 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 vola tiles. Release of tars 
occurs on a much shorter time scale than does release of H2• Obviously, 
homogeneous cracking of the tar, in the absence of oxygen, 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 H2 
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 aI., 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 104 °C/sec. 

What is immediately apparent in comparing 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 
/Lm). The vapor surrounding the bituminous particle is clearly "richer" in fuel. 
These calculations were used to infer that the flux of volatiles from a 55/Lm 
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 It 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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Type Flame Speed 
m/sec 

< 0.3 

II 0.2 - 0.5 

III < 1000 

IV > 1000 

TABLE I 

FLAME TYPES 

on the Propagation of One-Dimensional Flames of 
Particulate Coal, Char, and Coke 

Heating Rate Characteristics 
deg C/see 

air> 105 Primarily volatiles flame. 
particulate < 104 Flame thickness: 10 em 

Volatiles released down-
stream diffuse upstream 
against incoming air. 

104 Heterogeneous ignition 
at 1000e-delaycd 
pyrolysis. 
Flame thickness: > I m 

106 Flame thickness: > 10 m 
Explosive deflagration 

Propagation 
Mechanism 

Conduction/Diffusion 

Radiation 

Turbulent Exchange 

Detonation 
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~ 

Kinetic Constants for Combustion of Various Species 

Singl~ St~12 ~ Qya~i-Q1Qllal 

S=lli. A ~ II l1. A ~ A &. 

CH4 1.3 x lOB 4B.4 -0.3 1.3 2.B x 109 48.4 4.0 x 109 4B.4 

GH4 B.3 x 105 30 -0.3 1.3 1.5 x 107 30 2.3 x 107 30 

C2H6 l.l x 1012 30 0.1 1.65 1.3 x 1012 30 2.0 x 1012 30 

C3HB B.6 x 1011 30 0.1 1.65 1.0 x IO IZ 30 1.5 x 1012 30 

C4H IO 7.4 x 1011 30 0.15 1.6 8.8 x 1011 30 1.3 x 1012 30 

C5H IZ 6.4 x 1011 30 0.Z5 1.5 7.8 x 10" 30 I.Z x 1012 30 

C6HI4 5.7 x 1011 30 0.25 1.5 7.0 x 10" 30 1.0 x 1012 30 

C7H 16 5.1 x 1011 30 0.Z5 1.5 6.3 x 10" 30 1.0 x IO IZ 30 

CBH IB 4.6 x 1011 30 0.Z5 1.S 5.7 x 1011 30 9.4 x 1011 30 

CBH I8 7.2 x 10 12 40 0.Z5 1.5 9.6 x IO IZ 40 1.5 x 1013 40 

C9HZO 4.Z x 1011 30 0.25 1.5 5.Z x 101"1 30 B.B x 1011 30 

CIOHZZ 3.8 x 1011 30 0.Z5 1.5 4.7 x 10" 30 B.O x 1011 30 

CH30H 3.Z x 1012 30 0.25 1.5 3.7 x IO IZ 30 7.3 x IO IZ 30 

CZH50H 1.5 x 1012 30 0.15 1.6 I.B x 10lZ 30 3.6 x 1012 30 

C6H6 Z.O x 1011 30 -0.1 1.85 2.4 x lOll 30 4.3 x 10" 30 

C7H8 1.6 x lOll 30 -0.1 1.85 1.9 x lOll 30 3.4 x lO" 30 

CZH4 Z.O x IO IZ 30 0.1 1.65 Z.4 x IO IZ 30 4.3 x 1012 30 

C3H6 4.2 x 1011 30 -0.1 1.85 5.0 x lOll 3.0 8.0 x lOll 30 

C2HZ 6.5 x IO IZ 30 0.5 - I.Z5 7.8 x 10 12 30 I.Z x 1013 30 

CO(l) 4.0 x 10 14 40 I' 0.Z5 

CO(2) i.3x 1014 30 I' 0.50 

H2(3) 3.2 x lOIS 40 I' 0.Z5 

NH3(4) 4.9 x 10 14 39 0.86 1.04 
Table entries in units of em-sec-mo\-keal-K 

'Rate expression also includes [H20])) dependence. 

(I) Dryer and Glassman, 1973 (2) Howard et aI., 1973 
(3) Levy et ai., 1983 (4) Branch and Sawyer, 1973 
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Th.!!k..i 

Reaction mechanism used in quasi-global mechanism for CO-H2-02 system. 
Reverse rates computed from relevant equilibrium constants. 

~ A D. ~ 

H + 02 - ° + OH 2.2 x 1014 0.0 16.8 

H2 + ° - H + OH 1.8 x 1010 1.0 8.9 

° + H20 - OH + OH 6.8 x 1013 0.0 18.4 

OH + H2 a H + H2O 2.2 x 1013 0.0 5.1 

H + 02 + M = H02 + M Ux 1015 0.0 -1.0 

° + H02 - 02 + OH 5.0 X 1013 0.0 1.0 

H + H02 = OH + OH 2.5 X 1014 0.0 1.9 

H + H02 = H2 + 02 2.5 X 1013 0.0 0.7 

OH + H02 = H20 + 02 5.0 X 1013 0.0 1.0 

H02 + H02 = H20 2 + 02 1.0 X 1013 0.0 1.0 

H202 + M = OH + OH + M 1.2 X 1017 0.0 45.5 

H02 + H2 = H202 + H 7.3 X lOll 0.0 18.7 

H202 + OH = H20 + H02 1.0 X 1013 0.0 1.8 

CO + OH = CO2 + H 1.5 X 107 1.3 -0.8 

CO + 02 = CO2 + ° 3.1 X 1011 0.0 37.6 

CO + ° + M = CO2 + M 5.9 X 1015 0.0 4.1 

CO + H02 a CO2 + OH 1.5 X 1014 0.0 23.7 

OH + M = ° + H + M 8.0 X 1019 -1.0 103.7 

02 + M = ° + ° + M 5.1 X 1015 0.0 115.0 

H2 + M = H + H + M 2.2 X 1014 0.0 96.0 

H2O + M = H + OH -+ M 2.2 X 1016 0.0 105.0 

Table entries in units of cm-scc-mol-kcal-K 

Rate Constant = ATn exp(-EA/RT). 
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Table 6 

Comparative Time Scales of Some Processes 

Temperature (K) 

1000 1500 2000 

Tar release 10-3 10-6 10-8 

H2 release 102 10-1 10-3 

Tar cracking 101 10-3 10-5 

Tar combustion! 100 10-3 10-4 

Tar combustion2 10-1 10-3 10-4 

1. Assuming "cyclic hydrocarbon" global rate. 
2. Assuming benzene global rate. 

All time scales in seconds. 



208 

I 
I 
I 
I 
I 
I 
I 

SUS-HYDROUS 

~~OO~~~~~~~~-f.~-L-L-L~~~~~b,~~~~7~5~~L-~~~~~-1-L-L-L-LJo 
CARBO,. % O.M F :PARR'S BASIS) 65 60 

"niemillona. 
clani'ieation. 
clusnumber 

ASHe 
cI.u.'IUlion. 
i'cuP f\.mc 

Figure 1. Seyler's Coal Classification Chart 

.tet. 
.n· 
II~", 

eile 

!I Para mdt'S IQ 'nICfR.llian.l' sy~lem ilfl' on ZlSh:(IC~ basis;'" ASTM sYll~m. th~)' .arc on mip::!OIkn~!ler-'rec basis. 
J!J flo b;Jpet limit 01 calorific v.llue 101 class 6 .md high-volalile A bilumiRO'JS coals. 

10.= 

Subbiluminous B 
, .. I 

·-ComparJ.,"!I or Closs N'umbct:i Aud Doulldary LInes 01 Illtcrlla:lo:"l!".1 S.r~tc~1\ WIlh GfOUp NamM Anti DOlin/1M)' Une, 01 ASTM System. 

Figure 2. Coal Classification Criteria 



110 

100 

90 

~ 80 

-!! • _ w 
>--::> 
z·.J 
wei 
>--> 
Z 
o~ 

Uo 

~ ~ 12 i~' 
~ 

.Jc: 
<il 
>tI') 

<.?':: 
z 

8 

-0------===* .. -* 
..*----

0~ __ ~ __ ~ __ ~~-=a=~~ __ ~~ __ L-__ ~ __ ~ __ -L~ 

o 100 200 300 400 500 600 700 800 900 1000 

PEAK TEMPERATURS:C 

Figure 3: Distribution of heating value content of products from 
lignite pyrolysis to different peak temperatures under 
inert gas. Heating Rate - 1000oe/s. 100% on ordinate 
corresponds to 17.8 kcal/g (9900 BTU/lb), lower heating 
value (as received). Suuberg (1977) 

110r---~--'------r----~----~------r. 

100 

90 

O~ __ ~ ____ ~ __ ~~ ____ ~ __ -J ____ -L.J 

400 500 600 700 800 900 1000 
PEAK TEMPERATURE.·C 

209 

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 - 1000oe/s followed by 4-10 
second hold at lOOOoe. 100% on ordinate represents 21.6 kcal/g 
(12000 BTU/lb) 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 you investigated such correla
tions ? 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 ? 

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 is still an important and valuable point 
step. 

2. Heating value of ~M content. Again, I 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 : js 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? I 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 value 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 "ultima~t.ar 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 5 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, using 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 yields to 
atmospheric pressur~ 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 is 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 B fairly simple correlation 
does seem to exist between tar yield and HIC ratio at low Hlc 
ratios (below about 0.75, if one leaves out experiments in 
w hi c h tar c r a c kin g -i -s 1 ike 1 y, s uc has flu i d bed s, s hoc k tub e s , 
and entrained flow reactors). But whether a particular 
correlation is satisfactory (an uncertainty of + 5 % absolute 
is seen in a simple correlation with HIC, 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 
HiC 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. 50 it must be expected, that not only 
HiC ratio, but the CH distribution is relevant to tar 
formation. 

2) The theory of metaplast formation as a first step of 
pyrolysis is not relevant to distillation of compounds trapped 
in the holes of macromolecules (= mobile phase). This follows 
from the fact, that tar formatio~ 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. 5uuberg 

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 HiC 
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 variables 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. ~ith 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 c~/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 is 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. T. 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 is 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 0 C makes the point even more clearly. 
Smoot's flame temperatures (for his type I flames) generally 
did not exceed 1000 0 C, which is 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 0 C, but the air quantity was substantially 
reduced. 

At 10% excess air his flame temperature dropped to about 
1000 0 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, HiC, 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 correlations 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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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 hetecogeneous 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 2 , H2 0, CO 2 , H2 ), 

- 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. Ib),which burns inter
nally and externally. 

Zone III : (T > 800°C) 

Chemical reactions are so fast that oxygen is entirely at the outer 
surface of the particle (Fig. lc). Oxygen diffusion in the boundary layer 
controls the burning rate. The particle burnsat constant density, with no 
effect of chemical reacti vi ty and porosity. 

Co ~ ________________ ~ ____ ~ ____________________ --; 

o 

~ : Oxygen conceQtration profiles in 
the vicinity and inside the particle 
f'or the three regimes 

x 

The modelling of burning rates necessitates the computation of char 
reactivity and of oxygen diffusion. 

The intrinsic reaction rate, R, at the internal surface of a porous 
solid, may be written as : 

R = k cm kg/m 2 .s 
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with R intrinsic reaction rate kg/m 2.S 

kg/m (kg/m ') -m k rate constant .s 

c 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 

with 

R [S]m em 
c 

k t : intrinsic rate constant (kg/m,)-m s -I 

[S]: active sites concentration m 

mc carbon atom mass (kg) 

Very often, the intrinsic reacti vi ty is reported relative to the 
external surface reactivity Rs 

and a global 
unit mass of 

with 

e 
s 

oxygen concentration on particle outer surface 

reactivity R is 
the particlem 

defined,expressed as a rate of mass loss per 

A 
g 

R Tl A R kg/kg.s m g s 

specific surface of the sample, m2/kg 

Tl effectiveness factor 

Tl is the ratio of the actual combustion rate to the rate in t;1e 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 Tl 

zone II A /A e g 
zone III: Tl 

with R 
s 

R 
rn 

1 

< Tl < 

A /A 
e g 

mc kt 

Tl A g 

1 

« 1 

[S] 

[S] 

Rm is proportional to the active surface Ag[S]. 

Often, Rrn is plotted against oxygen concentration on particle outer 
surface : 

R k em 
m s s 

with k 
s 

apparent rate constant (kg/m,)-n kg/kg.s 

n apparent order of reaction 

The apparent and intrinsic rate constants 
Arrhenius expressions : 

are usually written as 
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Ks Aa exp (-Ea/RT) 

k t At exp (-Et/RT) 

Ea apparent activation energy (kJ/mole) 

Et true activation energy (kJ/mole) 

A apparent pre-exponential factor (kg/m,)-m kg/m2.s 
a 

At. true pre-exponential factor( i<g/m' ) -m S-1 

Finally the global reacti vi ty per unit mass R is easily converted 
in global reactivity per unit of external surface R mt ex 

with 

law : 

with 

from 

with 

Y 

a 
a 

Rext = Y 

characteristic size of particle (ratio of volume to 
external surface). (m). 
particle density (kg/m'). 

The oxygen diffusion to the outer surface is described by the FICK 

J 
s 

J 
s 

oxygen mass flux at the outer surface (kg/m2.s) 

hD 

C 
o 

oxygen diffusion mass transfer coefficient (m/s) 

oxygen concentration in bulk gas (kg/m') 

The oxygen diffusion mass transfer 
SHERWOOD's number Sh for a sphere: 

coefficient 

hD d 

D 
Sh 2 + 0,6 Re/2 

a 
Re Reynold's number 

S Schmidt's number 
c 

d particle size (m) 

Da bulk gas diffusion coefficient (m 2/s) 

hD can be computed 

For small particles, the slipping velocity is usually very small, 
and the particle can be considered as stationary relative to the gas. 
Consequently : D 

Re 0 and hD 2 ~ 
From mass balance consideration, the oxygen flux to the surface must 

be equal to the oxygen leaving the surface and contained in CO or Co,molecules. 
This provides a relation between the oxygen flux the global reactivity : 

D 
Y a R = A 2 a (C - C ) 

a m d 0 s 

with s eoichiometric factor 

A M c/ (Mg . \) g) 

atomic mass ratio of C and reactant 
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vg 1 and A = 3/4 for C + ~ O2 ---> CO 
vg 2 and A = 3/8 for C + O2 ---> CO 2 

For a spherical particle, Y d/6 and 

R 
12 Ada 

(C - C ) 
m ~ 0 s 

a 
1.3 Discussion : ----------

a) The dependence of Da with temperature T and pressure Pis writ-
ten 

Da (T, P) D 
a 

Replacing mass concentration c, by molar fraction x 

One obtains 

C 
o 

- C 
s 

Mg Molar mass of gas 

R 
m 

Mg P 
RT (X o - Xs) 

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 zone II regime, while large particles 
burn in the zone III regime. 

b) In zone III, 

As long as 
combustion rate. 

R 
m 

< R 
m,D 

and the maximum combustion rate is 
12 A D~ C 

(J d a 
a 

chemical kinetics control partially the 

c) In zone III, it is easy to compute the burn-out time t of a parti
cle, in the pure diffusion regime 

R 
m,D 

with m 
P 

m particle mass 
p 

The integration gives : 

and the particle burn-out time (d 0) is 

t 

..!! 
6 

1 
m p 

(J 

a 

~ 
dt 

(J d 3 

a 

8 A DaCo 
Experimentally this expression is val~d for do < 200 ~m. 

d) Very often, the reaction order is assumed to be 1 . In that case 

K C e,s s C ) 
s 
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with 

one obtains 

and 

chemical rate constant relative to oxygen concentra
tion C 

o 
chemical rate constant rapported to oxygen concentra
tion C 

s 
diffusion rate constant 

C 
s 

11k 
e,o 

kD 
::-k--+--:-k-- Co 
De,s 

11k + 1/kD 
e,s 

This is a well knOlm relation, indicating the dependence of carbon burn-out 
wi th chemical kinetics and diffusion. Diffusion is controlling the process 
for small values of kD/k . 

e,s 

From above : kaT 3,.{ IPd 
D 

ke,s a exp (-~~RT) 

kD I ke,s aT' exp (E/RT) I 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 11m, and purely kinetically controlled 
for particles < 1 11m (6). 

e) The di ffusion of oxygen through the pores, assumed 'co 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 

to d 
o 

- in zone I, independent of do' and consequently Rext is proportional 

- in zone II, R is inversely proportional to d , and consequently 
Rext .is independe~t 0" d . For the expression R = 'l\: C~ the apparent 
reactlon order n lS relat~d to the true reaction ill by nS = (m + 1) I 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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l/Tp (par1:icle temperature) 

~ : Rate controlling regimes for heterogeneous 
char oxidation. 
<'f.~gure used wi ~h permission :fro.m Smith", 1979) 
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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, 
wi th a global reacti vi ty computed per unit of external surface (R t) 
proportional to the initial diameter d . ex 

o 

Zone II : 

There is some diffusion resistance through the pores, but not through 
the external boundary layer. The effectiveness factor is between Ae lAg 
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) I 2. The particle burns internally and externally, 
wi th decreasing diameter and density, and the global reacti vi ty R t is 
independent of diameter. ex 

Zone III : 

The reaction rate is only limited by oxygen diffusion in the external 
boundary layer. The apparent activation energy is close to 0, 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 equipmenmand 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 uni t of external surface (R t) and the 
intrinsic reaction rate (R.), against temperature in ArrhenfJs form, for 
coke, chars, and various cafbons.The curves of SMITH are reported on Fig.3 
and 4. Details on coal types and conditions are available in ref. (4) 
and (12). 

1.01r-2_000r-~,,~1~6~OO~~1~~~~12~00~ ____ ~1000~~ ______ 8~OO~ __ -, 

bQ 0.01 

0.001 

4 5 6 7 
8 104fT i-1 

p. 
10 

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 t differ for different 
types of coal by a factor of up to 100. Apparen\X activation energy and 
apparent order of reaction differ also widely. (Table 1). 

Table 1 

Data for coal chars in Fig. 3 

I Line 

no. 
Parent coal 

IPre-exponentiall 
I factor I 
I (glcm2s (atmt) I -----------------1 I 

1 Petroleum coke I 7.0 I 

2 East Hetton, swelling I I 
I 635.8 I bituminous coal, UK 

3 Brodsworth, swelling I I 
bituminous coal, UK I 111.3 I 

4 Anthracites and semi- I I 
anthracites, UK and I 20.4 I 
western Europe I I 

5 Millmerran, non-swelling I I 
sub-bituminous coal, I 15.6 I 
Australia I I 

6 Yallourn brown coal, I I 
Australia I 9.3 I 

7 Ferrymoor, non-swelling II II 70.3 
bituminous coal, UK I I 

8 Whitwick, non-swelling I I 
bituminous coal, UK I 50.4 I 

I I 
9 Pittsburgtl seam, swelling I 4187.0 I 

bituminous coal, USA I I 

10 Illinois No.6, swelling I 6337.0 I 
bituminous coal, USA I I 

I I 

Activation 
energy 

(kcal/mol) 

19.7 

34.0 

24.1 

19.0 

17.5 

16.2 

21.5 

17.7 

34.0 

34.1 

Apparent Particle I 
order of size I 

_,,-,rea=cti.=·=on~_1 ( jIfl) I 

0.5 I I I 18,77,85,88 I 

1.0 I 72 I 
I I 
I I 

1.0 I 31 I 
I I 
I I I 78,49,22 I 
I 72,42 I 1.0 

I I 
0.5 I 85 I 

I I 
I I 

0.5 I 89.49 I 
I I 
I I 

1.0 I 34 I 
I I 

1.0 I 27 I 
I I 
I I 

0.17 I 16 I 
I I 

0.17 I 13 I 
I I 
I I 

Rext combines the separate effects of the intrinsic reacti vi ty 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 Rext 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. 

Several laboratories have recently designed experiments allowing the 
measurement of combustion rates of isolated particles. 

TIMOT~Y (13) measured temperature evolution of the coal particle 
surface during combustion in a drop 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 sing le coal particle burning in. a controlled envi
ronment. To illustrate the capabilities of this technique, a description 
of the reactor follows. 

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 two wavelengths 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 + Y, O2 ------> CO 

at the surface of the particle. 

From this chemical heat flux, the reactivity Rext and the mass loss 
are computed (Fig. 7). These results are for a bituminous coal (FREYMING 
type), diameter 80-100 JlI1l. The average value of Rextis 8 x 10-2 kg/m2 .s, 
at a temper~ture of 1750 K. On the Arr~erius plot of Fig. 4, this corres
ponds to T = 5,7 and R 8 x 10 g/cm 2 .s, in excellent agreement 
with the Arrhenius line drawn. 
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Figure 5 Drop tube furnace and diagnostics for 
single particle combustion measurement 
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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 ~m, 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, Rext 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 cons i
dered maceral. 

The least square line drawn on Fig. 8 corresponds to : 

55771 , 
Rext = 2,43 exp (- --T-) kg/m .s 

The apparent activation energy is 48.0 kJ/mole, which would cor
respond to a combustion in zone 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 reacti vi ty of char relative to 
oxygen. In industrial applications, char burns in a mixture O,-CO,-H,O-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 
105 K/s, under N2 or N2/0 2 atmospheres. These chars have been submitted to 
gasification in a CO 2/CO/N 2 atmosphere, heated up to 1500°C at 10c C/mn in 
a Mettler thermoba1ance. The CO 2 reactivity tests were conducted by 
C. OFFROY and J.L ROTH, at LR.S.LD., Maizieres-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 C02atmos
phere is observed with increasing devolatilization temperature. The same 
experiment with a bituminous coal results in smaller difference of reacti
vi ty. 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 nitrogen or air, for tempera-

tures ranging from 1100 K to 1700 K. 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. 
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Conclusion 

The concluding remarks made by SMITH, at the 18th 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 Rext for chars made from coals under conditions appropriate to the 
type of combustion system of interest. The response of Rext to temperature, 
oxygen concentration and particle size needs to be known for 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,var~es 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 

A 
a 

A 
e 

A 
g 

At 

C 

C 
o 

C 
s 

d 

D 
a 

E 
a 

Et 

hD 
J 

s 
k 

k e,o 
k e,s 
k 

s 

apparent pre-exponential factor «kg/m 3 )-m kg/m 2 s) 

external (geometrical) area(m 2 /kg) 

specific pore surface area(m 2 /kg) 
3 -m _1 

true pre-exponential factor «kg/m) s ) 

local oxygen concentration at the vicinity of the surface (kg/m ~ 
o < C < C 

s 
oxygen concentration in bulk gas (kg/m 3 ) 

oxygen concentration on particle outer surface(kg/m 3 ) 

sphere diameter (m) 

bulk gas diffusion coefficient (m 2 /s) 

apparent activation energy (kJ/mole) 

true activation energy (kJ/mole) 

oxygen diffusion mass transfer coefficient (m/s) 

oxygen mass flux at the outer surface (kg/m 2 s) 

rate constant«kg/m 3 )-m x kg/m 2 s) 

chemical rate constant rapported to oxygen concentration Co (m/s) 

chemical rate constant rapported to oxygen concentration Cs (m/s) 

apparent rate constant «kg/m 3 )-m kg/m 2 s) 
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m 
c 

m 
p 

n 

P 

R 

Re 

Rext 
R 

m 
R 

m,d 
[s 1 
Sc 

Sh 

t 

T 

x 

y 

intrinsic rate constant (( kg/m 3) -m s -, ) 

diffusion rate constant (m/s) 

true order of reaction 

carbon atom mass (kg) 

particle mass (kg) 

apparent order of reaction 

pressure (Pa) 

reaction rate(kg/m 2 s) 

Reynold's number 

global reactivity per unit of external surface (kg/m2 s) 

global reactivity per unit of mass (kg/kg s) 

maximum global reactivity per unit of mass (kg/kg s) 

active sites concentration(m- 2 ) 

Schmidt's number 

Sherwood's number 

particle burn-out time (s) 

temperature (K) 

molar fraction 

effectiveness factor 

characteristic size of particle (ratio of volume to external 
surface)(m) 

aa 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 H2flame around the particle, 
which shields the surface from O2 , 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. Solomon 

You showed the intensity of radiation going to zero between 
the volatile 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. Your temperature (measured) curves exhibit 2 peaks. 
Should the initial part of the curve be corrected? and how? 
Higher or lower ? What do you suggest ? 

G. Prado 

As soot emission is dominating during devolatilization, the 
grey body asumption is no longer valid. A liT 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. CO 2 
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) is 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 ~m 
with your equipment? 

G. Prado 

With the rotating disc technique, we are limited to parti
cle larger than 100 ~m. 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 
di ffusivity), 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 2 ) concentration gives interesting infor
mation on the type of control (a=O 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 ~thus 
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 meascrements 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 

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 atmospherei 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 (C0 2 ) 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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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 

12th 

I 
+ 

21st 

Dominant Problem 

Smoke (Soot and PCAH) 
Ash + SOx 
Acid Rain (SOx' NOx ) 

Greenhouse Effect 
(C02 , N20) 

Effect 

Inconvenience 
Impairment of respiratory function 
Damage to aquatic life, vegetation, and 
main-made objects 
Climatic 

Although the broad coverage of all emissions has the disadvantage of a 
superf ic ial coverage on each, it has the mer it 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 
Polycycl ic aromatic hydrocarbons (PAH) and soot are the pollutant s 

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 PAll and soot from modern large scale pulverized coal 
fired boiler,by contrast, are found to be low. Interest in the PAll 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 PAll and soot. 

A schematic of the processes governing the emission of soot and PAll is 
provided in Fig. 1. The coal, on heating, releases volatiles including 
PAll. Secondary pyrolysis of the lighter volatiles provides an alternative 
route to PAll. 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. 
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FIGURE 1. Schematic of processes governing the emission of PAll and soot' 

The primary products of pyrolysis will have compositions that will be 
closely related to that of the parent coal 1 • The PAll from coal can be 
distinguished from that produced by pyrosynthesis reactions from lower 
hydrocarbons by the pre senc e of a h ighe r de p'e e of alkyl s ide-cha in 
substitution and heteroatoms such as Sand NZ. The yield of the PAll 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 PAll yields obtained on 
the pyrolysis of coals for a residence time of about 0.3 seconds at 



temperatures of 900 to 1700 K. In the order of increasing carbon 
the five coals studied were a Montana lignite, a Montana 
subbituminous coal, a Pittsburgh hvA bituminous coal (PSOC 
Pocahontas #3(PSOC 130), and a Primrose anthracite (PSOC 869). 
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FIGURE 2. PAR yield during the pyrolysis of coals of different rank (% 

carbon content) at temperatures of 900 to 1700 K (Residence time 
f!! 0.35)3. 

The pyrolys is product s genera ted by coal will unde rgo further 
decomposition in the absence of oxygen. Detailed study of the 
transformation products show a steady decline in the total concentration 
of PAR, 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 PAR yield is evident in Fig. 3. From Fig. 3 it is 
apparent that the sum of the soot and PAR 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 PAR3 ,4. The 
decrease in alkyl sub st itut ion with increas ing secondary pyrolys is 6 is 
shown in Fig. 4, and is of importance in determining the mutagenicity of 
the PARs. 

In practice the soot and PAR 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 
particles 7 - 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 
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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 long 7 , •• 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 10 • For turbulent flames the rates of PAR 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 gases 11 • Analyses 
based on the turbulent m1x1ng model of Magnussen have been found to 
adequately correlate the rate of decay of soot concentrations in turbulent 
flames11,1~ • 

The size of soot particles in flames are generally found to follow the 
pred ict ions of coagulation theory, with the maj or source of uncerta in ty 
being the present lack of understanding of when the particles will stop 
growing individually and form aggregates 13 ,14. The mean particle size for 
spherical particles can be related to soot volume fraction fv and 
residence time by 

(1) 

where ktheory is the rate coefficient for collision between particles with 
allowance for a self-preserving size distribution15 • 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 coagulation16 • 

In summary, the concentrations of soot and PAR 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 PAR 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 PAR-containing eddies before they contact heat transfer surfaces 
and are quenched. This is demonstrated graphically in Table 2 which 
presents the concentrations of selected PAR 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 PAR 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 carbon17 

have been reported and a highly sooting bituminous coal has been shown to 
have much higher emissivity than an anthrac ite of comparable particle 

• 18 
S1ze 
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TABLE 2. Comparison of PAR, evolved (ng/J) during the pyrolysis of 
Montana Lignite and Pittsburgh High Volatile-A Bituminous coals 
with that emitted by various sources 

Pyrolysis 
1. Montana Lignite 
2. Pittsburgh High

volatile Bituminous 
Residential Stoker Coal
fired Boiler, 200 KW 
1. High-volatile Bitumi

nous (Elkhorn #3) 
2. Western Subbituminous 

(Colorado) 
Coal-fired Power Plant 

3. NITROGEN OXIDES 

Methyl 
Anthracenes/ 
Phenanthrenes Fluoranthene 

5.89 

3.16 

0.37 

0.SOxl0-S 

1.72 
6.32 

3.12 

0.096 

0.07xl0-S 

Pyrene 

2.71 
11.68 

2.12 

0.132 

0.4x10-S 

Phenan
threne/ 
Anthra
cene 

10.95 
19.04 

5.16 

0.72 

7.6xl0-S 

Coals have a high nitrogen content, of the order of 1 to 2 percent by 
weight, and therefore the oxidation of fuel nitrogen is an important 
contributor to the NOx emissions. In order to determine the relative 
contributions of fuel nitrogen and atmospheric nitrogen to coal-generated 
NOx ' 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 19 • Their results showed that the 
fuel nitrogen contribution was dominant under most conditions of current 
interest. However, prior to the modification of furnace and boiler design 
for purposes of reducing NOx 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 20 • 

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 coa1 21 • 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 nitrous 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 

o Procon 

FIGURE 5. Schematic of proces se s occur ing dur ing the forma t ion of nitr ic 
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 NOx 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 the 
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 precedini arguments, 
models of coal nitrogen oxidation by Smoot and coworkers 2 have been 
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successful in matching experimental NO values using the simple assumption 
tha t the fract ional nitrogen release by coal e quaIled the fract ional 
we ight los s of the carbon. Clearly, the importance of nitrogen 
devolatilization kinetics on NOx 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 Nz was identified by 
Fenimore z3 as the reaction of a fuel nitrogen intermediate, NX, with 
either an oxidant, primarily OH, to form NO or with NO to form Nz • The 
kinetics of the reaction are either treated using global rate expressions, 
drawn mainly from the studies of De Soete 24 , or using a reaction set 
in,volving the major .primary reactions2S. The major component of the 
detailed mechanism is based on the seminal research of Haynes Z 7 

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 z8 of 
significant concentrations of NzO 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 = NzO + CO, studied 
by Perry29, may be important. Other reactions of importance that are not 
yet adequately understood are the hydrocarbon-NO reactions. These are of 
importance bec ause they prov ide a means of recyc ling the NO to HCN 
providing further opportunities for conversion to Nz • This set of 
reactions provides the basis for the process of "reburning" NO. It is 
believed that CH and CH z 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 (triangle s, Appalachian Bituminous (square s), and a 
subbituminous (circles) coal2.6. 

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. Limite!! information is 
available on the reduction of the NO by char and the augmentation of the 
reduction by C030 • These reactions are catalyzed by inorganic 
constituents in the char and are also influenced by the heteroatom content 
of the char31 , 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 emis sion of the first stage of a staged combustor. The da ta 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 
fuel-lean conditions. These correiations 3Z 

determining the effect of coal type on 
fundamental models are developed. 

to NO under fuel-rich and 
can serve as 

NOx emissions 
bases 

until 
for 

more 

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 inclusions, typically 2-5 J.1m 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 inclusions. 

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 particles 3 3-35. 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 compos it ion of wh ich 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 les s volatile compound s, 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 36-39. Volatile salts such as those 
of sodium, zinc, arsenic and antimony were found to preferentially 
concentrate in the smaller ash particles, with the concentration often 
correlated with the inverse of particle diameter (d-1 ) or of the square of 
the particle diameter (d-z ). Surface analysis of the residual ash 
particles has revealed that the volatile trace species were also 
concentrated at the surface of the residual ash particles 38 - 40 • 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 u ,38,41. 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 recently41-47. 
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 48 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 
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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 Wal1 49 ,so. 

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 S1 , as shown 
in Fig. 10 by the fractional retention of selected elements of a lignite 
which has been pyrolyzed for a second at var ious temperature s. The 
vaporization rate of elements has been modeled including allowance for the 
reduction of the refractory oxides s2 • The condensation and growth of the 
mineral constituents generate an aerosol; the size distribution of the 
particles are described 43 ,44 by relations very similar to Eq. 1. 
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FIGURE 9. Schematic of transformation of mineral matter in coal during 
coal combustion45 • 

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 which 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 
condit ions. The maj or 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 Kerstein53 , 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 S02 in a 

combustor, with small amounts in the form of S03. 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 SOz to S03' 

10' .--_--, __ -,. __ -, 10·'..---,---,,------,--, 
A,. Mn 

MONTANA LIGNITE FIGURE 10. z. 
no Retention of different 

10· 10 elements by the char 
:; L. produced by pyrolysis of « 
0 HI 

for second u coal 1 at .,. 
A. different temperatures 51 .... .,. 

"-

UJ 
:;) 

Sc 0 
10' c;; C. 

UJ 
II: Sb 
Z 8. 

z S' 
0 

Yb 

;:: Ti 
Z 
UJ N. I-
UJ 

161 II: 
10' 

RESIDENCE TIME-I He In At 

PARTICLE DIAMETER 3S-441'm 

10 
1500 

An appreciation for the strategy of sulfur capture by limestone may be 
obtained from consideration 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 
CaO 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 CaS04 by injecting the limestone upstream of the 
temperature at which the sulfate is stable (Le •• at a position at which 
the temperature is higher than about 1450 K). Care must be taken. 
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 
sintering 54 • 

The injection of limestone in furnaces for sulfur capture has. however. 
only met with modest success. Data by Pershing and coworkers 55 shown in 
Fig. 13 is illustrative of th.e sulfur capture by calcined limestone as a 
function of residence time. After an early rapid rise in the sulfur 
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content of the lime 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 S02 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 54 • 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 burnoutS'. 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 SO. 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 S02 at flame 
temperatures. Some SO. is formed by the reactions of ° radicals present 
in supra-equilibrium concentrations in the flame zone but it is 
shortlived 56 • Most of the SO. produced in a furnace is from the catalyzed 
oxidation of S02' 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 S02 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 generate the 
aerosol 57. A maximum in conversion 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 S03 for an Illinois No. 6 coal 
which produced a high iron content aerosol and low yields for coals, such 
as a Montana lignite, which produced an aerosol with a high alkali 
content 58 • 
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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 PARs. A further example of interactions of 
hydrocarbon and NO chemistry is provided by returning. 

* Staging of .air to reduce NOx has been found 59 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 matt;r60 • 

* It has been observed that sulfur in a fuel may affect the emissions 
of NO because of the interdependence of the free radical chemistry 
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influencing both61 • 

* NO may be reduced by soot and char. 
The atove examples show that the nitrogen chemistry may be influenced 

by the sulfur, carbon, and hydrocarbons in a flame, that the suI fur 
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 equations. 
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P.R. Solomon (Advanced Fuel Research) 
What is the current thinking on the predominant primary nitrogen gas 

from pyrolysis, HCN or NHg ? If HCN is the predominant species as many 
pyrolysis experiments suggest, then what is the mechanism for NHs 
production in flames? 

E. Suuberg (Brown University) 
to demonstrate directly the applicability of 
constants to burnout of the vapor-phase 

concern is that these materials may be quite 
blacks and soots studied previously (then may 

1) Has there been a study 
Nagle Strickland-Constable 
pyrolyzed tars (soot)? The 
different than the carbons, 
be more amorphous). 

2) Has there not been evidence of direct 
amounts of HCN and NHs during primary pyrolysis 
Symposium)? 

A.F. Sarofim 

formation of significant 
(e.g. Blair et al., 16th 

HCN and NHs 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 NBs content of pyrolysis and combustion gases will be strongly 
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 NBs 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 NHg 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 
NHg (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 PAR? Methods used for analysis? Carcinogenic effect of 
subst itut ion? 

2) Have you investigated chlorine compounds in gas phase? Kinds of 
compound s? Mechanism of formation? 

As to the formation of different N containing species during pyrolysis 
and combustion: At low temperatures formation of NH3 and HCN is also a 
function of substances burnt: e.g. pyrrolidine tends to form higher 
concentration of NH 3 , pyrrol tends to form higher concentrations of HCN 
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. Sa rofim 
The differentiation of PAR emitted by coal from that generated by other 

fuels on the basis of the greater extent of alkyl substitutions on the PAR 
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 pyrolys is, achieved by incre as ing either the res idence 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 PARs. 
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 calc ium dur ing 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 have 
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 Nz 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.O.L., and Schulze, O.E., 
A.I.Ch.E. Jl., 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 SiOz 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 shields 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 present in 
the coal may undergo the following sequential reactions which are 
thermodynamically favored at combustion conditions: 

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 
C.N.R.S.) 

You have mentioned that the concentrations of some minerals (silica in 
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 g1v1ng 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 considering 
was small. 
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MINERAL MATTER IN PULVERIZED COAL COMBUSTION. 

P.J.JACKSON 

CENTRAL ELECTRICITY GENERATING BOARD, MARCHWOOD ENGINEERING LABORATORIES, 
MARCHWOOD, SOUTHAMPTON, S04 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, 
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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 80% w/w silicates and quartz, less than 15% w/w carbonates and less 
than 10% 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. 

Si02 

Silicates 
Quartz 
Biotite K(Mg,Fe)s(AISis0 10) (OH) 2 

Major silicates with clay minerals. Quartz present as sediment, 
round to angular grains - Imm to <1~m. 

Clays 
Montmorillonite 
Illite-sericite 
Kaolinite 
Halloysite 
Chlorite 
Smectites 

Finely-dispersed in coal substance; principal constituents of shales; 
Crystals < l~m. Impregnation of joints in brown coal. 

Sulfides 
Pyrite 
Marcasite 
Sphalerite 
Galena 
Chalcopyrite 
Arsenopyrite 
Millerite 

FeS2 
FeS2 
ZnS 
PbS 
CuFeS2 
FeAsS 
NiS 

In nodules and crystals 10cm to <1~m in coal substance and in joints and 
cleats. Pyrite and marcasite are principal sulphides. Principal form 
of iron in most hard coals. 

Carbonates 
Calcite 
Dolomite 
Siderite 
Ankerite 
Witherite 

CaCOs 
(Ca,Mg)COs 
FeCOs 
(Ca,Fe,Mg)COs 
BaCOs 

In hard coals present mainly in joints and cleats. 
calcium and magnesium, secondary form of iron. 

Principal form of 



TABLE 1. Continued. 

Sulfates 
Barite 
Gypsum 
Anhydrite 
Bassanite 

BaS04 
CaS04 
CaSo4 
CaS04 

Deposited from ground waters. 

Chlorides 
Halite 
Sylvite 
Bischofite 

NaC1 
KCl 
MgC1 2 .6H 20 

Occasionally present as discrete crystals, often as ions adsorbed on 
coal substance (vitrinite): can be recrystallised from solutions after 
wetting. 

Oxides and Phosphate 
Hematite 
Magnetite 
Rutile 
Apatite 

Combined with or Adsorbed on 
Calcium 
Magnesium 
Sodium 
Sulphur 
Vanadium 
Boron 
Nickel 
Iron 

Fe 2 0 s 
Fe s 04 
Ti0 2 

CaS(P04)3(F,Cl,OH) 

Organic 
Ca 
Mg 
Na 
S 
V 
B 
Ni 
Fe 

Matter 

3. CHANGES DURING PREPARATION FOR COMBUSTION. 
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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. BEHAVIOUR 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. Of 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 2 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 2 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 ~m, 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 undoub!3dly 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, AI, 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 wQich 
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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). 
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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. 

Salt
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FIGURE 2. CLASSIFICATION OF BEHAVIOUR OF MINERAL MATTER IN COAL DURING 
COMBUSTION. MAJOR ELEMENTS: OUTER. MINOR ELEMENTS: INNER. 
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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 10~m 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 ~2s temperature, say, over 1600 K, and/or high he~I 
flux (over 150 kW m ), the temperature gradient can exceed 200 K mm , 
resulting in a thin slag layer close to the meta!i 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 ~m in diameter, are deposited by 
eddy diffusion and the larger ones, say over 10 ~m 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 
Na3K3Fe2(S04)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 ~m 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 appr~a5h velocity (V) of the particles is a dominant factor (metal 
loss V·), as is the angle of incidence, and angular quartz grains 
abrade more effectively than glassy spheres (59). In boileE~' 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 



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. 
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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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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.i). 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 a~I particularly susceptible to 
the high rates of corrosion (over 50 nm h ), as follows. 

Combustion chamber wall tubes~lusually 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 80~m or more than 2% larger than 300~m). 
Corrosion products almost invariably consist of high proportions of iron 
sulphides (FeS and FeS2) 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 
anyone 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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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" (Si02x100/Si02+Fe203+CaO+MgO) or " slagging index" 
(Bases/Acids x %Sulphur) (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, iron. 
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 interactions. 
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 

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 is 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 possi~ly 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. an~ 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 be 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 res~onse 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~haviour 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 in 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 is 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 SiD, 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 su~stance 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 CaCD3, show a 
distinctly lower reactivity. 

P.J. Jackson 

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 ~raphite 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 ~m 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•1 
Los~ of one percrnt arailability or capacity or a decrease in 100 Btu kW
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., Si02• A1 203, Fe203. 

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 Si02/A"120 in kalonite, 

(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 confi rmed 
by field measurements. 

The percentage of Si02 + A1 203 + Fe203 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 f i rmly 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 Fi gure 1. 

30 

Mlnertl Mltter 

11111111111 Included 

25 Inherent 

~ [xcluded 

20 

~ 
.<= 

.!2 .. 
c: 

15 .. 
u 
L .. ... .. 
t .. 
i 10 

" u 
u 
< 

o 

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 



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 
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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 modifi ed by Edwards (9). 

The optical properties of soot are well known (10). However, the 
amount 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 Thr measured thermal 1 
con~uctlvities 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 low 
and that treating the deposits as solids results in unrealistic heat 
trans fe r. 

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 ;s 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 
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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 Na20 per million Btu of coal (a parameter which 
accou nt s fo r the sodiu m 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). 
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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. 
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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 
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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 CalS 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 .. Beulah Lfg., BSF, 1 I'Iltu/hr 

• Indiana Lot 12, BSF, 1 I'Iltu/hr 

• Indiana Lot '3, BSF, 1 I'Iltu/hr 

SULFUR CAPTURE EFFICIENCY IN FURNACES • Indiana Lot #3, BSF, 0.5 I'Iltu/hr .. Indiana Lot #3, FSF, 0.35 I'Iltu/hr 
100 • Indiana Lot 14, HI, 50 I'Iltu/hr 

• Utah, .MT, 50 I'Iltu/hr 
~ • Illlno15 16, ESP, 0.07 I'Iltu/hr 
" .. ~ Decker, ESP, 0.07 I'Iltu/hr 'u 

;;:: 
::';:; .. INDUSTRIAL PLANTS 
5 10 6 Barnstone, 21% 02 
~ 
B .1 Barnstone, 23% 02 
... 0 Barnstone, 25% 02 
" .. 

0 Big Stone, U.S. Ug. ... 
~ 
.5 <> Cumberland, U.S • 

a Hazelwood, Aus. Brown 

0 John Siever, U.S. 
1 
0.01 10.0 0 Uddell, Aus. Black 

Ca/S D Shawnee, U.S. 

~ Wallerawang, Aus. Black 

<I Widows Creek, U.S. 

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 ptedict 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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Figure 8. Comparison of solubility of coal ashes with 
average solubility of U.S. power plant fly ashes. 
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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 in the paper. Those areas which need verification are 
abrasion indices, fouling index, leachahility 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 
measurement3 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 ~e 

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 

would like to ~ut 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 distri~ution 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: 
[raring (1400/+1560 0 C), Bayswater (1250/1300 0 C), Greta (1400/ 
+1560 0 C), Muswellbrook (1270/1380 0 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 [raring 
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 in~olves 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 until 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. 
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H. Juntgen 

In one of your slides you showed reactions between SO 3 
and HCl resulting in FeC1 2 . 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 2 with iron. 
Sulfur trioxide usually is derived from the sulfur dioxide. 
The rea c t ion s 0 f SO 3-+ SO 2 ( not rever s e) a p pea r s to be rap i d . 
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 limitin~ heat transfer in power station furnaces as well as 
the values 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/ ~ 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 in 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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STAGED COMBUSTION OF PULVERIZED COAL 

H. Kremer 1), R. Mechenbier 1) and W. Schulz 2) 

1) Lehrstuhl fUr Energieanlagentechnik 
Ruhr- Universitat Bochum 

2) Vereinigte Elektrizitatswerke Westfalen AG 
Dortmund 

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 

parameters 

fuel type 
temperature 

SR 1 

SR 2 
residence time l1 
air preheating 

parameters 

primary fuel 
secoudary fuel 

prim./secoud. fuel ratio 

temperature 

SR 1 
SR2 

SR 3 

residence hme T1 
residence time T2 
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 3) 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 mat 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 N2 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 --- CO2 + N2 (1) 

C + NO --- CO + 1/2 N2 (2) 

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 CO2 , At the free active surface NO is reduced by chemisorp
tion of an oxygen atom, according to the following reactions 

CO + NO CO2 + 1/2 N2 

CO + C(O)--.. CO2 + Cf 

NO + Cf --~ C(O)+ 1/2 N2 

(3) 

(4) 

(5) 

The decreasing predominance of heterogeneous catalytical reactions with 
higher temperatures can be explained by a weaker adsorption of oxygen 

C(O) --~ 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, NH3 , and is partly contained in the char /11,15,16/. Nitro
gen monoxide as well as HCN and NH3 can be reduced to molecular nitrogen 
/8/. The reduction of NO is occurlng wlth sufficiently low stoichiometric 
ratios, preferably homogeneously, via the ammonia compound NH2 

NH2 + NO --- N2 + Hp (7) 
which is equilibrated with ammonia NH3 

. . NH3 + OH --~ NH2 + H20 (8) 
Rlslng temperatures cause hlgher NH2 concentrations and speed up the NO 
reduction. 
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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 CH2 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 --.. N2 + 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 + 0 (ll) 
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 CH2 are decisive, but the NO reduction is 
occurring indirectly via higher concentrations 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 NH2 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 Iowa stoichiometric value will lead to 
low NO concentrations but also to increased HCN and NH3 concentrations 
which in the final burnout zone, according to Chen et al. /19/, can again 
cause higher NO concentrations. The reduction of NO can be caused by homo
geneous as well as heterogeneous reaction mechanisms. The composition of 
the fuel and that of the products of conversion, besides thermal effects, 
have to be considered during combustion. The technical realization of fuel 
staging requires at least three stages, with the first stage being operated 
under excess air or under substoichiometric conditions. 
The "MACT" process /20/ can be considered as a combination of air and of 
fuel staging. 

4. EXPERIMENTAL INVESTIGATIONS 
4.1. Experimental coal combustor 
The experimental investigations were performed at a quasi one-dimensional 
pulverized coal flame. The experimental furnace consists of a vertical 
ceramic combustion tube of 150 mm internal diamater which is split into 
two sections. Electrical resistance heating by "Crusilite" heating rods 
control the temperature of each section in three control groups each. The 
Combustion tube is provided with opposite holes along the furnace, each 
couple 100 mm apart, for the introduction of thermocouples and gas com
position probes. The thermocouples can be moved across the tube and serve 
to measure gas and wall temperatures. The primary fuel-air mixture is 
introduced at the head of the furnace, the secondary fuel and/or air 
streams between the upper and the lower furnace sections. 
The maximum coal throughput of the test furnace is about 2 kg/h. With a 
total length of 2.3 m the resulting residence time of the combustion 
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gases can be varied between 1 and 3 seconds, comparable to industrial boi
ler combustion chambers. 
With the test series the combustion chamber wall temperatures and the air 
preheating temperatures were preset. The stoichiometric ratios were changed 
by adjusting the air and coal dust flow rates. Because of the coal com
bustion in the primary zone there is a rapid increase of gas temperature 
near the burner, exceeding usually first the wall temperature. Since no 
heating takes place in this part of the combustion tube the surplus heat is 
irradiated to the walls and dissipated towards the colder periphery. Thus 
gas and wall temperatures are approaching quickly and are about constant in 
the reducing zone. 

4.2 Analytical techniques 
The flue gas composition was measured largely by continously operating phy
sical measuring devices (C02 , CO, °2 ,502 , and H7 ). In earlier investiga
tions water-cooled probes were used: water-quencning with substoichiometric 
combustion allowed to determine the concentrations of NH and HeN by means 
of calibrated ion-sensitive electrodes. Now only air-cooied probes are 
applied. It is planned to replace this time consuming step by the applica-
tion of infrared analyzers for both components. . 
The proportion of unburnt hydrocarbons in the flue gases is determined by a 
flame ionisation detector (FID). All components with high water-solubility 
and condensable hydrocarbons were measured after passing electrically 
heated probe lines; the other components were determined after having 
passed a drying stage. The probe openings along the combustion tube sec
tions serve to obtain axial profiles of temperature and composition. 

Medium Volati Ie High Volatile 

Bituminous Ballast Coal Situllinous Anthraci te lignite 

Coal Char Coal Char Coal Char Coal Char Coal Char 

Proximate AnalysiS 

Moisture [1] 2,75 0,99 2,13 0,85 21,8 

Ash [1 dl 13,6 14,3 23,7 25,2 9,02 13,4 9,70 10,60 6,04 10,3 

Yolati Ie Matter 34,9 9,6 36,8 9,40 56,2 

a daf] 
36,9 Char 1 67,9 91,8 65,1 90,70 

Ultimate Analysis 

C 71,40 80,0 69,2 72,2 73,S 81,3 82,4 84,8 63,3 81,6 

H 4,40 0,81 1,91 0,25 4,28 0,89 3,41 0,86 3,04 1,22 

" [1 d I 1,84 1,26 0,80 0,77 1,49 0,96 1,72 1,22 0,90 0,78 

0 8,72 1,80 3,30 0,68 10,77 2,50 1,93 1,37 23,10 5,98 

S 0,83 0,64 0,72 0,75 0,73 0,52 0,76 0,73 0,20 0,20 

Heating Value 

[kJ/kg dl 29697 28691 26252 25453 29857 28753 31724 30273 25384 29574 

Table I: Analyses of tne five coals used In tne combustion experiments, 
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5. RESULTS ON AIR STAGING 
The results obtained with 5 different coals (see Table 1) are similar to 
those obtained by Wendt et al. /21/ who operated an autothermal combustion 
chamber. At the end of the first, substoichiometric zone the nitrogen oxide 
concentration has dropped, for example, with a subbituminous imported coal 
at SR1:O. 7 from 950 vppn to 120 vppn, while there is an increase of NH and 
HCN to 210 and 50 vppn respectively, the mean gas temperature being 12dO°c. 
In the following burnout stage with a stoichiometric ratio of SR2=1.35 the 
nitrogen oxide concentration rose again to 250 vppm. co vanished nearly 
completely. 

5.1. Residence time 
The residence time in the primary zone exerts a strong influence as 
was demonstrated earlier /4/. Fig. 2 shows for.an ash rich "ballast" coal, 
with a volatility like anthracite, that beyond a residence time of 0.75 
seconds there is no further reduction of final NO in the second stage. This 
is caused by the char nitrogen fraction which is partly converted to NO in 
the final burnout zone. With West German brown coal (called lignite in this 
context) there was no such limitation demonstrating the importance of char 
reactivity for the carry-over of unburnt char from the reduction stage to 
the burnout stage. 
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Figure 2 .. Influence of residence time on the NOx emission from the one
dimensional combustion chamber for an ash rich,low volatile "ballast" coal. 
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Figure 3. Influence of primary zone 
stoichiometric ratio SRI on NO 
emission for a high volatile , bitu
minous (imported) coal. 

5.2. Primary zone stoichiometric 
ratio 

The effect of the primary zone 
stoichiometric ratio SRl on the 
NO concentration at the end of 
stage two can be seen from Fig.3 
for a high volatile bituminous 
(imported) coal showing the 
plotted primary stage NO concen
tration without secondary air 
addition and the NO concentration 
at the end of the second stage. 
The experiments show also that 
for substoichiometric combustion 
the nitrogen content of the char 
is increasing rapidly, at the 
same time there is a marked in
crease mainly of NH3 concentra
tion, while the HCN concentration 
is lower for most combustion tem
peratures. The nitrogen content 
of the residual char is not se
lective, meaning that carbon and 
nitrogen contents are rising with 
falling primary air in the same 
manner. 

5.3. Temperature 
The experiment 1 set-up was ope
rated under nearly isothermal 
conditions which allowed to 
assess the influence of tempera
ture in a better way than with 
conventional autothermal com
bustion. It was found that the 
reduction of NO formed at the be
ginning of the reducing zone was 
faster with higher temperatures, 
but paid by higher initial NO 
concentrations. For low values of 
SRl this could be over-compen
sated by the reduction effect. 
There is a definite influence of 
coal quality, as can be seen from 
Fig. 4, showing the effect of air 
staging at different wall tempe
ratures (1000 to 1300 °C) for the 
imported high volatile bituminous 
coal and the lignite coal. The 
important finding is that lignite 

because of its high char reactivity, is vanishing faster by combustion and 
gasification reactions than older coals, thus transporting less char nitro
gen into the burnout zone in which therefore less fuel NO can be formed. 
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5.4. Coal quality 
Also coal quality has a defi
nite effect on NO formation 
which is demonstrated by Fig.5 
/13,16/. It was found with pre
mixed combustion, that the 
lowest NO concentrations were 
achieved with lignite, the 
highest with h.v. bituminous 
coal. This also has to be com
pared with the total fuel 
nitrogen content of the diffe
rent coals. 

6. RESULTS ON FUEL STAGING 
6.1. Methane as reducing agent 
With pulverized coal combustion 
the same coal can be used as 
reducing agent, but also fuels 
like other coals, coke, oil or 
fuel gases can be used. In 
these experiments first methane 
was used as secondary fuel. It 
can be expected that CH radi
cals are of major importance 
for the reduction efficiency. 
One of the goals of the experi
ments was to find out the coal
methane feeding ratios needed 
to comply with the German legal 
emission limits for different 
overall stoichiometric ratios 
(defined as the fractions of 
air/fuel ratio divided by its 
stoichiometric value). 
Fig. 6 shows the distributions 
of concentrations of the main 
components and of the mean gas 
temperature along the furnace. 
This graph also demonstrates 
that the temperatures along the 
test furnace can be kept nearly 
constant, i.e. isothermal con
ditions can be maintained. The 
NOx concentration rises in the 

Figure 5. Dependence of NOx 
emission with air staging on 
coal quality. 
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Figure 6. Axial distribution of stable species concentrations in the one
dimensional combustion chamber with Methane as reducing fuel for lignite 
combustion. 

first stage with the stoichiometric ratio SR1=1.25 to a maximum value of 
470 vppm and drops to 435 vppm at approaching near-stoichiometric condi
tions. Methane was introduced downstream via probe opening no. 5 through 
a multibore tube (at length 0.6 m, residence time t = 1.9 seconds). Thus 
in the second zone reducing conditions, corresponding to SR2=0.95, were 
created, causing NO to fall below 25 vppm. Here also the maximum carbon 
monoxide (2,5%) and hydrogen (0,6%) concentrations were measured. 
At probe opening no. 8,1 (1.1 m, t=3,4s) 127°C tertiary air was added 
leading to a total stoichiometric ratio of SR3=1.4 in the final burnout 
zone. In this zone the NOx concentration reached the final value of 75 
vppm. It should, however, be pointed out that the hydrocarbon concen
tration measured at the end of the combustion chamber was about 300 vppm 
which can be attributed to the fairly low gas temperature ( 1000 DC) and 
possibly non-perfect mixing. 
The following graph (Fig.7) demonstrates the influence of the secondary 
stage stoichiometric ratio on the NOx emission of the final burnout stage 
(SR3=1.4). Even for SR2=1.1 there is a reduction of NOx by two thirds as 
compared to the non-staged case. The shaded area indicates somehow un
stable conditions due to incomplete mixing of the methane. 
In Fig. 8 the NOx concentration is plotted versus the stoichiometric 
ratio of the second (reduction) stage showing that lower overall NOx values 
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Fig.;re 7. Influence of the secondary stage stoichiometric ratio on NOx 
emission of the final burnout stage (SR3=1.4) burning lignite with Methane 
as reducing fuel. 

are obtained for higher primary zone stoichiometric ratios. Also plotted in 
this diagram is the ratio of methane and methane plus coal enthalpies 
pointing out that, e.g. for a primary zone stoichiometric ratio of SRl=l.l, 
the methane contribution to the total energy only has to be about 10% in 
order to keep the NOx concentration below the momentary German legal limit 
of 200 mg NOx/ml (6% O2 ) for large coal-fired power station boilers. It is 
expected that higher reduction zone temperatures, whose influence will be 
investigated in the near future, may lead to even more advantageous 
results. 

6.2. Pulverized coal as a reducing agent 
In other experiments fuel staging was investigated with pulverized coal as 
a reducing agent. Fig.9 contains the results of fuel staging using lignite 
in the first two zones. It can be seen that for a wall temperature of 
1200 °e, SRI =1. 31 , SR2=O .88, and SR3=1.20 a final NOx concentration of 
under 200 mg/ml can be achieved. The NOx reduction in the second stage 
occurs, as discussed earlier, by fuel radicals and later by ammonia com
pounds. For lower SR2 values the reduction can be attributed to reactions 
with NH 2 , being equilibrated with NH 3 . If SR2 approaches one, CO is the 
only reBucing component available. 
The concentration distributions at the start of the second stage show that 
there is even a diminution of NOx if neither NH3 nor CO are present. It is 
supposed to be caused by fuel radicals from the combustion of the vola
les, emanating in the beginning of the second zone after fuel injection. 
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Figure 9. Influence of the se
condary stage stoichiometric 
ratio on NOx emission of the 
final burnout stage (SR3=1.4) 
burning lignite with lignite as 
reducing fuel. 
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No detailed mechanisms are known for a quantitative description of these 
processes involving high molecular weight hydrocarbons. The further course 
of reduction follows similar lines as with methane as a reducing medium. 
Immediately after addition of the coal dust there is no oxygen shortage un
til the volatile matter and part of the char is burnt. Progress of com
bustion leads to the formation of the reducing components NH3 and co. 
The decrease of nitrogen oxides in the fuel-rich zone shows a development 
similar to the case of air staging. Using fuel-staging with bound nitrogen 
containing coal may lead again to the same problems as with air staging. 
The optimum stoichiometric ratio of the reducing stage is determined by the 
primary zone excess air and by the kind of fuel used. 
The primary zone stoichiometric ratio is responsible for the amount of ni
trogen oxides, gaseous nitrogen components and residual char nitrogen. The 
absolute value of the NO concentration is less important in this context. 
If the stoichiometric ratio of the primary zone is too low then also a low 
NO concentration will be obtained, besides HCN and NH3 as additional nitro
gen components. In the following reducing step gaseous nitrogen components, 
except NO, are only converted very slowly. The reducing fuel will increase 
the concentration of the nitrogen components which in the final burnout 
zone will be converted again to nitric oxides. On the other hand a high 
amount of excess air in the primary zone is requiring a large consumption 
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Figure 10. NOx emission with different 
primary and secondary zone stoichio
metric ratios burning high volat. bi
tuminous coal. 

of secondary fuel in the following 
zone in order to achieve reducing 
condi tions. The bound ni trogen can 
also contribute to the formation of 
nitrogen oxides. 
Operating the first stage under 
near-stoichiometric conditions ap
pears to be the most favorable case 
to use little secondary fuel in the 
reducing stage. Bound nitrogen com
pounds should be converted to ni
trogen oxides or molecular nitrogen 
before entering the second stage.If 
one burns coals with low reactivity 
a certain amount of residual char 
containing some bound nitrogen will 
unavoidably leave the first stage. 
Fig. 10 shows the influence of four 
different primary zone stoichiome
tric ratios on the<NO emission rate 
of the final burnout zone of h.v. 
bitum, coal as a function of the 
secondary zone stoichiometric ratio 
Rising primary zone stoichiometric 
ratios cause higher NOx emissions. 
Optimum reducing zone stoichiome
tric ratios are about 0.85 for h.v. 
bituminous coal and 0.90 for lig
nite coal. Also Chen et al. /19/ 
arrived at the same value with 
their investigation of fuel staging 
As with air staging, also with fuel 
staging there seems to exist a 
shift of the optimum stoichimetric 
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I '"' primary zon~ 
I "reduction zone 
• It burnout .zone 

ratio towards higher values with 
increasing coal reactivity. In ad
dition to this there is an in
fluence of temperature and of re
sidence time in the reducing zone. 
With fuel staging the resulting 
NOx emissions are lower, since al
so bound ni trc:gen· of the residual 
char of the primary zone can be 
converted to N2 . A~ t~e mom~t 
there are systematlc lnvestlga
tions under way to study the me
chanisms of fuel staging in grea
ter detail. 

ned air and fuel staging with a natural gas 6.3. Technical application of 
fuel staging 
The findings of fuel staging can 
generally also be applied to natu-

Figure 11.Realisation of air and of fuel ral gas combustion systems. In the 
staging with a boiler natural gas burner.following the remodeling of an 

existing combined cycle natural 
gas power plant is shortly discussed. The combustion products of the gas 
turbine, containing about 15 to 17% oxygen, are used as combustion air for 
the natural gas boiler. 
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As Fig. 11 is demonstrating it 
has been possible to apply the 
principle.of fuel staging with 
the type of natural gas burner 
used by introducing special 
nozzles to inject additional 
natural gas approximately at 
the boundaries of the primary 
flame, thus creating a reducing 
zone in which nitrc:gen oxides 
from the primary zone are re
duced. Another change was made 
by inserting an air deflector 
between the primary and secon
dary circumferential air flows. 
This leads to some kind of air 
staging in the primary zone,re 
sulting in lower mean flame 
temperatures. Because of diffe
rent flow directions of secon
dary combustion air and addi
tional fuel (20% of the total 
amount seems to be preferable) 
a sufficient amount of air is 
available to provide the 

Figure 12.Comparison of air and of fuel required complete burnout. 
staging withethe combustion of a high vola- Since only one burner among 
tile bituminous coal,showing also results of others at an existing boiler 
one-staged premixed and diffusion flame 
combustion. 
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could be tested only qualitative results have been obtained so far. All 
other burners are retrofitted in the same way giving hope to obtain satis
factory results from all the burners in the near future. 

7. CONCLUSION 
Air and fuel staging are both interesting and powerful means to reduce NOx 
emission from coal-fired power plants and other applications. While air
staging is more established than fuel-staging it obviously is less effec
tive to achieve very low NOx levels, mainly because of the carry-over of 
char nitrogen form the first to the burnout stage. Fuel-staging with excess 
air combustion in the first stage can lead to better burnout in the first 
stage and therefore has a greater overall potential to reduce NOx emission. 
But also combinations of both methods can be applied. 
A comparison of the effect of air and of fuel' staging is shown in Fig. 12 
for a medium volatile bituminous (imported) coal. The nitrogen concentra
tion, plotted versus the stoichiometric ratio of the reducing zones (pri
mary with air staging, secondary with fuel staging) is based on 0% oxygen. 
The mean wall temperature was maintained at 1200 °C with these experiments. 
This figure also contains two single results from premixed and diffusion 
flame combustion without staging, being obviously a lot higher than the 
lowest NOx emission rates with staging. In all cases the stoichiometric ra
tio of the burnout zone was kept at 1.3. A near-stoichiometric operation of 
the primary zone seems to be favorable to obtain the lowest NOx emissions, 
because NO emanating from the char burnout can be reduced to molecular ni
trogen. Quite opposite to this behavior with air staging at too low primary 
zone stoichiometric ratios bound,nitrogen from residual char is carried 
over into the final burnout zone and converted to nitrogen oxide there. 
However, it must be mentioned that char burnout can become a problem with 
boiler combustion chambers if one approaches stoichiometric composition in 
the primary zone too closely. 
The financial support of this investigation by the Stiftung Volkswagenwerk 
is gratefully acknowledged by the authors. 
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Recent progress in understanding pulverized coal combustion is 
attributable, in part, to the use of new optical diagnostics for in-situ 
measurements of gas temperature, concentrations of major and trace gas 
species, particle size distribution, and gas and particle velocity fields. 
There is great potential for more widespread application of these 
techniques in the future, particularly in laboratory bench-scale studies. 
In addition, advanced methods which are now undergoing laboratory 
development and validation hold promise for in-situ measurement of the 
composition of both entrained particulates and deposits on material 
surfaces exposed to coal combustion environments. This paper emphasizes 
the features of optical diagnostics that have the greatest potential for 
near-term application to detect the properties of gaseous or particulate 
species in small-scale pulverized coal (PC) combustion experiments. These 
experiments contain many of the hostile features of practical combustors 
(e.g. high temperatures, high particulate loadings, flow turbulence and 
windows) that limit optical path lengths and signal-to-noise. Extensive 
references to the earlier literature are included in recent reviews [1,2]. 

2. DIAGNOSTICS REQUIREMENTS 
Perhaps the key ingredient in defining the applicability of any optical 

technique for PC studies is the degree of temporal and spatial resolution 
required. All other requirements are derived from the specific parameters 
to be measured and depend upon the diagnostic system itself. To order this 
discussion we define two classes of PC combustion flows as shown 
schematically in Figure 1. Class I includes all wall-bounded, laminar and 
turbulent duct flows, while Class II refers to mixing, ducted, laminar or 
turbulent shear flows. Unconfined, premixed or diffusion flames can be 
considered special cases of Class I or Class II respectively. Yith the 
notable exception of suspended or electrodynamically-Ievitated particle 
experiments, these represent the two limiting cases of the myriad of 
possible laboratory- scale PC combustion studies. Clearly some methods are 
relevant to some applications, but have little advantage over more 
conventional methods (eg. intrusive probes for thermometry, and gas or 
solids extraction) in others. Yhere the measurement needs suggest that an 
optical technique be applied, consideration of the key features of the 
two classes of flows in Figure 1 helps to define diagnostics requirements. 

2.1. Characteristics of Class I Flows 
The important features of Class I flows include: a) well mixed gases; 

b) temporal steadiness; c) negligible pressure gradients, and; d) plug 
flow, where reaction zones extend along the space coordinate or are quite 
small or zero (e.g. in the post flame zone). Mean radial gradients in 
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temperature, velocity, or particulate loadings are either negligible 
(distribution curve A) or at most are on the order of the transverse duct 
dimension (distribution curve B) due to, for example, a nearby bend in the 
duct. In some cases, smaller characteristic dimensions and steeper 
gradients arise due the presence of surfaces inserted in the flow. 

The range of gas phase parameters for Class I flows is: temperature, 
1100 to 2000 K; major species concentrations (in mole percent) from 0.03 
(H20) to 0.8 (N2); minor species concentrations from a few to a 100 ppm 
for SO and less than 2000 ppm for NO and S02' Concentrations of CO due to 
incomplete combustion may range from a few hundred ppm to several percent. 
In addition, at combustion temperatures volatilization of some mineral 
species such as vanadium, sodium and potassium occurs. For typical amounts 
of these species in the unreacted coal, the highest concentrations to be 
expected are on the order of 25 ppm for sodium and potassium and 1 ppm for 
vanadium. Concentrations of these mineral species in the tens to hundreds 
of ppb will occur after cooling and condensation. 

As noted, an important feature of any coal-derived flow is the high 
loading density of entrained particulates including coal, char, free 
mineral matter, soot and fly ash. Mass loading densities are typically 
weighted toward the large particle sizes. Of special importance for 
optical measurements is the wide distribution of both size and particle 
number densities. Figure 2 summarizes several recent observations of the 
number-size distribution of particulates in a variety of typical steady 
combustion environments. Particle velocity is a function of the mass and 
size of the particle and may range from a few to a hundred meters/second. 
In general particles of different sizes move at different velocities due 
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to slip with the gas stream. 
2.2. Diagnostics Considerations for Class I Flows 
For these steady flows requirements on temporal resolution are minimal; 

time-averaged measurements are adequate. An exception is the case where 
both the mean value and turbulent fluctuations of velocity are required, 
ego for heat transfer estimates. Similarly, requirements on spatial 
resolution are generally not severe; e.g. none for flat (A) profiles or 
about one-tenth of the duct diameter for a skewed (B) profile. In view of 
these relaxed requirements on resolution, intrusive isokinetic probes 
(where sampling velocities match the mean gas flow velocity) may be valid 
diagnostic candidates. The alternative choice of an optical method would 
have to be based on other considerations such as the inherent errors and 
flow disturbances introduced by intrusive probes. For Class I flows both 
line-of-sight as well as spatially-resolved optical methods are generally 
applicable. Either may yield the desired information for a flat radial 
profile (A). Note, however, that most of the advanced optical methods 
require tight focusing of laser beams either in principle or to overcome 
natural signal to noise limitations--a spatially resolved measurement is 
obtained whether it is needed or not. 

2.3. Characteristics of Class II Flows 
The important features of Class II flows include: a) locally unmixed 

gases and particulates with potentially steep gradients in all properties; 
b) locally unsteady flow with substantial turbulent fluctuations; c) 
finite mean pressure gradients and three dimensional flow both in the mean 
and in the turbulent fluctuations; d) particle motion may have significant 
inertial components, and; e) the range of mean values for the concentra
tions of gaseous and particulate species is from zero to the levels 
indicated for Class I flows. Local zones of high temperature and high 
rates of chemical reaction can generate high levels of intermediate 
species such as the free radicals OH and C2• 

2.4. Diagnostics Considerations for Class II Flows 
The unsteady, three-dimensional, "steep gradient" character of such 

flows generally precludes the application of line-of-sight optical 
diagnostics. The exceptions to this include visualization techniques which 
may be of use in "whole flame" observation and line-of-sight indicators of 
gross flame behavior. The existence of regions of steep gradients and high 
turbulent intensities imposes severe constraints on diagnostics. High 
spatial resolution is required to measure local properties (on the order 
of 1 mm 3 for small geometries and perhaps 1 cm3 for large flows). As 
indicated by the schematic of a typical local probability density function 
(PDF) of, e.g., gas temperature in the reacting shear layer, Class II 
flows have regions where fluctuations about the local mean value are 
bimodal; the conventional definition of the mean value may be very 
misleading. In such regions, high temporal resolution is required in 
addition to high spatial resolution. Adequate time resolution for Class II 
flows is likely to be on the order of 50 microseconds. In other words, 
single pulse measurements with pulse widths less than 50 microseconds are 
dictated; the PDF must be constructed from an ensemble of such single 
pulse data. In some cases, such as for a single particle counting 
diagnostic system, this occurs naturally--the number of counts of particles 
in each size bin is stored. In other cases, such as in any of the Raman 
scattering techniques, the diagnostic must be specially configured to 
acquire single pulse information. In still others, such as in laser 
Doppler velocimetry an ambiguous jumble of information may be generated 
due to the difficulty of distinguishing true turbulent fluctuations from 
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variaticns due tc the size dependence .of particle velccity. Lccally high 
ccncentraticns .of reacticn intermediates (such as OH and Cz ) can 
be explcited in scme diagncstics t.o sense l.ocal temperature .or z.ones .of 
incipient scct fcrmaticn. On the .other hand, the presence .of Cz 
and .other reacti.on-generated hydr.ocarb.on species can have str.ong adverse 
"ncise-inducing" c.onsequences .on laser-based diagn.ostics. 

In Class II flcws, pr.obe measurements .of l.ocal mean values .of gas 
temperature, species ccncentrati.ons and particulate l.oadings are highly 
questi.onable fr.om virtually every technical viewp.oint. With.out excepticn, 
it w.ould be advantage.ous if a suitable, n.onintrusive .optical diagn.ostic 
having the requisite spatial and temp.oral res.oluti.on, were available f.or 
measuring each imp.ortant l.ocal pr.operty in Class II fl.ows. As discussed in 
the fcll.owing secti.ons, in principle, this is the case. In fact, h.owever, 
there have been few validated measurements using advanced .optical meth.ods 
in such fl.ows where c.oal .or c.oal slurry fuels have been used. 

3. GAS PHASE TEMPERATURE MEASUREMENT 
In this and in the next secticn pr.omising, principally laser-based, 

.optical meth.ods f.or measuring the temperature and c.oncentrati.ons .of maj.or 
and min.or gas species in Class I .or II PC c.ombusti.on are summarized. 

3.1. Raman Scattering Techniques 
Temperature measurement in flames using Raman spectr.osc.opy has been an 

active area .of research f.or m.ore than a decade. F.or m.ost applicati.ons .of 
Raman scattering in ccmbusti.on, temperatures are calculated fr.om 
vibrati.onal .or r.otati.onal p.opulati.on distributi.ons in N~, which is 
in high c.oncentrati.on in nearly all regi.ons .of air-fed tlames. In 
additi.on, it has been dem.onstrated that the r.otati.onal and vibrati.onal 
m.odes .of Nz are clcse t.o equilibrium with the translati.onal m.ode 
f.or the great maj.ority .of ccmbusti.on situati.ons. Raman scattering has the 
imp.ortant advantage that the temperature can be calculated fr.om relative 
intensities .of scattering fr.om different transiti.ons. 

3.1.1 Sp.ontane.ous Raman Scattering 
Sp.ontane.ous Raman scattering (SRS) is a pr.oven temperature measurement 

technique, and has been widely applied in clean flames. Incident ph.ot.ons 
(typically fr.om a fixed frequency laser) are scattered at frequencies 
which are shifted by the energy difference between tw.o vibrati.on-r.otati.on 
levels. Temperature measurements are typically perf.ormed by rati.oing the 
intensities .of the St.okes (lcwer frequency) and anti-St.okes (higher 
frequency) signals .or by spectrally res.olving the Raman signal (either 
St.okes .or anti-St.okes) and fitting the.oretical curves t.o the data. 
Applicati.on .of sp.ontane.ous Raman scattering t.o lumin.ous flames has been 
c.omplicated by the weakness .of the Raman signal relative t.o backgr.ound 
emissi.on. The presence .of particles in c.ombusti.on gases intr.oduces severe 
pr.oblems f.or any SRS meth.od. Incandescence fr.om h.ot particles can swamp 
the weak SRS signal. In s.ome cases, backgr.ound-subtracti.on techniques, 
c.ombined with high-p.ower pulsed lasers and gated detecti.on, may circumvent 
this c.ontinu.ous backgr.ound. H.owever, excessively high energy laser pulses 
heat particles abcve the gas temperature [3], causing additi.onal radiati.on 
and flu.orescence m.odulated at the laser frequency, and this cann.ot be 
eliminated by gated-detecti.on and backgr.ound-subtracti.on techniques. It 
appears that .only .one rather unique appr.oach [4] is suited f.or making 
time-averaged SRS measurements in lumin.ous particle-laden fl.ows. The 
system uses a cavity-dumped arg.on-i.on laser .of intermediate peak p.ower 
(50-100 W) and sh.ort pulse length (20 ns) c.ombined with a high repetiti.on 
rate (106/s ) t.o .obtain m.oderate average p.ower (0.5-1.0 W). The synchr.on.ous 
detecti.on sampling gate is 25 ns. This system impr.oves average signal-t.o-
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background ratio by a factor of 10 relative to a similar system using a 
5-W continuous (cw) laser. Flower [5] validated the feasibility of 
time-averaged temperature measurements in highly luminous flows by this 
method. Application of the technique is restricted to environments which 
are steady over the time period required for the measurement (1 to 10 
minutes using an optical multichannel detection system). 

3.1.2 Stimulated Raman Scattering Techniques 
Stimulated Raman scattering techniques have important advantages over 

spontaneous Raman techniques for probing luminous, particloe-laden or 
turbulent flows. In the most widely developed method, coherent anti-Stokes 
Raman scattering (CARS), the Raman scattered signal is emitted coherently, 
i.e., it has laser-like directionality. Thus much greater discrimination 
against background luminosity is possible. Further, signal levels are 
usually sufficiently high that single laser pulse temperature measurements 
are possible for both Class I and Class II flows. CARS requires two 
lasers--a pump laser and a Stokes laser. A CARS experiment is depicted 
schematically in Figure 3. When the difference frequency between the pump 
laser (00 ) and the Stokes laser (00 ) corresponds to a Raman resonance (00 ) 
of the ptobed species, a signal atSthe anti-Stokes frequency 2(00 _ 00) S 
is generated. The Stokes laser must be either tunable or broadbahd, S 
and is typically a dye laser. The response of the molecule to the 
pump and Stokes beam can be described in terms of the third-order 
resonant susceptibility. The susceptibility can be divided into a 
resonant part which has a strong frequency dependence and a nearly 
frequency-independent nonresonant component. The resonant and nonresonant 
signals interfere and the disappearance of the resonant signal into the 
nonresonant background determines the sensitivity limit for CARS. As 
described below, there are essentially two approaches, scanned CARS, a 
time-consuming method, and broadband CARS, a rapid and more promising 
approach for PC combustion studies. Much current research in broadband 
CARS is devoted to improving the accuracy and precision of single pulse 
temperature measurements. The precision of the technique is presently 
limited by frequency noise in the broadband dye laser spectrum. 

Accurate modeling of CARS spectra is necessary to extract quantitative 
temperature and concentration information. Such modeling requires 
molecular linewidth and transition frequency information. The molecular 
susceptibility must be convolved with the laser linewidth in order to 
compare theoretical and experimental spectra. Temperature is deduced by 
least-squares fitting of computer-generated spectra to obtain the best 
match to experimental spectra. Such 
least-squares fitting is a time
consuming procedure, and various 
fast algorithms have been developed 
for single pulse broadband CARS 
temperature measurements. 

3.1.3 Application of SRS and 
CARS to Pulverized Coal Combustion 

Although background flame 
emission is rarely problematical in 
CARS measurements, the interaction 
of the high intensity laser beams 
used for CARS with particles in the 
flame causes difficulties. As dis
cussed above, the laser radiation 
can heat particles to very high 
temperatures causing laser-modulated 

Figure 3. Typical experimental schematic for 
scanned CARS diagnostics [7]: 2 channel, in 
situ-referenced with background subtraction 
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particulate incandescence. Other, more subtle effects occur in 
particle-laden flows, particularly in the case of soot-laden environments. 
Vhen soot particles are rapidly heated by laser absorption, C concen
trations increase considerably in the gas phase surrounding t~e particles. 
Interferences can arise in the CARS measurements due to laser-induced C2 
fluorescence. In flows seeded with coal slag, Beiting [6J observed a 
coherent background signal in the region of the nitrogen spectrum which 
interferes with CARS thermometry. The source of the background has not 
yet been fully explained. 

Recently, Lucht (7) completed the most systematic investigation to 
date of the applicability of CARS for gas phase temperature and species 
concentration measurements in a PC combustion environment. Using a 
well-controlled, coal-seeded laminar flow reactor, CARS spectra of oxygen 
and nitrogen were successfully acquired and temperatures were determined 
from theoretical fits to nitrogen spectra. Significant spectral 
interferences were observed in the oxygen spectra due to laser-induced 
particle breakdown at high laser powers. Lucht used the system shown in 
Figure 3. The pump and Stokes beams were generated by a Molectron Nd:YAG 
laser and a Quanta-Ray dye laser. The 532 nm, frequency-doubled, 10 Hz 
output of the Nd:Yag laser serves both as a CARS pump beam and as a pump 
for the dye laser (bandwidths are 0.1 and 0.2 cm- respectively). 
The pump beam is split into two equal intensity beams; all three beams are 
focused to a common probe volume (4 x 0.2 x 0.2 mm) by a 238 mm focal 
length lens. In this work the narrowband dye laser frequency was scanned 
across the Raman resonances of oxygen or nitrogen to generate the CARS 
signal, which is focused onto the entrance slit of a 1.5 m monochromator 
that is scanned synchronously with'the dye laser. A photomultiplier (PM) 
tube detects the CARS signal, which is digitized and stored on a PDP 11/24 
minicomputer. This time consuming approach (30 minutes to acquire 600 
frequency data points and 30 laser shots averaged at each point) has now 
been eliminated by using a broadband dye laser to obtain the entire CARS 
spectra in a single shot with an optical multichannel analyzer (OMA) for 
detection rather than a PM tube; data acquisition is reduced to a few 
seconds. The measurements were performed in a densely coal-seeded laminar 
flow reactor (100 x 25 mm) enclosed with quartz windows. The laser beams 
traversed the 100 mm length, thus maximizing any effects, such as 
absorption, which arise from propagation through the medium. 

Typical results for oxygen and nitrogen spectra are shown. in Figure 4. 
Vith high pul.l>e energies (26 mJ total pump and 5 mJ Stokes) significant 
interference (random lines) were observed in the spectrum (Fig 4b) 
compared to a coal-free spectrum (Fig 4a). These spectral interferences 
are most likely due to laser-induced breakdown at the surfaces of coal 
particles at random positions along the laser beam paths. Two approaches, 
use of a longer focal length focussing lens or use of lower pulse 
energies, can circumvent this problem. In a large system the sacrifice of 
spatial resolution with a longer lens may be acceptable. In this work 
lower pulse energies (8 mJ pump and 1 mJ Stokes) greatly reduced the 
breakdown, but at the expense of diminishing the CARS signal (Fig. 4c). 
Lucht successfully implemented a simple conditional sampling system to 
detect off-axis emission during breakdown and to reject those shots on 
which breakdown occurs. Time-gating the detection electronics, synchro
nously with the lasers, discriminates against noise due to particle 
luminosity. Since CARS signals from nitrogen are 100 times stronger than 
from oxygen, interferences are much reduced at the same laser energies. 
Fig. 4d shows a nitrogen CARS spectrum obtained at high pulse energies 
with a very good theoretical fit superimposed. In any application 
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single-shot broadband CARS will eliminate additional systematic 
uncertainties in such slow scans due, for example, to unsteadiness in the 
combustion conditions and variation in window transparencies. 

In summary, the applicability of Raman scattering techniques, both SRS 
and CARS, to PC combustion environments is determined by characteristics 
of the flow such as: (1) the particle size distribution and number 
density; (2) the intensity, intermittency and scale of flow turbulence; 
(3) the size and geometry of the flow, and; (4) the temperature, pressure 
and composition of the flow. Heavy loadings of luminous particles will be 
most detrimental to SRS because of the weakness and isotropic nature of 
the signal; CARS will be most affected by turbulence and combustor size 
because of beam overlap requirements, and of course by beam attenuation at 
larger path lengths in particle-laden flows. 

There is little doubt that, for a variety of Class II flows in 
laboratory combustors, CARS has potential for achieving local measurements 
of the probability density function of temperature from which valid mean 
and fluctuations in gas temperature can be inferred. The limits of 
applicability of CARS in such flows have not been thoroughly investigated. 
Beam attenuation due to heavy particle loadings and beam steering due to 
turbulence are expected to be the major limitations on CARS applicability 
in Class II flows. Beam steering (especially for long optical path 
lengths) will cause the three laser beams to diverge from the required 
common focal volume. If conditional sampling techniques can be devised to 
distinguish large beam steering effects from the real temperature 
fluctuations due to turbulence, the main effect of beam steering will be 
to decrease the data rate, a relatively minor consequence. Only for very 
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clean Class II flows can the same be said for SRS. To date a systematic 
demonstration and validation of CARS for local temperature measurements in 
Class II coal-fired flows has not been done; this is, in fact, one 
principal objective of current research at the Sandia Livermore Combustion 
Research Facility. 

For Class I PC combustion flows the prospect for successful 
application of CARS is good. For such flows time averaging is acceptable 
because of the low level of temperature fluctuations. Application of SRS 
is severely limited by the background luminosity level, but time-gating 
and signal averaging may help. 

3.2 Fluorescence and Absorption Techniques 
Laser-induced fluorescence (LIF) and absorption methods (using laser 

diodes or other infrared sources) have been applied extensively to 
determine gas phase temperature in relatively clean and in soot-laden 
combustion environments. Only recently, Fourier transform infrared 
spectroscopy (FTIR) has emerged as a potentially useful technique for 
application to bench-scale coal combustion studies (e.g., see Refs. 8-10). 
Laser fluorescence and absorption methods require many of the the same 
ingredients as the CARS apparatus shown in Figure 3. The laser-pumped 
tunable dye laser (for LIF) or FTIR source is required, with detection at 
90 degrees to the incident beam for fluorescence or along the beam for 
absorption. In these measurements, the variable frequency light source, is 
tuned to a real electronic transition of a molecule or atom. The species 
absorbs laser radiation and is excited to a higher-lying electronic state. 
Excited state species can decay back to the ground state by spontaneous 
emission (fluorescence), a process in which a photon is emitted 
isotropically. The fluorescence or absorption signal is proportional to 
the excited state population of the molecule or atom. Unfortunately, the 
excited state population which results from laser excitation depends not 
only on the rates of laser absorption and spontaneous emission, but also 
on collisional transfer rates which must be measured or estimated. 

Numerous studies in clean flames have been performed in recent years 
using LIF (including various special derivatives, such as two-line 
fluorescenc~) from the hydroxyl (OH) radical to measure temperatures in 
flames. Laser-excited OH is attractive as a temperature diagnostic because 
of signal strength considerations; i.e., OH is typically present in high 
concentrations in flames, and several vibrational bands of the first 
excited electronic transition lie at the frequency-doubled wavelengths of 
high efficiency rhodamine laser dyes. In addition, the frequency and 
radiative transition rates of OH rotational transitions are unusually 
well-characterized. Fluorescence from vaporized atomic species (assumed to 
be in equilibrium with the combustion gases) can also be used to infer gas 
temperature. Five methods have been outlined [12] for measuring flame 
temperature using atomic fluorescence. Because numerous possible seed 
atoms (e.g. lithium, sodium, potassium) have electronic transitions in the 
visible region of the spectrum, where ring dye lasers operate very 
efficiently, such techniques offer the possibility of temperature 
measurements at kHz data rates. 

In a similar way, temperatures of molecular gas phase species in flames 
have been determined from absorption spectra. Infrared sources are 
generally used for absorption measurements because all molecules except 
homonuclear diatomics have strong absorption bands in this spectral 
regime. As with LIF, temperatures are determined from the assumed 
equilibrium Boltzmann population distribution among the vibration-rotation 
energy levels. 



329 

3.2.1 Application of LIF and FTIR to Pulverized Coal Combustion 
In general, application of LIF or absorption techniques for gas phase 

temperature measurement in pulverized coal combustion environments will be 
feasible in situations where SRS is only marginally applicable. The 
strength of the LIF signal will depend on the type of species probed. 
Because transient species such as OH will be used for the LIF temperature 
measurement in unseeded flows, LIF will be useful as a temperature 
diagnostic only in relatively high temperature regions. In such regions, 
where transient species concentrations can be very high (typically 1000 
ppm for OH), the strength of the LIF signal is likely to be orders of 
magnitude higher than the Raman signal. Thus, in situations where 
temperature and particle loadings are high and SRS cannot be used, LIF 
temperature measurements may be possible. LIF is an attractive alternative 
to CARS in some instances due to the less complicated apparatus and data 
reduction procedures. Single-pulse LIF temperature measurements will 
require either a fast-scanning dye laser or laser excitation with two or 
more distinct frequencies for so-called two-line methods. No obvious 
technical obstacles exist for single-pulse, two-line temperature measure
ment methods, although no such measurements have been reported in flames 
to date. Seeding the flow with species such as atomic sodium, will extend 
the temperature range of applicability of LIF at the cost of added 
experimental complexity to ensure uniform seeding, and possibly some 
uncertainty about the effect of the seed species on local reaction 
processes. In many coal-derived flows sufficient atomic absorbers may 
already be present. An important consideration for application of LIF in 
PC combustion studies is the effect of fluorescence trapping, or 
re-absorption of fluorescence emission as it traverses the medium between 
the probe volume and collecting lens. In axisymmetric Class I flows, the 
symmetry (or lack of symmetry) of the fluorescence temperature profile 
should be an excellent indication of such effects. In Class II flows it 
may be much more difficult to detect the influence of fluorescence 
trapping, and serious temperature errors could result. 

The feasibility of FTIR absorption thermometry in PC combustion exper
iments is largely due to the fact that modern infrared sources are much 
brighter than the infrared emission of the hot gases in the flame. This is 
especially true for applications in bench-scale experiments. However, even 
in situations where the infrared emission from the flame is comparable to 
that of the infrared source, modulation of the infrared source provides 
discrimination against the infrared emission of the flame so long as the 
combined infrared intensities do not saturate the infrared detector. 
Further comments on this approach are included below. 

4. GAS PHASE SPECIES CONCENTRATION MEASUREMENT 
In this section we comment briefly on the prospects for application of 

both Raman scattering techniques and laser-induced fluorescence or 
absorption methods for detection of gas phase species concentrat10ns in PC 
combustion environments. 

4.1. Raman Scattering Techniques 
Spontaneous Raman scattering (SRS) is a well-developed technique for 

measuring concentrations of major species in clean flows, including 
combustion and turbulent mixing flows. However, SRS has not been applied 
to measurements in environments laden with coal particles, soot or gas 
phase hydrocarbons due to interferences from particulate luminosity and 
broadband fluorescence from the gaseous organic species. As described 
above, CARS has been applied for gas thermometry in a wide variety of 
combustion systems, but CARS has not been as widely applied for 
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concentration measurements. Concentrations can be calculated from CARS 
signals either from the signal intensity or by ratioing the resonant and 
nonresonant CARS signals. The disadvantage of calculating concentrations 
from signal intensity is that the CARS signal strength is very sensitive 
to factors such as beam overlap and the temporal structure of the laser 
pulse which can vary substantially over the course of an experiment or 
even from one laser pulse to the next. In principle, more precise and 
accurate concentration measurements can be obtained by ratioing the 
resonant CARS signal from the species of interest with the frequency
independent nonresonant background. Such measurements can be performed by 
using polarization analysis to separate the CARS signals into resonant and 
nonresonant signals, separately recording the intensities of each signal, 
and then recording the ratio spectrum. Variations in CARS signal strengths 
from pulse to pulse are reflected in both the resonant and nonresonant 
signals, and are approximately cancelled by ratioing the signal. 
Calculation of species concentrations from the ratios is straightforward 
provided that the nonresonant susceptibility is accurately known. 
Alternatively, broadband CARS spectra can be directly analyzed to obtain 
species concentrations when the resonant and nonresonant signal magnitudes 
are approximately equal. 

There have been very few attempts at obtaining species concentration 
measurements using CARS in heavily particle-laden combustion and 
gasification environments. A few preliminary demonstrations have been done 
for Class I flows [7, 13, 14]. Ye are not aware of any, even preliminary, 
validations of CARS for species concentration measurements in coal-fired, 
Class II flows. Yhile the few results for the Class I flows have been 
encouraging (ie. a CARS signal was detected and a concentration estimated) 
from the standpoint of diagnostics proof and validation, much remains to 
be done even for well-defined high temperature environments. In view of 
the aforementioned uncertainties in interpreting CARS spectra (including 
such phenomena as pressure narrowing) considerable fundamental diagnostics 
research on the method is required. 

4.2. Fluorescence and Absorption Techniques 
4.2.1 Laser-induced Fluorescence 
In recent years considerable progress has been made in defining the 

limits of accuracy of various laser induced fluorescence (LIF) techniques 
for detecting species concentrations. Species of interest in PC combustion 
flows which can be measured using LIF can be divided into three basic 
categories: (1) Radical species such as 0, OH, and NH which are important 
in reaction kinetics and pollutant formation; (2) Pollutant species such 
as NO, CO and SO~, and; (3) Metal atoms such as Na, K and V and compounds 
such as NaS which are important in corrosion, fouling and slagging. 

The use of LIF techniques as a diagnostic for species concentrations in 
PC combustion has not been actively pursued. One reason for the lack of 
activity is that the detection of free-radical molecular species, which 
has been the primary object of fluorescence investigations in combustion 
media to date, has not been of particular interest to coal combustion 
scientists. However, recent fluorescence investigations of turbulent 
diffusion flames have shown that the radical pool is far from equilibrium 
in certain portions of the flame. Consequently, accurate predictions of 
processes such as NO formation and CO burnout may require accurate 
knowledge of radical concentrations. In addition, there is indication that 
OH may be responsible both for oxidation of coal volatiles as well as for 
direct attack on the residual char. Therefore, we expect to see more 
applications in PC combustion but, as noted above, this will be difficult 
when particle lcladings are high. 
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Quantitative 'fluorescence diagnostics of pollutant species such as NO 
and CO, while certainly feasible, have not yet been demonstrated even in 
laboratory flames. Qualitative fluorescence methods may be of use in 
locating high zones of soot and hydrocarbon formation. Most hydrocarbons, 
including soot precursors have strong absorption bands in the visible and 
near ultraviolet, and produce broadband fluorescent emission in the 
visible portion of the spectrum. Fluorescence techniques for the 
measurement of Na have been actively pursued for over a decade; in fact, 
Na has served as a model atom for the development and demonstration of 
numerous fluorescence techniques. LIF techniques for the measurement of 
other metal atoms are less well-developed, but it is anticipated that 
techniques developed for Na will also be applicable to numerous other 
metal atoms. LIF diagnostics of species such as NaS are handicapped by the 
lack of a well-developed spectroscopic data base. 

4.2.2 FTIR Absorption Techniques 
The commercialization and wide spread use of Fourier Transform infrared 

(FTIR) spectrometers has enabled their use for quantitative gas analysis. 
This has been aided by increasingly accurate values for infrared line 
strengths being reported in the literature. Furthermore, virtually all 
gases (except homonuclear diatomics) have at least one strong infrared 
absorption band in the mid-infrared region (400 - 4000 cm- 1 ) that is 
easily accessible to most FTIR instruments. With many different species 
present in the sample, the mid-infrared region may become congested with 
many absorption lines. However, in most cases the features due to 
different species can be sorted out if the spectra are taken at 
sufficiently high resolution (0.5 cm- 1 or better) since each species has a 
unique infrared absorption spectrum. Also, the task of sorting out the 
spectrum is much easier if only low molecular weight species (those having 
fewer than 5 atoms of atomic weight greater than hydrogen) are present in 
the sample. Clearly, lower gas concentrations can be measured if higher 
signal-to-noise (SIN) spectra are obtained. With FTIR, a number of factors 
influence the maximum attainable SIN. For example, averaging many spectra 
together improves the SIN by a factor equal to the square root of the 
number of spectra averaged. The price one pays for improved SIN is the 
increased time required to acquire the data. 

In general FTIR spectroscopy is an effective technique for detection of 
many different species simultaneously over a wide spectral bandwidth when 
conditions permit time-averaged measurements along a line-of-sight (e.g. 
in laminar or turbulent, plug-flow, flames and reactors). Determination of 
gas phase species concentrations using absorption spectroscopy is based on 
the application of the Beer-Lambert Law of absorption which relates the 
intensity of the light transmitted through the sample to the incident 
light intensity, the transition line strength, the transition line shape 
function, the concentration of the absorbing species and the path length 
of the light through the sample. 

Recently two investigations, [8-10] have explored the use of FTIR for 
gas phase species concentration measurements in PC combustion studies. 
Solomon's work is reviewed elsewhere in this Workshop [11]. Ottesen's 
recent work at Sandia [8] has been of the nature of technique 
demonstration and validation. In this work he has extended FTIR 
measurements into the high resolution domain in order to assess the 
technique's sensitivity for the determination of the concentration and 
rotational temperature of various molecules in a PC combustion 
environment. Infrared absorption measurements were made with uniformly 
sized coal particles entrained in a laminar flow reactor. 
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Past attempts to make high resolution absorption measurements have been 
plagued by the infrared emission of hot coal particles passing through the 
detector field-of-view. Solomon [10] has attempted to make use of these 
emissions by inverting the order of the combustion reactor-interferometer 
apparatus, and by extracting the average emittance of the hot particulate 
ensemble for a given measurement time. These particulate emission signals, 
however, act as an additional noise source for absorption measurements, 
and are mitigated only somewhat by laborious time-averaging. This has 
prevented the measurement of spectra at a resolution greater than 0.5 cm- l • 

However, this particle generated "noise" occurs at Fourier frequencies 
lower than the pertinent bandwidth containing infrared spectral 
information. By electronically filtering the detector output, Ottesen 
successfully reduced this particulate noise, and obtained the first 
reported measurements of pulverized coal combustion products at a spectral 
resolution of 0.08 cm- I • 

Although these measurements are more time consuming than those at lower 
resolution, they allow a more accurate determination of both the molecular 
rotational temperature and concentration. This is due principally to the 
lessened interference of nearby absorption lines from other species (mainly 
water vapor molecules) and higher excited state transitions. These 
measurements also showed that the measured line widths of CO and CO 
transitions are considerably greater than the reported values of 0.64 
cm- I at temperatures around 1300 K. Measured widths at half maximum are 
0.105 cm- I , and it is postulated that the additional width is caused by 
collisional broadening with the large quantity of water present (15 mol 
%). A portion of the CO P-branch rotation-vibration band produced during 
the combustion of a pulverized western Kentucky bituminous coal is shown 
in Figure 5. The CO rotational temperature determined from the relative 
intensities of the absorption lines was 1218 +/- 28 K and was in good 
agreement with a temperature of 1247 +/- 22 K derived from the CO 2 ~3 

R-branch rotation-vibration during the same experimental measurement. 
Reduction of the noise caused by particulate emission increased the 
sensitivity for many small infrared-active molecules (CO, CH4, NO, HCN, 
H2S) to about 100 ppm for a 10 cm path length at combustion temperatures 
in the presence in coal particles. Current efforts at detecting minor 
products of combustion in situ have been hampered by the serious overlap 
of water absorption lines with N- and S-containing species of interest. 

5. PARTICLE SIZE, NUMBER DENSITY 
AND TEMPERATURE MEASUREMENT 
Among the spectrum of diagnostic 

requirements for examining PC 
combustion perhaps the most serious 
is the need for in-situ techniques 
for real-time detection of the 
loading and size distribution of 
entrained particulate matter, 
including solid coal, char, fly 
ash, and soot material and liquid 
droplets or slurry mixtures. In 
fundamental bench-scale studies of 
the reactivity of condensed phase 
fuels, there is need to obtain 
simultaneous information on the 
size, temperature and residence 
time of reacting particles larger 
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Figure 5. CO P-branch spectrum obtained by 
FTIR spectroscopy in a coal-seeded laminar 
flow reactor; rotational T = 1218 K. [8] 
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than 10 microns. In situ optical slzlng techniques offer great promise for 
meeting many of these measurement needs. Detailed chemical analysis will 
probably continue to require extractive sampling, but a novel and 
promising, in situ optical method called laser spark spectroscopy is 
discussed in the final section. 

Optical methods can be characterized as imaging or light scattering. In 
the case of imaging methods individual particles are resolved while in the 
latter they are not. As indicated in Figure 6, both methods' can be further 
subdivided into ensemble or single particle techniques. In all cases the 
analysis of particle size relies on the assumption of independent light 
scattering which should be valid down to particle separations on the order 
of four times the particle diameter and at number densities up to 10 l o/d3 

per cm3 where d is the particle size in microns. Because of the need for 
spatial resolution, real time analysis, and mass resolution (mass is 
concentrated in the upper end of the size distribution) the emphasis here 
is on the features of two of the most successful single particle counting 
(SPC) methods; one is a light scattering method, the other an imaging 
technique. 

5.1. Single Particle Counter (Scattering) Instruments 
5.1.1 User Requirements 
Hardesty [1] has summarized typical user requirements for application 

of SPC instruments to PC combustion environments. For many applications 
both number and mass loading densities are of interest. The latter can be 
inferred from SPC measurements of the former if the material density of 
the particulates is known. Note that the sizing range required for most 
studies probably has a lower bound of 0.1 ~m, although soot formation and 
ash condensation effects would require monitoring down to 0.01 ~m. 
However, in all likelihood the practical limit of single particle counting 
in high number density flows is about 0.1 ~m. Minimum sensitivity to 
particle refractive index (m = n1 + in2 ) and particle shape variations is 
desirable in coal-fired flows where particle properties range from 
irregularly fractured carbon particles (n 2 - .5) to fused silica fly ash 
(n2 - .001). In comparison, liquid fuel droplets are in general 
transparent (n2 - 0) and spherical. If particle properties and shapes are 
known and invariant, these restrictions on instrument design become less 
stringent. 

5.1.2 Design Constraints 
While many discussions refer to particle measurements as "particle 

sizing," the correct reference is to "particle size distribution" 
measurements. Measurements of particle size alone, without accurate 
counting of the number in each size class, is insufficient for 
characterizing mean diameters (number, area, mass) or their integrated 
values. Many discussions have emphasized accurate size characterization 

Figure 6. Ensemble and single particle 
optical particle measurement techniques 
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Figure 7. Schematic diagram of a typical SPC 
device employing near-forward Hie scattering 
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with only limited discussion of proper number counting. In practice, 
accuracy of frequency distribution measurements and derived averages are 
equally dependent on sizing and number counting accuracy. 

The fundamental relationships which constrain the design of SPC 
diagnostics based on Hie scattering are well known. Of particular concern 
here are the theoretical results which lead to the variety of in situ SPC 
diagnostics. First, a monotonic relationship of the scattered light 
amplitude on the particle size is required, with little dependence on the 
particle index of refraction or shape. Second, confining all measurements 
to the forward diffraction lobe for particles larger than about 0.1 ~m is 
the most advantageous. Consistent with these considerations, Figure 7 
shows a schematic diagram of a typical SPC instrument with symbols 
indicating the primary instrument design variables. A laser of wavelength 
A and beam f-number fb is focused through a window of thickness t and 
angle y to a beam waist W . Scattered light from particles of velocity U 
is collected by a lens ofoopen aperture (8, - '8 ) or f-number F at an Y 

angle 8 and focused onto a detector slit a~sembly of width W . The 
5 

available working space between the two lenses is denoted by L. The sample 
volume from which scattered light is detected is determined by the 
intersection of the beam focus and the image of the slit. The single 
particle signatures at the detector are processed by a minicomputer to 
provide amplitude-frequency distributions. 

Given this general configuration, there are two basic methods of 
relating particle size to a scattering signal. One approach [15] 
is based on absolute scattering and requires accurate knowledge of the 
distribution of laser intensity in the sample volume. The second approach 
[16] uses the ratio of two independent absolute scattering 
signals from the same particle. Although ratio methods characterize 
particle size independently of the illumination intensity, the absolute 
magnitude of each ratio signal still depends on the local illumination 
intensity and the absolute response function. In Figure 8 a theoretical 
comparison is shown of the typical absolute scattering response functions 
for the two classes of SPC methods. In the top half of the figure, the 
dashed curves refer to the angle ratio method with different scattering 
angle pairs, and the solid curve characterizes a typical visibility 
response curve with fringe spacing. In general all such response curves 
are multivalued, which places undesirable limits on the dynamic range (in 
particle size) or requires multiple angle ratios to determine the correct 
particle size. The lower half of Figure 8 shows typical absolute 
scattering response curves for both absolute and ratio scattering methods. 

In our original analyses of both types of scattering methods we 
considered in detail the basic relationships among the elements of the 
typical SPC optical system, the particles being measured, and various 
instrument or hardware aspects. These include: a) the dynamic range; b) 
the sample volume size; c) the particle number density; d) resolution and 
accuracy; e) laser intensity in the focal volume; f) windows; g) beam 
steering, and; h) electronics. The key points are as follows: 

a) dynamic range - Enlarging the collection solid angle reduces the 
dynamic range. The required dynamic range in the signal for a factor of 10 
in particle size approaches 104 • 

b) sample volume - All SPC methods require knowledge of the absolute 
scattering response function and the distribution of laser intensity in 
the sample volume. Particles of the same size which pass through different 
regions of the focal volume give rise to different scattering signatures. 

c) particle number density - The maximum particle number density in the 
flow that can be accommodated without having two or more particles in the 
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sample volume simultaneously is given by (N < 4P/V) where P is the 
probability of having two or more simultaneous scattering events in the 
sample volume (V). The requirement for a small volume dictates a small 
beam waist Wo, which produces a nonuniform laser intensity distribution in 
the sample volume. 

d) resolution and accuracy - A 95 % confidence level in the particle 
count rate requires more than 1000 counts. All SPC instruments require 
time to acquire sufficient counts in each size bin to meet the accuracy 
requirement; the time required is a function of the particle loading 
density and will range from a few seconds to minutes for very lightly 
loaded flows. Thus although data is being sensed in a "single pulse" mode 
for each particle, the measurement of a size distribution is inherently 
time-averaged. 

e) illumination intensity and depth of field - There are simple 
interrelationships among the laser wavelength, the focal length of the 
focussing lens, the beam waist size, the depth of field, the size of the 
largest sensible particle and the maximum number density of the smallest 
particles that can be sensed [1]. In practice, these factors dictate that 
at least two laser beams are required to measure particles from the 
submicron to 100 micron range; one tightly focussed to measure the small, 
higher number density particles and the second with a larger focus to 
measure the larger particles. 

f) windows - Most PC combustion experiments require windows for optical 
access. Displacement of the focal volume along the incident laser 
direction is proportional to the thickness and index of refraction of the 
window material; lateral displacement will occur if the beam is not 
perpendicular to the window. The incident beam must be monitored to 
account for beam attenuation due to window fouling. 
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g) beam steering - Beam steering, primarily due to gradients in the index 
of refraction of the combustion gases which are transverse to the laser 
and scattered beams, can be appreciable and unsteady but can be 
compensated for by enlarging the entrance slit of the detector. 

i) electronics - Because of the large dynamic range required of the 
detection and amplification circuit logarithmic circuits or staged 
amplifiers are required with at least a 10 mHz frequency response. 

5.1.3 The Single Particle Counting Intensity Deconvolution Method 
The only single particle counting optical method that has been used 

reliably for measuring particles over the size range of 0.1 to 100 microns 
with number densities ranging from 102 at the large sizes to 107 at the 
small sizes is a dual-beam absolute intensity deconvolution (SPC/ID) 
method [17). A key feature of this method is the use of dual beams to 
achieve the required small sample volume size to accommodate the increased 
particle loadings at the small end of the particle size distribution. The 
system uses near forward scatter as in Figure 7 with e. < 60 to minimize 
refractive index and particle shape sensitivity, with the choice of inner 
angle light collection, e., dependent on the size range of interest. The 
response functions for e.'= 0.60 are the solid curves in Figure 8. , 

Due to the variation of the laser beam intensities in the sample volume 
the scattered signal is particle trajectory dependent. A numerical inver
sion scheme and calibration procedure allows unfolding of the distribution 
of signal amplitudes and yields an indicated size distribution which 
eliminates the dependence on trajectory. The scattered light from parti
cles passing through each of the two sample volumes is collected by a 
single lens and divided by a beam splitter and focused onto the 'large' 
and 'small' slits respectively. 

Extensive calibration and validation experiments have been conducted by 
Holve [15). Figure 9 illustrates recent results obtained for the evolution 
of particle size distribution in a laminar flow reactor study of the 
combustion of pulverized coal and coal/water slurries [18). 

5.2 Imaging Methods for Single Particle Counting 
All imaging methods in principle permit some degree of particle size 

distribution measurement capability. With reference to Figure 6, there are 
three basic types of systems: photographic, holographic, and image-plane 
coded aperture methods. Unlike scattering techniques, all are applicable 
only to particles larger than the diffraction limit of in situ optical 
systems--typically 5 to 10 microns. The first two have been extensively 
reviewed and will not be discussed here. The third method is relatively 
new. Among the three candidates it is uniquely amenable to straight
forward, real-time, spatially resolved measurements under certain coal 
combustion conditions. Under the right conditions however (see the 
discussion below), it appears to be an extremely powerful method, e.g. for 
basic studies of the teactivity of pulverized coals, with clear advantages 
over scattering methods. 

5.2.1 Image-Plane-Coded-Aperture Single Particle Methods 
Several image plane coded aperture systems for application to 

measurements of both luminous and nonluminous particles during PC 
combustion have recently been developed at Sandia [19). These systems have 
been evaluated in detail for applicativn to flows where the particle 
loading density of particles larger than about 10 microns does not exceed 
104/cm3. In contrast to the light scattering methods, the image plane 
methods permit direct and simultaneous measurement of the size and 
velocity of particles. In addition, if the particles are sufficiently hot, 
their temperature can also be measured. In contrast to light scattering 
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methods, the image plane technique permits more direct discrimination 
against background "noise" due to the presence of smaller (unsized) 
particles in the focal volume. In other words, if it is sufficient for a 
particular application to measure information only on particles larger 
than say 10 microns and if these occur at number densities no greater 
than about 104 /cm3 , then the usual higher number densities of 
smaller particles may not prove limiting since reflected or emitted, not 
diffracted, light is employed. 

5.2.2 The Multiple Slit Method 
In this method [19], the signal that contains the particle size 

information is generated by imaging the particle onto a physical mask 
containing a grid of three slits and detecting the transmitted light. 
Particles may be illuminated or, in the case of hot or reacting particles, 
direct emission from the particles may be used to obtain size and velocity 
information, In general, deconvolution is required to extract information 
from any image plane coded aperture system. It is possible, however, to 
design the aperture so that the particle size can be retrieved using only 
two values in the output waveform. Such an aperture is shown in Figure 10. 
It is composed of two slits for encoding the particle size information. A 
third slit is used in the implementation of a laser trigger to eliminate 
edge effect errors and to further distinguish and minimize the size of the 
focal volume. The large aperture is made bigger than the largest particle 
to be measured; the small aperture smaller than the smallest. As the image 
of the particle scans across the mask the ratio of the signals from 
detectors behind the apertures is proportional to the diameter of the 
particle. In addition to size information, the velocity of the particle 
can be easily obtained by measuring the particle transit time between the 
two apertures. Since size and velocity of a particle can be measured 
simultaneously, velocity-size correlations are readily derived. The method 
is reasonably insensitive to particle shape. For irregular particles the 
dimension measured is approximately equal to the particle length in the 
direction normal to the slits. While the system is insensitive to the 
particle index of refraction, the particle must be a diffuse surface in 
order to be sized correctly. This condition is particularly. important when 
coherent illumination is used. In general, white light illumination yields 
better signals for nonideal particles. It may be possible to size specular 
particles by back lighting and operating the system in a schlieren mode. 
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Figure 10. Aperture mask used in the image 
plane coded aperture (SPC) method. [19) 
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Figure 11. Integrated single particle imaging 
system for simultaneous particle sizing, 
temperature and velocity measurement. (19) 
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5.2.3 Particle Sizing Pyrometry Based on the Multiple Slit Method 
Yhile all of the image plane techniques suffer cannot measure particles 

smaller than 10 microns, they do yield an important bonus capability in 
situations where the particles are sufficiently hot such that their 
incandescence can be used to obtain the size information. Under these 
conditions, by virtue of its simplicity and ease of implementation in 
bench scale PC combustion environments, the multiple-slit technique is 
particularly amenable to integration with a multi-wavelength optical 
pyrometer system. The integrated system, shown in Figure 11, "has been 
developed for the simultaneous detection of particle size, particle 
velocity, and particle temperature [19]. In addition, by measuring the 
absolute magnitude of emitted radiation, once the particle size and 
temperature have been determined its emissivity may be estimated. Analysis 
of the particle size is done by ratioing the single particle signatures 
from the large and small slits. The particle temperature follows by 
ratioing the signals from the large slit at two discrete wavelengths 
(assuming that the particle emits as a gray body). By the use of 
reflecting optics and extension of the detection system into the near 
infrared, the lower limits in terms of particle size and temperature may 
be significantly extended. Particle velocity is determined by timing the 
signals from the two slits. 

The ability of the method to simultaneously detect the size, 
temperature, and velocity of reacting particles is proving invaluable in 
recent studies of PC combustion. The system is now being routinely applied 
by Mitchell [20] to measure these properties for a variety of coals, chars 
and other reactive solids (and thereby to directly determine global 
particle reactivities) in a laboratory flow reactor. 

5.3 Ensemble Methods for Analysis of Particulates 
Our discussion has emphasized single particle counting methods 

because: (1) they are generally applicable to Class I and Class II flows; 
(2) they yield a direct measure of the particle size and number density, 
and; (3) they provide a measure of the flux of particles through the focal 
volume (by virtue of the fact that the transit time of each particle is 
sensed). Ensemble methods are inherently line-of-sight measurements, with 
one exception--the method of diffusion broadening spectroscopy for local 
measurement of the total volume of submicron particles in the focal volume 
of the incident laser beam. As shown in Figure 6, ensemble methods fall 
into two classes--those that work in the Rayleigh limit of small 
particles (generally less than a few tenths of microns in practice) and 
those that work in the Mie regime, generally larger than 2 microns in 
practice. 

5.3.1 Ensemble Methods for Large Particles 
For measuring the mean size of particles larger than 1 micron, two 

commercial instruments are available, the Malvern instrument [21] and 
Leeds and Northrup instrument [22]. Both devices operate on the principle 
of detecting the Mie scattering from an ~nsemble of particles or droplets 
in a relatively large sample volume defined by the width of the duct and 
the cross section of an incident expanded laser beam. The use of these 
instruments and their inherent limitations with regard to determining 
particle size distributions have been discussed elsewhere [1]. In general 
the ensemble methods inherently yield less information than single 
particle methods. In addition to the lack of spatial resolution in the 
ensemble methods, they provide no measure of velocity or of particle flux. 
However, if the phenomenon being observed is inherently unsteady an 
ensemble device must be used since all SPC instruments average over 
relatively long times. 
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5.3.2 Ensemble Methods for Measuring Particles < 0.1 Micron in Size 
High number densities of fine mineral matter particles, less than 0.1 

micron in size, are common in most PC combustion environments (Fig. 2). 
These arise both from the liberation of solid mineral matter during 
combustion and ~s a result of condensation of vaporized inorganic species 
in the combustion and post flame zones. In addition high number densities 
of fine soot particles can be expected in regions where temperatures are 
high and fuel rich conditions predominate. Of the various possible methods 
for obtaining information on particles less than 0.1 micron in size, only 
one--Iaser Doppler broadening spectroscopy (also called diffusion 
broadening spectroscopy, DBS) permits the kind of spatial resolution 
required in Class II flows. The DBS technique is unfortunately applicable 
only to low velocity laminar flows where particle diffusion velocities due 
to Brownian motion dominate particle transport through the laser focal 
volume. The method is extremely useful in bench scale measurements in 
laminar flames and flow reactors [23]. It would appear, however, that 
there are no near-term candidate methods for obtaining spatially resolved 
sub-0.1 micron particle size measurements in highly stru~tured Class II 
flows. 

For Class I flows where a flat (A) profile of local particle loading 
density is ensured, the conventional line-of-sight absorption method may 
be combined with a scattering "technique to infer the total particle volume 
loading. The method relies on the classical assumptions and results of 
Rayleigh and Mie scattering and light extinction. In the Rayleigh limit 
the method applies for particles which are small compared to the 
wavelength of light "(for visible light, strictly for particles smaller 
than about 0.05 microns). In this regime, it can be shown that the ratio 
of the intensities of light scattered at 90 degrees (to an incident beam 
direction) to transmitted light is a strong function of the volume 
fraction of particles. For larger particles, in the size range of 0.05 to 
0.1 microns, Mie scattering can be used to advantage. 

6. VELOCITY MEASUREMENTS IN PARTICLE-LADEN FLOWS 
As described above in all single particle counting diagnostic methods 

the velocity of particles passing through the sample volume is measured. 
The measurement is essentially one of transit-timing. More precisely only 
the magnitude of the component of the particle velocity projected into the 
plane perpendicular to the axis of the collection optics is sensed. A true 
velocity is measured only for well-ordered flows where the axis of the 
collection optics can be arranged to be perpendicular to the flow 
direction. The inversion of the image plane aperture method has also been 
used to directly measure transit times; two laser beams are focussed in 
close proximity within the combustion zone and the time for a particle to 
transit the intervening distance is measured. 

Clearly transit timing methods are, in principle, applicable to Class I 
flows. For more complex flows, and in most cases where turbulent intensity 
information is sought, the method of choice for direct velocity 
measurement is laser Doppler velocimetry (LDV). The method is not new; 
fundamental descriptions of the technique are numerous. In most cases, 
however, the emphasis in previous work is on the measurement of gas 
velocity and turbulent fluctuations associated with the gases. Small 
particles of uniform size and spherocity in the 1 micron size range are 
typically used to minimize slip between the gas and the particles. Here we 
comment briefly on some of the special considerations which pertain to 
velocity measurements using LDV in coal-derived flows. In this discussion, 
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basic familiarity with the conventional LDV method is assumed. 
6.1 Application of Laser Doppler Velocimetry to Coal-Derived Flows 
Despite the ready availability of commercial LDV systems, 

interpretation of LDV data from particle-laden, coal-derived flows is 
anything but a simple matter. Care is required. The two features of such 
flows which have the greatest impact on straightforward interpretation of 
LDV signatures are: (1) the need to operate with long focal length optics 
in large coal ·combustion geometries, and; (2) the presence of high number 
densities of irregular particles over (typically) a very wide size range. 
For most bench-scale experiments the latter effect will dominate. 

6.1.1 The Effect of Long Focal Length Optics 
Large combustion zone dimensions produce long optical path lengths, 

which require long focal length optics. As the focal length of the 
incident lens(es) increases, the length of the sample or probe volume 
increases in the direction of the input laser beams. Consequently, 
off~axis (as opposed to backscatter) collection is desirable. For example, 
for a 50 mm beam spacing, with a 120 mm (4.7 inches) focal length lens the 
probe volume length is 0.35 mm; with a 600 mm (2 feet) focal length lens 
the probe volume enlarges to 8 mm. This loss of spatial resolution must be 
considered. Yhile this degree of resolution may be acceptable, the 
probability of multiple particles in the probe volume poses problems. 
Another immediate effect is the decrease in efficiency of backscatter due 
to the decreased solid angle of collection. 

Multiple particles of the same size (hence presumably at the same 
velocity) have the effect of degrading the signal to noise. A higher 
pedestal in the LDV signature occurs due to the increased scattered light 
intensity, but less modulation occurs since the scattered light from 
different particles will be somewhat out of phase. If multiple particles 
of different velocities (sizes) are present simultaneously the velocity 
differences will appear as random modulation of the Doppler signal. 

The presence of particles in the line of sight between the detector and 
the probe volume can introduce problems with both signal level and noise. 
The problems are accentuated with longer focal length systems. Light which 
is scattered from a large particle, which crosses one of the two laser 
beams or which passes through the probe volume, can undergo secondary 
scattering off particles in the (increased) line of sight. Finally, the 
possibility of beam refraction or steering is increased with the longer 
lever arms involved. Uncrossing of the incident beams causes signal 
dropout, and relative motion between the two beams introduces a bias error 
in both the mean velocity and the turbulence intensity. 

6.1.2 The Effect of Different Particle Sizes 
There are several additional adverse consequences of increasing 

particle number densities and of an increasing range of particle sizes in 
the flow. First, the dynamic range of the photodetector is limited. When 
the detection threshold is set to follow the weak signal from a small 
particle, the detector may be saturated by the signal from a large 
particle. A solution may be to use two detectors, set at different levels 
to monitor velocities of small and large particles independently. 
Secondly, the quality of the Doppler signal in terms of the modulation 
depth will most likely vary greatly. There is, in principle, an optimum 
ratio of particle size to fringe spacing; the result is that particles at 
the small and large ends of the size spectrum may be difficult to detect 
above the increased noise level. Finally, the single largest cause of low 
signal to noise in an LDV system is flare, usually from surfaces and 
windows. Large particles which cross the incident laser beams create 
flare directly or due to scattering off surfaces or other particles. 
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In summary, the necessity for careful analysis cannot be over
emphasized. Laser Doppler velocimeter systems, whether packaged or 
home-grown will invariably produce .Doppler signals--whether they mean a 
great deal, especially from a PC combustion flow, is another matter. 

7. PARTICULATE COMPOSITION MEASUREMENT BY LASER SPARK SPECTROSCOPY 
One of the most challenging areas for coal combustion diag~ostics is 

that of determining the composition of entrained coal, char, and mineral 
matter particles in the the combustion zone. At present the only means for 
accomplishing this is to extract a sample by insertion of a generally 
bulky, water-cooled quench probe and to subject the sample to a battery of 
off-line analytical techniques. In a new diagnostic research effort, 
Ottesen [24] is extending earlier work at Sandia Laboratories [25] on a 
technique called laser spark spectroscopy (also referred to as laser
induced breakdown spectroscopy [26]) to obtain in-situ measurements of the 
elemental composition of particles in PC combustion environments. Although 
the technique is about six years old, Ottesen's results are sufficiently 
encouraging to warrant an extended comment in this review. 

A schematic diagram of the experimental apparatus [24] is shown in 
Figure 12. The measurement sequence for single particles us~s two 
continuous (cw) lasers to provide particle size measurements and to 
trigger the laser breakdown process. A He-Ne laser beam is focused to a 50 
micrometer waist size, and the 90 degree Mie scattering by individual 
particles passing through this focal volume is used as a trigger pulse. A 
co-linear, Argon-ion laser beam with a waist size of 250 micrometers is 
also scattered by particles passing through the focal volume, and the 
intensity of the near-forward scattered light is used as a measure of mean 
particle size. These measurements are calibrated using precision pinholes 
and uniform liquid droplets; the particle sizing method is discussed 
elsewhere [27]. Incorporating particle size information into the present 
emission measurements will help to remove the scatter in data caused by 
differences in particle size, will be useful in observing systematic 
trends in mineral matter composition during combustion as a function of 

particle size, and may also permit an absolute elemental mass measurement 
for each particle. 

Immediately following the measurement of particle size, the He-Ne laser 
trigger pulse is used to initiate the laser spark sequence. A Q-switched 

Figure 12. Schematic diagram of Sandia laser 
spark spectroscopy diagnostic system. [24) 
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Nd:YAG laser with maximum pulse energies of 170 mJ and pulse widths of 7 
nsec at the frequency doubled wavelength of 5320 A is used to vaporize 
part or all of the coal particle. This rapid deposition of energy breaks 
down the molecular structures in the coal particle, and ionizes the 
resulting atomic species forming a high temperature plasma [26]. The 
intense emission lines from the plasma are viewed with a 0.5 m Spex 
monochromator equipped with an optical multichannel anayzer capable of 
time resolution to 0.1 microsecond following the laser pulse. Ottesen's 
results confirm the expectation that the emission spectrum is extremely 
complex immediately following the formation of the plasma [25]. This 
is due to the presence of highly ionized species and results in a poorly 
characterized spectrum. By delaying the starting time of the observation, 
we find that a well defined line spectrum dominated by neutral and singly 
ionized atoms occurs approximately 2 microseconds after the pulse. The 
results discussed here were obtained during a 2 to 4 microsecond window 
following this initial delay. 

A central concern during the development of any new diagnostic 
technique is the issue of calibration. To date a piezo-electric droplet 
generator has been used to produce uniform diameter liquid droplets which 
contain a known concentration of material. For example, breakdown spectra 
of uniform droplets generated from dilute aqueous solutions of NaCl. 
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Excellent straight line plots of the sodium 5890 A emission line versus 
salt concentration were obtained. The reproducibility of the observed 
emission intensities is on the order of +/- 10-20% for salt solutions of 
0.05 to 0.5 % by weight, and droplet sizes on the order of 70 micrometers; 
this is illustrated in Figure 13. The dependence of emission intensity on 
laser energy is not as straightforward. Although the Na emission 
monotonically increases with laser energy, no clear functional dependence 
is observed. It is speculated that this is mainly due to a complex 
increase of plasma tempeFature with increasing laser energy, and the 
incomplete vaporization of the 70 micrometer droplets, even at the maximum 
laser energy [26]. This has not been verified. 

In addition to such calibration studies, preliminary investigations of 
LASS applied to raw coal particles have been completed. Samples of a high 
volatile bituminous Kentucky No. 11 coal with an ASTM ash content of 10% 
were used in the range of +30/-50 micrometers. A spectrochemical analysis 
of a bulk sample yielded the following composition ranges for the observed 
mineral species: > 1000 ppm (AI, Fe, Ca, Si), 100 - 1000 ppm (K, Mg, Na, 
Ti), < 100 ppm (Mn, Cr). To date, emission lines using LASS have been 
recorded for all of these species except Mn and Cr. Representative spectra 
for four single particles are shown in Figure 14. Additional species 
identified in the spectra include C, N, 0, and CN. CN (cyanogen) is 
observed as a recombination product of carbon atoms from the organic 
matrix with nitrogen (the entrainment gas). Nitrogen and oxygen emissions 
are also observed, although quantitative analysis is not possible for 
these species since they originate primarily from the entrainment gas and 
the ambient laboratory atmosphere. 

Detection of Na is best done using the well known emission lines near 
5890 A. Figure lSa shows four successive single particle emission spectra. 
These spectra are representative of a much larger data set, and were taken 
sequentially in approximateiy 8 seconds total real time. The small 
variation in line intensity in Figure lSa is typical of the 80 particles 

which were measured. If these differences in observed intensity 
are due primarily to variations in particle size, then one inference from 
this preliminary data might be that the sodium content is rather evenly 
distributed in these unreacted coal particles. A similar study for 
potassium content evidenced much larger differences in emission line 
intensities (Figure lSb). 
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Also of great interest is the correlation of different emission line 
intensities in a given spectroscopic region for a set of single particle 
spectra. This has been done for two iron lines (2601 A and 2634 A) as 
shown in Figure 14a, and the results are plotted in Figure 16a for 80 
successive particles. To a first approximation this should yield a 
straight line with a slope equal to the ratio of the line strengths for 
these two iron transitions. This is clearly the case for these preliminary 
data, and some of the observed scatter can be accounted for by variations 
in plasma temperature (caused by differences in particle size and shape, 
the absorption of laser energy, and self-absorption of emission lines). 
Since these transitions do not originate from the same energy levels, 
changes in plasma temperature will affect their observed intensity ratio. 
The intensity of the stronger iron transition (2601 A) is correlated with 
the intensity of a carbon transition at 2475 A (as shown in Figure 14a) for 
the same set of 80 particles. These results are shown in Figure 16b. The 
large scatter in the data points illustrates the great variability in Fe 
distribution in the raw coal particles, possibly due to various iron
containing mineral inclusions. A much more consistent set of points, 
however, is observed for those particles with Fe transitions of less than 
200 counts intensity. These points lie near the baseline of Figure 16b and 
may be due to iron bound in the organic matrix of the coal, which would be 
much more homogeneously distributed than the mineral inclusions. 

Although these early studies have shown several very interesting and 
exciting qualitative results, much work remains to be done in developing 
LASS as a diagnostic technique, and in quantifying the limits of its 
accuracy under a variety of conditions. Current efforts at Sandia 
Laboratories are being directed to the quantification of these emission 
spectra in the areas of particle size and plasma temperature measurement 
and emission intensity calibration. 

Finally, note that laser spark spectroscopy may also be used to sample 
the gas phase in a combustion environment including very small particles 
which may not produce a measurable Mie scattering trigger signal. While 
some adjustment in laser energy may be required to compensate for the 
reduced breakdown threshold of the gas or fine aerosol [26), in principle, 
one needs merely to conditionally sample the spark emission spectra and to 
distinguish among those obtained with and without a sensible Mie signal in 
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the particle detection channel. This complementary data is potentially 
quite valuable in determining the composition of soot, mineral matter 
fumes, and condensing particulates in combustion environments. 
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DISCUSSION 

z. Habib 

Concerning the mineral matter emission lines in the vi
sible range and wich can affect the two color temperature, I 
agree with Dr Hertzberg that the best way to avoid such pro
blem is to develop multiple-wavelengths pyrometers such as 
four, six and more. At University of Rouen, we have developped 
a pyrometer wich allows an instantaneous record of the total 
visible spectrum i.e. 0.5-1~m and which allows a very accurate 
temperature measurements. We have also detected the presence 
of mineral matter lines like potassium, sodium, lithium wich 
are easy to avoid, but also some unexpected lines like rubi
dium at 0.78 and 0.7947 ~m which in spite of their weakness 
introduce an error up to 100 degree in the two color tempera
ture measurement. In our case, the two wavelengths wich give 
accurate results are 0.65 and 0.9 ~m. But one must be careful 
because the nature of the mineral matter varies from a coal to 
another, and reliability of the measure is improved with the 
number of wavelengths. 
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IRTR.ODUCTIOB 

Many chemical and energy conversion processes involve multi-phase feed 
or product streams. Streams can consist of mixtures of solids, liquids and 
gases and in some cases, the important species may be in transition between 
phases (e.g. liquid fuel combustion which involves liquid fuel droplets, 
vaporized fuel and soot). Process monitoring requires the measurement of 
parameters for the separate phases. There are requirements for monitoring 
feedstocks and samples of the process stream as well as for in-situ 
monitoring. 

Fourier Transform Infrared (FT-IR) absorption spectroscopy has been 
used previously as an in-situ diagnostic for both gas species concentration 
and gas temperature determinations (1-9). Recently, a new method was 
developed for on-line, in-situ monitoring of particle laden streams to 
determine chemical composition, concentration, particle size, and 
temperature of the individual components. The technique uses a FT-IR 
spectrometer to perform both emission and transmission (EfT) spectroscopy 
along a line of sight through the reacting medium. The theoretical 
foundation for the method was considered by Best et ale (10). Applications 
of EfT spectroscopy were recently reported for: measuring particle 
temperatures in non-combust'ing media (10-13); measuring particle emittance 
(10,14); measuring temperature and concentration of gases and soot in both 
combusting and non-combusting media (15); and quantitative infrared 
analysis of gas suspended solids (16). 

This paper considers the application of FT-IR EfT spectroscopy to 
study particles in flames. Examples are presented for a hexane spray flame 
and coal water fuel (CWF) flames. 

The work described in this paper was carried out to demonstrate the 
feasibility of applying the FT-IR EfT diagnostics to the measurement of 
composition, particle size, and temperature in moderate size flames. It 
was not meant to provide a complete analysis of the flames. 

EXPERIMENTAL 

FT-IR Spectrometer 
The apparatus employed in the experiments consists of a FT-IR 

spectrometer coupled to a reactor, such that the FT-IR beam passes through 
the sample stream as shown in Fig. 1. Emission measurements are made 
with the movable mirror in place. Transmission measurements are made 
with the movable mirror removed. The Fourier transform technique, in 
contrast to wavelength dispersive methods, processes all wavelengths of a 
spectrum simultaneously. For this reason it can be used to measure 
spectral properties of particulate flows, which are notoriously difficult 
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to maintain at a constant level. The emission and transmission can be 
measured for the same sample volume. The technique is extremely ra~id; a 
low noise emission or transmission spectrum at low resolution (4 cm- ) can 
be recorded in under a second. Also, radiation passing through the 
interferometer is amplitude modulated, and only such radiation is detected. 
Because of its unmodulated nature, the particulate emission passing 
directly to the detector does not interfere with the measurements of 
scattering or transmission. 
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Figure 1. FT-IR Configuration for Measuring Flame Properties. 

In an ideal emission-transmission experiment both measurements are 
made on the identical sample. In our case the emission and transmission 
measurements are made sequentially in time along the same optical path, for 
a sample flowing through the cell in a nominal steady condition. 

Spray Combustion Facility 
A spray facility for testing the combustion characteristics of liquid 

fuels has been constructed as shown in Fig. 2. Both hydrocarbon liquid and 
coal water sprays have been produced and burned in this system. The spray
down geometry was chosen so that the high density residues do not re-enter 
the flame under the influence of gravity. A down-spray flame into still 
air is not suitable for study, of course, because such a flame has a 
turning point to become an upward-going flame, due to buoyancy forces. We 
avoid this transition by embedding the nozzle-flame system in a relatively 
high velocity, downward flow of air. The furnace is in an "air-tight" 
enclosure, 6' x l6'x 8 1/2' high, which has the floor and rear walls lined 
with steel sheet. The ceiling in the vicinity of the flame is lined with 
non-flammable Homosote. The high velocity downward flow of air about the 
flame results from the location of the opening into the enclosure being 
directly above the suction vent. 

The FT-IR spectrometer is also located within the furnace room (Fig. 
2). This spectrometer is on a movable hoist table, so that its 0.4 cm 
diameter beam can be positioned to probe any line-of-sight across the 
flame. The IR probe beam is taken from the interferometer to the flame 
region by mirrors which are mounted on the end of beams. The spectrometer 
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used in this work is a Nicolet model 20SX, which employed 4 cm- l 
resolution. Most spectra were measured with a total of 128 scans, which 
take 1.5 minutes to record. 
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Figure 2. Schematic of Down Fired Spray Flame Facility. 

The facility employed a spray-producing nozzle, 'which was of the air
assist type, Parker Hannifin model number EDL 6850661m1. Liquid fuel 
passes through an orifice, which is in a removable plug so that the orifice 
size can be varied. High pressure air enters through an annular tube 
surrounding the orifice. This nozzle was modified for the CWF work to 
narrow the spray cone. All air and fuel supplies, as well as the FT-IR 
spectrometer controls, reside outside of the fu~nace room. 

The hexane flow through the nozzle was induced by constant pressure 
over the liquid reservoir. A Robbins-Myers Ramoy 1161011 slurry pump was 
used to pump the CWF at rates between 2 and 5 cm3 s-l. 

ANALYSIS 

For multi-phase reacting systems, measurements are made of the 
transmittance and the radiance, and from these a quantity called the 
normalized radiance is calculated. The analysis, which follows Siegel and 
Howell (17), has been presented previously (10). The relevant equations 
for a homogeneous medium are presented below. 

Transmittance, ~ 

The transmi~tance, ~v' is defined in the usual manner, 
~v = Iv /Iov ' (1) 

where Iov is the intensity transmitted in the absence of sample, while I v 
is that transmitted with the sample stream in place. The geometry for the 
transmittance measurement is illustrated in Fig. 3. With a particle in the 
focal volume, energy is taken out of the incident beam by absorption and 
scattering. The figure illustrates scattering by refraction of energy at 
the particles surfaces. Scattering will also be caused by reflection and 
diffraction. The terms are defined in Table I. 
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TABLE I 

Particle Optical and Other Properties 

emittance 

absorption efficiency (- £,,), defined as the absorption cross
section divided by the geometric cross-section. 

total efficiency (extinction), for scattering out of the angular 
acceptance aperture of our instrument plus absorption. 

scattering efficiency, for scattering out of the angular 
acceptance aperture of our instrument 

scattering efficiency, for scattering wall radiation into the 
acceptaDee aperture of our instrument 

particle number density 

geometrical cross-sectional area 

particle diameter 

Sauter-mean-diameter 

absorption coefficient for gases 

absorption coefficient for soot 

soot volume fraction 

parameters of Rosin-Rammler distribution 

Material Optical Constanta 

complex index of refrac tion (. n - ik 

real part of the index of refraction 

imaginary part of the index of refraction 

Optical Heaaureaents and Derived Quantities 

Iv ' 10 " detected intensity 

'[ 

" 

w 

s 

" 
L 

T 

transmittance (-Iv IIav) 

sample radiance 

Normalized radiance (- a..j (1 - '[V» 

Black-body radiance 

instrumental response function 

observed emission spectra from sample (corrected for background) 

wavenumber 

The optical pathlength through the sample stream 

Temperature 
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0) 

To Detector '""t--E--- Inc i dent 
Beam ~----- Detector 

Hot Cell Woll 

Figure 3. Measurement Geometry. a) Geometry of Transmission Measurement 
showing the Incident Beam Refracted by the Particle Out of the Beam; b) 
Geometry of Radiance Measurement showing Wall Radiance Refracted through a 
Particle to the Detector. 

g For sa medium containing gases and soot with absorption coefficients 
0v and 0v and particles of geometrical cross sectional area A at a density 
of N particles cm-3 

T 
V 

exp (-(0 s + ° g + NAFt) L) v v v 
(2 ) 

where Ft is the ratio of the total cross-section (extinction) to geometric 
cross-sVection, and L is the path length. T is sometimes plotted as a v percent. 

Radiance, R 
To mea~ure the sample radiance R ,the radiative power emitted and 

scattered by the sample with background' subtracted, S v' is measured, and 
converted to the sample radiance, 

where W is the instrument response function measured using a black-body 
cavity. v The radiance measurement detects both radiation emitted, as well 
as radiation scattered or refracted by the particles as illustrated in Fig. 
3. 

R is given by (10,17), 
v 

0,,+ 0" 

where ~(Tg). ~(Ts) and R~(Tp) are the black-body emission spectra at the 
temperatures of the gas, soot and,particle, respectively. e" is the 
particle's spectral emittance and F~ is the particle's cross section for 
scattering radiation into the spectrometer. In deriving this expression we 
have included the scattering terms FS' and Ft for particles but assume no 

v " scattering for soot particles in the IR region. 
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Normalized Radiance, R~ 
The normalized radiance, R~ is defined as, 

(5 ) 

From Eqs. 2 and 4, the normalized radiance is 

(6 ) 

Examples 
Several examples of the method and spectra for components in flames 

are considered below. We first consider the case of soot. Figure 4 shows 
100(1-, ).Rv and R~ for soot produced by the pyrolysis of butane. The 
transmittance spectrum shows a sloping continuum, typical of soot 
particles, with the absorption bands for gases, mainly C02, acetylene, 
methane, ethylene, and PAR's, superimposed on the continuum. From Eq. 2, 
in the absence of particles (N = 0), 'v = exp(-( a~+ a ~)L), where a sis 
proportional to the volume fraction of soot particles. v 

The radiance spectrum presented in Fig. 4b shows non-gray-body 
continuum radiation from soot and from the gas bands. 

The soot temperature is determined from the measured spectrum, R~ , 
Fig. 4c. In regions where a~ is zero, R~ = RB(T s ) (from Eq. 6) a result 
identical to that used by Vervisch and Coppalle (18). A theoretical black
body curve for Ts = 1280 K yields the best match to the experimental curve 
in both spectral shape and amplitude in the regions away from the gas 
bands. The uncertainty in determining R~ is typically within ::t 5%. At 
1280 K this results in ::t 30K uncertainty in temperature. Note that Re 
matches the black-body curve even in regions of the gas bands, so the gases 
and soot are at the same temperature. 

A second example illustrates the spectra obtained from other particles 
important in combustion. Figures 5a and 5b illustrate results for fine 
(less than 20 micron diameter) mineral particles. The spectra show the 
characteristic absorption bands of the minerals (peaks in the 500-1500 
wavenumber region). The spectra also illustrates the reduced attenuation 
at large wavelengths (i.e. low wavenumbers) characteristic of fine 
particles. The silica particles (Fig. 5a) which have a very tight size 
distribution show an increase in attenuation at 3500 wavenumbers (~3 
microns). This is a resonance effect where the wavelength of the radiation 
matches the diameter of the particle. In this case, because the silica is 
very porous, its effective diameter is smaller than the observed diameter 
of 11 microns. The resonance is not so apparent for the ash (Fig. 5b) 
because it has a very broad size distribution. Figure 5c shows the results 
for a sample of coal with large size particles (i.e., ~ 40 micron diameter). 
The characteristics of such large particles are that they scatter or absorb 
essentially all of the light incident on them. Any radiation hitting the 
particle which is not absorbed will be scattered. Consequently, the 
attenuation is proportional to the area of the particle and no absorption 
effects can be seen. There is an increase in attenuation at long 
wavelengths due to diffraction effects. 

Figure 6 illustrates the use of theoretical reference spectra to 
interpret the observed spectra. The reference spectra were generated using 
Mie theory. The code was taken from Bohren and Huffman (19). Mie theory 
is a general solution of Maxwell's equations for an isotropic, homogeneous 
sphere (diameter d) with a complex index of refraction m = n - ik in a 
medium of different index of refraction. The complex index of refraction 
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Figure 4. Butane + C02 Pyrolyzed in Nitrogen in the Entrained Flow Reactor 
with 66 cm Reaction Distance. a) 100(1- or ), b) Radiance, and c) 
Normalized Radiance. A Suction Pyrometer T~mperature of 1295 K was 
Measured at the Optical Focus. 
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Figure 5. Infrared Extinction 100(1-~ ) for Particles Exiting the Heated 
Tube Reactor at an Asymptotic Tube TempVerature of 25°C. a) Silica 1.4 g/min 
feed rate), b) Fly Ash (3.4 g/min feed rate), and c) Ohio 1t6 Coal, 
(2.0 g/min feed rate). 
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b 

o 9.25 18.5 
DIAMETER (microns) 

d 

o 6.85 13.7 
DIAMETER (microns) 

f 

o 81.5 163 
DIAMETER (microns) 

Figure 6. Infrared Extinction Efficiencies for Particles. The Spectra are 
Arbitrarily Scaled to give the Same Amplitude at 6500 Wavenumbers. a) 
Comparison of Measured and Computed Extinction Efficiency for Silica. 
Theory Curve c is for D = 5 microns, Solid Particles; f is for D = 12 
microns with a Pore Volume of 65%. b) Particle Size Distribution for 
Simulation f. c) Comparison of Measured and Computed Extinction Efficiency 
for Ash. Theory Curve i is for D = 3 microns, Solid Particles; k is for D 
= 7 microns with a Pore Volume of 57%. d) Particle Size Distribution for 
Simulation k. e) Comparison of Measured and Computed Extinction Efficiency 
for Coal Particles of Two Size Cuts (200 x 325 and 325 x 400). f) Particle 
Size Distribution for simulation m. 
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contains all of the electromagnetic properties of non-magnectic materials. 
The complex index of refraction has been determined using a transmission 
method for the samples of silica, ash and the Ohio #6 coal (for which 
spectra are shown in Fig. 5) as described in Refs. 12 and 14. The 
absorbance used in Fig. 6 is defined as (-log10' ). 

When Mie theory is used to calculate the extinction properties of 
monodisperse spheres, it is found that surface resonances and other 
interference effects dominate the spectra. Such features are not observed 
in our data, and the scattering spectra should be compared with those 
calculated for scattering by a distribution of particle sizes, as done by 
Bohren and Huffman (19). That is the approach we have used. 

The particle size distribution we have chosen is a two parameter 
(b and q) distribution, where the number of particles, P, having diameters 
between D and D + dD is given by 

P = ~ Dq-4 exp(-bDq) dD 
7T (7 ) 

which is the Rosin-Rammler function (20). 
Calculated extinction spectra for several characteristic size 

distributions are shown in Figs. 6a, c, and e. The size distribution 
parameters (b, q, the diameter of maximum intensity, D (peak), and width 
6D at half the intensity) are presented in Table II. The spectra are 

normalized to give the same amplitude at 6500 wavenumbers and the value of 
Ft6500 is given in Table II. The observed spectra normalized to the same 
amplitude at 6500 wavenumbers can then be compared to the reference 
spectra. 

b 

Silica 

c 9.36 x 10-11 

4.45 x 10-16 

Ash 

8.23 x 10-4 

k 1.35 x 10-5 

Coal 

m 2.04 x 10-14 

n 1.53 x 10-13 

TABLE II 

PARTICLE DISTRIBUTION PARAMETERS 

q 

14 

14 

4.2 

6 D 

1.3 

2.4 

3.1 

13.5 

40 

30 

D(peak) 

5 

12 

80 

60 

Porosity F65QQ 

0 1.96 

.58 1.53 

0 2.64 

.57 1.95 

1.12 

1.10 

Figure 6a shows the results for silica. The reference spectra are for 
a tight size distribution as measured for this sample. The best fit 
between the spectrum and the reference spectrum is for an average 
diameter of 5 microns (spectrum c). This is substantially smaller than the 
observed diameter of 11 microns. The discrepancy is caused by the 
material's porosity('" 65% void fraction). This changes the effective 
index of refraction. Calculations were made using an index of refraction 
based on an average between the silica and air (the voids). This average 
employs the Garnett relation for inhomogeneous materials given in reference 
(19). The resulting spectrum f calculated for 12 micron diameter spheres 
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(58% voids) is now in excellent agreement with the observed spectrum. 
Figure 6c presents the results for ash. Here a wide distribution was 

used in agreement with the SEM results. The same problem of void fraction 
exists here as the powder has a density of 0.75 g/cm3 which suggests a void 
fraction of 57%. While the best fit for solid material is for a diameter 
of 3 microns, the fit for 57% void fraction is 7 microns, an good agreement 
with the observed distribution. 

Results for coal are presented in Fig. 6e. For particles larger than 
20 micron diameter, the spectra are reasonably smooth with a slight upward 
slope going toward low wavenumbers and with a sharper rise approaching 500 
wavenumbers. The variation with particle size is not drastic, so the 
sensitivity of the fitting procedure is much lower than for the small 
particles. Nevertheless, the observed spectrum for the two size fractions 
of coal (200 x 325 and 325 x 400) do show the expected difference, and can 
be used to infer relative size. Figure 6e compares the measured spectra 
for the two size fractions of Ohio #6. These are expected to have an 
average difference of 18 microns in diameter. The reference spectra which 
best fit are for 60 and 80 micron diameters. These do show the right 
trends but were for a larger average radius than expected. 

The determination of temperature or emittance of particles from the 
normalized radiance is discussed in Refs. 10-14. The interpretation of gas 
spectra is discussed in Ref. 15. 

RESULTS 

Hexane 
Non-Combusting - The initial work was performed on sprays without 

combustion to demonstrate the measurement of droplet size distributions. 
This is done by comparing the transmittance with theoretically determined 
reference spectra as described above. The shape of the transmittance 
provides information on the particle size and composition, while the 
amplitude is proportional to concentration. 

The transmittance of the spray for two pressures of atomizing air (34 
and 60 psi, respectively), was measured at a number of on-axis position, 
and at cross-section positions at a depth of 12" below the nozzle. 

We start by discussing the on-axis result measured at a pressure of 60 
psi, plotted as transmittance in Fig. 7a. Line absorption features due to 
the hexane can be seen, superimposed on a smooth background (with noise) 
which increases from 6500 cm-1 to 1500 cm-1 ; and subsequently decreases 
toward 500 cm-l • By comparing this spectra with calculated spectra it can 
be shown that the line absorption features in Fig. 7a are due to hexane 
vapor, rather than liquid. The Mie calculations for each particle size 
distribution were made with the aid of a program supplied by Bohren and 
Huffman (19). The best fit theoretical spectrum is overlayed on the 
measured spectrum in Fig. 7a. In Fig. 7b we show the droplet size 
distribution which gave rise to the best fit. This distribution has a 
maximum at Dpeak = 16 microns, while Ds, the Sauter-mean-diameter, is equal 
to 21.5 + 1.5 microns. If we narrow or broaden the distribution we see 
poorer fits; while the same width distribution moved to smaller diameter or 
greater diameter also give a visibly poorer fit. For this size range the 
extinction measurement is a remarkably sensitive gauge of particle size 
distribution: i.e. slight differences in the particle size distribution 
show noticeable differences in the FT-IR spectra. We note that, to our 
knowledge, this is the first time this measurement method has been applied 
to the problem of spray droplet size determination. 

At lower pressure, where droplets are larger, there is a little more 
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uncertainty in the measured value of Ds. For this larger sized 
distribution, the resonance peak in the spectrum, seen in Fig. 7a for 
example, has moved to smaller wavenumbers, out of the range of our present 
instrument. The comparison for this case is shown in Fig. 8. The Sauter
mean-diameter, Ds ' is estimated to be 39 .:!:. 3 1I,m. The variation of droplet 
diameter with atomizing air pressure is as expected for this nozzle. 
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Figure 8. Comparison of Theoretical and Experimental Transmittance Spectra 
for Larger Droplets (>30 lIm diameter). 

The production of smaller droplets with increasing atomization 
pressure is visually shown in Figs. 9a and 9c, which show back-lighted 
sprays at two different atomizing air pressures. The higher pressure 
clearly produces the smaller droplets. 

Co.busting - The remaining work for hexane was on spray flames. Both 
emission and transmispion measurements were obtained to determine 
concentrations of hexane pyrolysis and combustion products and their 
temperatures. The hexane spray flame was ignited by a hydrogen pilot 
flame, which was then turned off: the flame is of hexane burning in air. 
Photographs of the flames (Figs. 9b and 9d) shows them to be about 70 cm in 
length, with real differences visible due to change in the pressure of 
atomizing air. The FT-IR EIT diagnostics were applied to these hexane 
flames. 

For an atomizing air pressure of 34 psi, measurements of the 
combustion species temperatures and concentrations were obtained for 12 
axial positions, as well as 18 off-axis positions at depths of 20 and 30 
cm. Examples of the species which can be detected by FT-IR spectra are 
shown in transmittance and normalized radiance spectra presented in Figs. 
10 and 11. They include: 

• Unburned hexane in both liquid and vapor phases. 
• Pyrolyzed hexane as methane, polycyclic aromatic hydrocarbons 

(PAR), and soot. 
• Combustion products, R20, C02' and CO. 
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a b 

c d 

Figure 9. Hexane Spray Pattern and Flame for 34 PSI Atomizing Air Pressure 
(a and b) and 60 PSI Atomizing Air Pressure (c and d). a and c) Spray - No 
Flame. b and d) Flame at 1/1000 sec. Shutter Speed. 
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It is interesting to note that in this spray flame where the 
combustion is controlled by mixing. the various components (fuel. soot, 
CO2• H20. etc.) can be at different temperatures and these can be seen when 
compared to theoretical black-body curves in the normalized spectra. e.g. 
the low fuel temperature compared to the C02 in Fig. lla. and the high 
methane and CO2 temperatures compared to the lower soot temperature in Fig. 
lIb. The range of temperatures measured for soot and CO2 are in agreement 
with those determined for the diffnsion flame discnssed in Ref. 15. 

Figures 10 and 11 show transmission and normalized emission spectra 
taken through the axis at depths of 3.5 and 30 cm respectively. The flat, 
non-zero base line of the transmission spectrum at the depth of 3.5 cm, 
Fig. lOa, indicates that hexane droplets exist in the flame here. 
Intermediate spectra between 3.5 and 30 cm show that the flat non-zero base 
line disappears at 7 cm indicating that there are no liquid droplets left 
in this flame past 7 cm depth. Gas lines can be readily identified on top 
of the continuum. 

The continuum spectrum, in Fig. lOb, is made up of a small flat part 
due to particle blockage, and a sloping part that intercepts the flat part 
at 0 cm-1 , due to soot. Here we ignore the spectral slope of the droplet 
extinction spectra due to diffraction effects. The soot concentration is 
measured by the amplitude of the triangular "wedge" (Fig. 10). In Fig. 11, 
the temperature for soot and gas components are obtained by comparison with 
the black-body reference spectra. 

The concentrations of hexane, methane, soot and C02 that have been 
derived from transmittance spectra are summarized in Fig. 12a together with 
temperature information obtained from normalized emission spectra. A flame 
photograph for these conditions is presented in Fig. 12b. The sequence of 
hexane combustion along the flame axis is very clearly shown in these data. 
Close to the nozzle, the combustion process is just beginning (low 
temperature), .and hexane can exist in both the liquid and vapor phase. As 
the combustion continues, liquid hexane becomes completely vaporized 
between the depths of 3.5 and 7 cm, while methane, a pyrolysis product of 
hexane, is initially detected in this refion by the appearance of its 
characteristic emission line at 3002 cm- , as a shoulder on the hexane 
peak. The maximum concentration of methane is found to be at the depth of 
15 cm. At this point the hexane concentration has decreased to a rather 
low value. However, polycyclic aromatic hydrocarbon (PAR), a known soot 
precursor, identified by the line at 3080 cm-1 , was identified in the 
spectra at this height. These observations imply that in our flame the 
pyrolysis of hexane is an important step. The PAH emission intensity is 
seen to increase until a depth of 34 cm is reached. The soot concentration 
also peaks in this region. Beyond this point, all of the fuel 
concentrations, including hexane, methane, PAH and soot, decrease with 
increasing depth. This observation implies that oxidation reactions 
predominate in the lower half of the flame. The C02 concentrations 
increase reaching a maximum at 50 cm at which point all the products have 
been consumed. The fuel, soot, and C02 temperatures are also shown in Fig. 
12a. These temperatures increase as the fuel is consumed. 

Coal Water Fuels (CWF) 
Measurements in Non-Combusting CWF Sprays - When measuring spray 

properties without a flame, conditions were maintained that would later be 
used in the flame work. These conditions include hydrogen in the ring 
burner (27 psi) and natural gas in the atomizing air flow. The natural gas 
and air were fed through one-way valves. Only the pressure of the 
atomizing air is reported below. 
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In a manner similar to that described for hexane, FT-IR transmission 
measurements were made through the coal slurry spray for a variety of 
conditions. Comparisons between these spectra and those calculated for 
coal particles using Mie theory are reported. The results suggested that 
Mie calculations for water droplets, or coal and water mixed, would have 
been more appropriate for the comparison. 

Droplet size distributions were obtained from the FT-IR transmittance 
measurements. An example illustrating the precision of the method in this 
case is shown in Fig. 13 which is a transmission measurement taken through 
the CWF spray on-axis at a depth of 30 cm and air pressure of 34 psi. The 
data show better agreement with the calculated curve for 64 microns, than 
for 84 microns (Sauter-mean-diameters). The 64 + 10 microns that we would 
quote for this measurement agrees with 57 + l7-microns determined from a 
micrograph of droplets collected on filter paper. 
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Figure 13. Comparison of Experimental Transmittance with Mie Theory 
Predictions for Two Drop Size Distributions. 

Droplet size distributions were also determined for the modified 
nozzle. These measurements are on-axis measurements. The transmission 
spectra were recorded at different atomizing air pressures, on axis, at a 
depth of 12". Atomizing air pressures of from 30 to 90 psi with a constant 
CWF flow rate were used to obtain the data of Fig. 14, which compare the 
transmittance spectra on a common scale. As can be seen, both the shape 
and amplitude change with pressure. The amplitude of the extinction 
increases with pressure. Smaller droplet sizes and narrower spray cones, 
expected with high pressure, will both tend to increase (1- TV)' while 
higher velocity would decrease (1- TV)' Apparently the former effects 
dominate. 

Sauter-mean-diameters were obtained by best visual fits to theoretical 
spectra, as before. The 30 and 50 psi data were fit with Sauter-mean-
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diameters of Ds = 100 and Ds 
similar to those for hexane. 

52 microns, respectively. The trends are 
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Figure 14. Effect of Atomizing Air Pressure on Transmittance. 

Measurements of Combustion Performance - To characterize the CWF 
sprays, FT-IR diagnostics were applied to monitor combustion. Measurements 
were made along the axis as a function of depth below the nozzle. From 
these measurements, the following quantities can be determined: 

• Gas concentrations and temperatures for C02, H20, CH4' 
• Concentrations of particles and soot. 
• Particle temperatures. 
• Percent of particles ignited. 
• Flame radiation intensity from individual components (particles, 

soot, gases). 
To illustrate the measurements, Fig. 15 shows the transmittance, 

radiance, and normalized radiance spectra obtained from the combustion of a 
CWF at a depth of 25 em. 

The concentration of C02 can be estimated by measuring the peak height 
of the absorbance at 2297 wavenumbers. The C02 temperature is obtained 
from the normalized radiance spectrum (Fig. 15c) with the correction for 
soot and coal particle emissions (as discussed in Ref. 15). 

The concentrations of particles and soot are determined from Fig. 15a. 
The base line extinction represents the optical blockage of soot and CWF 
droplets. Since the droplets have a relatively large average size, their 
blockage in the (transmittance) spectrum is taken to be independent of 
wavenumber. The concentration of coal droplets is proportional to the 
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amplitude of the horizontal line which intersects the sloping baseline at 
zero wavenumbers, as shown in Fig. 15a. The amplitude of the sloping base 
line above this horizontal line, at 6500 cm-1 wavenumbers, represents the 
concentration of soot. 

Particle temperatures were determined from Fig. 15c by comparison with 
a theoretical black body distribution, R~(T). This curve is fit in the 
region where there is no interference from gas lines. While the shape of 
the experimental curve matches R~ for a temperature of 1980 K, the 
amplitude of the experimental curve is too low. The explanation for this 
observation is that a significant fraction of coal particles were not 
ignited during the combustion process. The measured particle 
concentrations from the transmittance (Fig. 15a) contain both hot and cold 
coal particles. If the blockage of unignited coal particles in the 
transmittance spectrum is taken out, the normalized particle emission 
spectrum should fit the theoretical black body curve in both shape and 
amplitude. By a trial and error method we found the fraction of coal 
particles that was burning; that fraction for which the shape and amplitude 
of the normalized emission spectrum matched Rt. The emissivity of the 
ignited char particles is assumed to be 0.7 for this determination. 

The use of normalized radiance for particle and soot temperature 
determinations has considerable advantages over the use of simple radiance. 
In particular, when simple radiance spectra of non-grey bodies (e.g. soot) 
are interpreted as grey body spectra, significant errors can occur in 
temperature determination. The soot and hot coal particle temperature, 
which can be obtained from the fitting of black body curves to the 
normalized radiance spectrum (Fig. 15c), will, however, be correct if the 
soot and char particles are at the same temperature. If soot and char are 
at different temperatures, a more complicated fitting procedure is 
reguired. 

Figures 16 to 18 summarize the results of measurements of combustion 
of the CWF spray formed by the modified nozzle. For these measurements the 
atomizing gas consisted of 22.5 psi of natural gas and 17.5 psi of air, 
with 27 psi of hydrogen through the ring burner. Figure 16a shows a 
photograph of the flame. 

Figure 16b contains the information concerning the fraction of ignited 
coal particles, plus the energy radiated by particles and soot during the 
combustion. The increase in the fraction of ignited coal particles in the 
first 10 inches of the flame implies that the atomized coal slurry is 
increasingly ignited by the gas flame with increase in residence time. In 
this flame the maximum fraction of ignited particles at anyone time 
reached only 50%. The subsequent rapid decrease of the fraction of ignited 
droplets can be attributed to burnout of the fine particles. The hot coal 
particle concentration is fairly constant in the last stage of combustion. 
The measured radiation compares qualitatively with the appearance of the 
flame in the photograph which is on the same scale. 

In Fig. 17, the on-axis temperatures of C02' soot, and hot coal 
particles, (determined by axial scans) are shown as a function of depth. 
Consider first the CO 2• As the combustion progresses from the nozzle to 
the 5 inch depth, the contact of unignited CWF droplets with C02 apparently 
causes the CO 2 temperature to dip lower than that at the depth of 1 inch. 
At depths from 5 to 10 inches, the increase in the CO2 temperature suggests 
that most of the small slurry particle droplets have already dried out, and 
volatiles from these are already burning. Beyond the depth )f 15 inches, a 
decrease of C02 temperature is observed again. This decrease of C02 
temperature indicates that the combustion of both the natural gas and the 
coal volatiles is essentially complete at this depth. 
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Figure 16. Characteristics of Lingan CWF Flame as a Function of Axis 
Position with Modified Nozzle, the Atomizing Gas was Composed of 22.5 PSI 
of Natural Gas and 17.5 PSI of Air, with 27 PSI of Hydrogen in the Pilot 
Flame. a) Photograph of Flame, and b) Radiance of Soot and Ignited 
Particles, and Fractions of Ignited Particles. 
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Figure 18. Characteristics of Lingan CWF Flame as a Function of Axis 
Position with Modified Nozzle, the Atomizing Gas was Composed of 22.5 PSI 
of Natural Gas and 17.5 PSI of Air, with and 27 PSI of Hydrogen in the 
Pilot Flame. Temperature of C02, Soot, Total Particles, and Ignited 
Particles. 
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The soot and hot burning coal particle temperatures are also shown in 
Fig. 17. The temperatures are found to increase from 1600 K at a depth of 
1 inch to 2020 K at 10 inches, gradually decreasing after that. The 
initial increase of the temperature is due to the heating up by the gas 
flame (particularly the H2 pilot). Once ignited the hot coal particles 
will generate energy themselves, and because they do not contact the 
unignited droplets, their temperature can be greater than that of CO 2 , 
which does contact colder (unignited) droplets. Once these particles le.ave 
the region of burning gas, their temperatures gradually decrease from 2070 
to 1350"1<. 

The concentrations of C02' the total particles (ignited, unignited and 
soot), the ignited coal particles, and the soot are shown in Fig. 18. The 
CO2 concentration monotonically increases for the first 70% of the flame, 
then decreases slowly. The first stage of rapid increase of C02 
concentration is due to generation by simultaneously combusting natural gas 
and coal. The decrease of C02 concentration in the last stage of the flame 
can be attributed to a generation rate which is lower than the out
diffusion ra teo 

The above observations can be well correlated with the soot production 
of the flame. Because of the continuous ignition of the atomized coal 
slurry, soot generated from the pyrolysis of the volatile matter from coal 
is observed to increase to a maximum value at a depth of 10 inches, Fig. 
18. From 10 to 20 inches the depletion of coal volatile matter results in 
a decreasing soot concentration. At this stage, the appearance and removal 
of soot from the flame is important in controlling the flame radiation 
properties. 

CONCLUSIONS 

An FT-IR emission and transmission (EfT) spectroscopic technique has 
been emp'loyed for in-situ diagnostics in moderate size laboratory spray 
combustion flames of hexane and coal water fuels. The EfT spectra are 
shown to yield extensive information on particle or droplet size, 
composi tion and temperature, on soot density and temperature and on gas 
composition, concentration and temperature. The results demonstrate the 
feasibility of employing the FT-IR EfT technique in practical flames. 
Additional work is needed to refine the technique, develop tomographic 
reconstruction techniques to obtain point data, and to validate the 
measurements in flames by comparison to measurements using other 
techniques. 
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DISCUSSION 

A. Sarofim 

Can you comment on the apparent discrepancy between your 
emissivities for coals and those inferred from optical cons
tants of coals as measured for example by Blokh ? 

P.R. Solomon 

This subject has been considered by Brewster and Kunimo
to (1) and by Solomon et al. (2). Brewster and Kunimoto 
believe that the surfaces of coal can not be prepared with 
sufficient perfection to insure specular reflection required 
by the method of Blokh. They used a transmission method to 
determine the imaginary part of the index of refraction, k and 
got values much lower than those of Blokh and others. We have 
used a similar transmission technique and get similar low 
values of k. If we calculate the emissivity using our values 
of k using Mie theory, we get agreement with our measured 
values of emissivity using the Ft-IR E/T method. We don't get 
agreement using Blokh's value of k. 

(1) M.Q. Brewster and T. Kunitomo Tran. ASME 106, 678 
(1984). 

(2) Solomon, P.R., Carangelo, R.M., Best, P.E., Markham, 
J.R. and Hamblen D.G. "The spectral emittance of pulverized 
coal and char", 21st Symposium (Int) on Combustion, 1986. 

A. Williams 

Please 
tion effects 
of the hut 
measurements 

will you comment on the influence of self-absorp
by cold flame components (egC02) at the interface 

flame with its cold surroundings gases on your 
of the concentration of the flame species. 

P.R. Solomon et al. 

Regions of the spectrum where cold species have absorp
tion should be avoided. One can make measurements on C02 by 
using regions of the spectrum which are absorbing and emitting 
only for hot C02. Radiation at such frequencies are not affec
ted by cold C02. The same idea applies to H20. 

F. Kaptei,in 

Along this conference various values for the emissivity 
of coal or char particles have been mentioned. The presented 
radiance curve vs wavenumber for a Kentucky 9 coal cannot be 
fitted with a black body radiance curve. 

What values of emissivity must be used in temperature 
and radiactive heating calculations? 

Or alternatively: What is the true story about emissi-
vity ? 
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R. Solomon 

The results are reported in a paper "The spectral Emit
tance of pulverized coal and char" for the 21st Symposium 
(Int) on Combustion. Bituminous coals and lower rank coals of 
pulverized coal size are non-gray body. They have high values 
of emittance only in regions where there are strong absorption 
bands. The emittance increases with particle size and with 
increasing rank. Anthracites appear to be gray body with £ '" 9. 
With pyrolysis, coals become more gray body with reaching a 
maximum of 0.9. At high temperatures as the chars become more 
"graphite-like" is reduced to approximitely 0.7. 

E.M. Suuberg 

You have raised the question of temperature measurements 
in systems for studying coal pyrolysis kinetics a number of 
times and it may be worthwhile to more quantitatively discuss 
the point. Most heated grid experiments tend to be performed 
with < 100~ particles at heating rates of 1000 K/S in the 
presence of an inert gas. A number of unpublished calculations 
suggest that this technique may be off, in actual particle 
temperature, by 10 to a few 10'S of degrees. I agree complete
ly that the calculations should be published to once and for 
all establish how good these measurements are. My question is 
for comparison with these presumably soon to be published 
analyses. 

A - How accurate is the FTIR based technique? 
B - What is the limiting factor in accuracy? 
C - The FTIR is not a bulk temperature technique but 

provides a "SURFACE" temperature. From what depth in the par
ticle does radiation originate? 

D - At what particle size does one have diffuculty asso
ciated with approach of particle size to the wavelength of 
measured radiation ? 

P.R. Solomon 

A - We estimate 
is good to within 
dies. 

that the FT-IR temperature measurement 
~ 50°C in general and + 30 0 C for gray bo-

B - The limiting factors are: 1) The accuracy of the 
black body standard. 2) The uniformity of the ensemble of 
particles being measured. 3) The accuracy with which the em
missivity is known. 4) Instrumental alignment so that the 
transmittance and radiance are measured for the same sample 
volume. 5) The constancy of conditions between the transmit
tance and radiance measurement. 6) Possible saturation of the 
detector. 7) Avoidance of radiation from the sample in the 
transmittance measurement. 

C - The depth is dependent on what coal and what 
quency. For lignite at wave numbers larger than 1700 cm- 1 

fre
the 
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penetration depth may be as large as 200 microns. At 1400 cm- 1 
the penetration depth is on the order of 40 microns. For char, 
the penetration depth can be much less. 

D - Not a problems. Such effects can be calculated using 
Mie theory. 
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The scattering effect of thermal radiation (0.5-10~m) on absorption 
measurements is theoretically investigated by using the Lorenz-Mie theory. 
Nardimensional monochromatic correction coefficients x~are determined by 
calculating the scattered power ~ollected by the detector when assuming a 
single scattering. x~, included between 1 {absorption situation} and l-w 
{extinction situation} where w is the single particle albedo, are to be 
used in order to estimate the absorption contribution to an experimental 
optical depth. 

Theoretical values of x~ are presented for a wide range of particle 
size parameters(O-lOOO} and for a useful range of optical apertures 
(0-20 deg). The interest of these coefficients is that no information 
is needed on particle concentration provided that the assumption of a 
single scattering holds. 

Particle temperature measurements by the emission absorption method at 
4~m are presented and show a clear underestimation due to scattering.Tem
perature values after scattering correction using x~ and ranging between 
1500 and 2200 K are more realistic compared to the two color temperature 
measured in th~ visible range. The use of l-w, a common pratice for 
narrow solid angles of measurement, leads to unrealistic results in some 
situations. 

Measurements were performed in a coal-Air-Argon flames generated in a 
cylindrical furnace at different oxygen mole fractions (0.16-0.33) and for 
different size graded samples of a high V.M. bituminous coal: 20-40, 
40-63, 63-80 and 80-100~m. 
1. INTRODUCTION 

Reliability of spectral absorption measurements in pulverized coal 
flames depends upon the accuracy of the assumptions made concerning the 
scattering pr=ess occuring when large particules are present. inth~ bulk gas. 

The very wide range of particle dimensions(0-200~m} encountered in coal 
flames and the large spectral range (0.4-10~m) generally investigated by 
infrared experimentalists do not enable us to adopt a general solution. 
The same particle of a given diameter will scatter differently at diffe-
rent wavelengths, since scattering depends on particJp. size para-
meter. Hence, a monochromatic treatment of scattering has to be considered. 

In general, the objective of transmission measurements is to determine 
the monochromatic emissivity EA of a slab of depth L through its optical 
depth kA L where kA is the monochromatic absorption coefficient. 

In presence of radiation scatterers, the attenuation of a beam of ra
diation passing through the slab will be partly due to scattering. Then 
considerable care must be taken to avoid misinterpretation of the transmit
tance data(1,2}. Soot radiative characteristics have been widely studied 
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( 3 ,4,5,6). Scattering by soot particles whose maximum dimensions are less 
than O.lllm can be ignored since it is insignificant compared to absorption. 

Eor a«l scattering can be neglected, but it rapidly.becomes comparable 
to absorption for a>l. Particles for which a~l (cenospheres, char, fly 
ash) scatter in a nearly isotropic manner, and for large particles (a»l), 
scattering is so predominentely forward (7,8,9) that the bulk of the 
scattered radiation is contained in a narrow angle around the incident 
direction. Qualitative information on scattering effect during a transmit
tance experiment can be obtained by comparing the aperture of the optical 
system to the angle of the forward lobe of the scattering Pattern (7,10,11~ 
This approach does mt. give the order of magnitude of the scattered intensity 
included in the solid angle of measurement but can be sufficient in the 
case of large apertures (>15 deg) where more than 90% of the scattered 
light might be collected by the detector. For very narrow apertures 
«1 deg) the attenuation is generally identified to extinction so that the 
absorption contribution is estimated by using theoretical values of 
the single particle albedo w. 

For the intermediate range of apertures, precise information is 
needed. The calculations presented in the next section were carried out 
for that purpose. 

2. THEORETICAL DEVELOPMENT 
The interaction between a particle and radiation impinging on it 

depends on its complex refractive'index, n-iK and size parameter a. For a 
spherical particle of radius a, a=2na/A. This interaction occurs in two 
different ways, i.e. scattering and absorption. For an incident intensity 
10 the total scattered power is given by 

P = I C 
. h . sca 0 sca C 1S t e scatter1ng cross sectlon 

cr-8gs section na2 by means 
C sca = na2 Qsca 

and is related to the geometrical 
of the scattering efficiency Qsca 

In the same way, Cab and Q are defined for absorption. The sum of 
scattering and absorptions is re~red to by extinction, 

Cext = Csca + Cabs 
Qext = Qsca + Qabs 

Scattering is not necessarily isotropic and the total scattered power 
is written, at a distance r 

P =/ I (e,4i) r2d n (1) 
I (e,4i) is the s~~~ter~ ifi~ensity distribution,e and 4'1 are the common 

angl~~aof a spherical coordinate system intrinsic to the incident beam. 
P of course is independent of r since dn = ds/r2. In consequence, 

the ~g~ttered power receiv~ by a surface L at a distance r from the par-
ticle is 

P =Iff I (8,w) dI (2) 
Let us consider a defecto~sgL radiusR centered on the incident beam 

axis at a distance D from an isolated particle. This determines a total 
angle of collection given by 12 Arc tan(R/D), and the collected scattered 
power in the forward direction is given by eq. 2 in which L is the detector 
area. 

The extinction relation can be rewritten as follows 
Pext 10 Cext -11 I sca (8,W) dId 

or Cext Cabs + Csca 

(3 ) 
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then 

or Pext Io[Cabs + Csca (1-RA)] (4) 

1 
where RA (I C .) ff Isca(e,w)d Ld (5) 

o sca L 
RA is the normalized c011ected scattered power, subscript d denotes the 
detector. R must vary between 0 and J standing respectively to 
extinction ~d absorption. It is dependent on the size parameter and for 
a fixed particle diameter, RA will be dependent on wavelength. 

For a monodispersed particle suspension and in absence of multiple scat
tering, the extinction coefficient is the sum over individual particles of 
the extinction cross sections(9) 

k = N C 
where N is the particle cofi~tntration. For large particles k t is usually 
assumed to be independent of wavelength. In terms of C T anaxnence of RA, 
the apparent extinction will depend on wavelengthexny means of RA 

k' t ' = N[Cab + C (l-R,)] (6) ex ,"- s sca "-
The equation of transfer through a non abs0rbing medium containing N 

particles per unit volume is written in terms of k' t' 
d I = -I k' dQ ex (7) 

Equation (7) whe~ int~rat~'~ver a homogeneous path of depth L leads 
to 

IA(L) = IA(O) exp - ([kabs + ksca (1-R A)] L} (8) 

The experimental optical depth calculated by Eq.(8) as k'ext L = Ln IA(O)/ 
IA(L) can be related to kab~ by using Eq. (8), hence 

k' L = k L[l + sca (1 R )] (9) 
ext abs kabs - A 

Qsca 
k~xt L = kabs L[l + Qabs (l-RA)] or (10) 

Equation (10) relates experimental attenuation to absorption. Hence 
we can define an absorption correction coefficient X~ which allows the 
absorption contribution to be separated from experimental attenuation, 
hence 

in which 

a 
kabs L = k~xt L XA 

a 1 
XA = Q 

[1 I Qsca(1_R A) ] 
abs 

(11) 

(12) 

Note that when RA varies from 0 to 1, X~ varies from l-w to 1. 
X~ can be calculated theoretically from the Mie theory since it is inde

pendent of particle concentration and medium depth provided the assump
tion of single scattering holds. 

3. NUMERICAL CALCULATION 
3.1. The Mie theory for spheres 

The Lorenz (12) (1890) and Mie (13) (1908) theory but commonly called 
the "Mie Theory" enables us by the resolution of Maxwell's EqUations wi th ap
propriate boundary conditions, to describe the interaction of an electroma-
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gnetic plane wave traveling in a non-absorbing medium with a homogeneous 
isotropic non-magnetic sphere of complex refractive index m=n-ikand a 
diameter 2a. 

In Kerker (14) formalism, the scattered intensity distribution Isca(8,~) 
is written as follows 

Isca(8,~) = 4i~ [ilsid~ + i2cos2~] (13) 

The computation of the scattered intensities il,i~ and the efficiency 
factors Q and Q is performed by using the so-caxled SUPERMIDI Code. 
This Codes~es theae~ntz algorithm (15) for Bessel functions calculations 
with neither particle~size limitation nor complex refractive index. Full 
details of the structure of the code and its performance are given else
where (16,17). 

3.2. Detection code 
The code used to calculate the collected scattered power is an over 

simplification of the SPEMIE program developed by Cherdron et al (18). 
The circular detector of radius R is located at a distance D from the 

center of a cartesian coordinate sys~em X, intrinsic to the incident wave 
(Fig. 1). The detector area is subdivided1into N XN~ elements ~L'k' 

2~Pj Rd P J 
~L 'k = (-N-) (N) 

J ~ 
P, and ~k are the polar coordina~es of ~Ljk in the coordinate system ~i 
irltrinsic to the detector. 

E 

l~ 

3,X2 

~l 
Fig. 1 : Coordinate systems Xi' Xi and ~i used in the detection coOe. 

The location of ~L 'k in the X, coordinate system is given by the spheri
cal coordinates r'k' ~'k' ~'k' Tfie spherical coordinates r, 8, ~ required 
for the scatteredJinterlsityJcalculation ~re related to r'k' 8'k' ~k by 
simple transformation relations. J J J 

I (8,~) is calculated for each surface element and the collected scat-sca " terea power PR 1S glven by 



P = L L I (e,~) ~ L 'k 
R j k sca J 

the total scattered power is calculated as 
P = I C sca 0 sca 

Finally RA and x~ are determined by using Eg. 5 and 12 respectively. 

3.3. Numerical results and diseussion 
The sensivity of the code to the complex refractive index was first 

tested for three values of m 

1.5 

ml 1.6 - 0.3i 
m2 2 - 0.6i 
m3 2 i 

(ref. 19) 
(ref. 20) 
(ref. 19) 

100 101 
SIZE PARAMETER, ~ 

1. 6-0. 3i 

2-i 

Fig. 2 : Absorption efficiency versus size parameter for three 
complex refractive indexes. 

1.5 

1.0 2-0.6i 

0.5 

10° 101 
SIZE PARAMETER, ~ 

2-i 

1. 6-0. 3i 

2 
10 

3 
10 

Fig. 3 : Scattering efficiency versus size parameter for three 
complex refractive indexes. 
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Significant variation is observed for Q and Q (Fig. 2 and 3), espe-
ciallyin the region of ~~l. x~ is less se~vet8C~e value of the com
plex index since the ratio Q /Q does not vary much. The value of ml 
corresponding to the coal siffirfar~8 the one used in our experiments was 



382 

retained and variations with respect to wavelength as reported by Foster 
(19) were conside~€d, 

m 1.6 0.3i 
n = 1.6 + 1.5 ()..-6) 
k = 0.3 + 0.075( )..-6) 

0.5 6~m 

€i - 10flm 

Figure 4 is ploted the normalized collected scattered power R).. fora to
tal collection angle of 3 deg.and for various particle diameters: 1, 10, 
20, 40, 60, 80, 100 and 120~m. For d=l~m, R).. is practically always equal 
to zero. It increases rapidly with the increasing diameter. This is due 
to the variation of scattering from an isotropic to a fa.ward directed JT'O':E. R).. 
reaches rapidly a value of 0.85 for d > 40~m at 0.5~m. For a fixed dlame
ter, R>.. decreases with increasing wavelength since ~ decreases. x~ (Fig.5) 
shows the same variation with respect to particle diameter and wavelength. 
xa varies from 0.85 at 0.5~m to l-w which lies petween 0.45 and 0.53 for 
t~e dif£erent diameters. The curve corresponding to d=l~m shows an inverse 
variation, this is not in disagreement with the corresponding values of 
RA (R)..~O). In fact, at high wavelengths, the size parameter tends to 0.3 
which is the begining of the soot region where scattering becomes insigni
ficant, hence the x~ curve corresponds to the variation of l-~ 

0.9 

WAVELENGTH, flm 
f·lg. 4 : Normalized collected 

scattered power, R).. 
versus waveleng.th. 
Total collection 
angle : 3 deg. 

Fig. 5 
WEVELENGTH, ~m 

Absorption correction 
coefficient x~. Total 
collection angle: 3 deg. 

In Fig. 6 and 7 R).. and x~ are plotted for a total angle of 12 deg.which is 
generally taken as a limlt angle over which more than 90 percent of the 
scattered power is collected (21). This is true for wavelengths less than 
4~ and particle diameters greater than 40~. For greater wavelengths, nume
rical results show that scattering has to be taken into account. 

Variation of R versus size parameter for apertures up to 20 deg.is 
given Fig • 8. ~ig. 9 is plotted the ratio (1- w) / x~ showing an inverse 
evolution versus aperture to that of R).. • On the same figure is plotted the 
single particle albedo showing the region where scattering becomes si
gnificant. 

The numerical results given previously are calculated assumirg a polari
zed incident plane wave. In fact, an unpolarized wave will be more realis
tic since infrared attenuation measurement are generally performed with un-
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1.0 d = 1-120 ~ 

1\.rTl 

0.4~--~--------~--~--~ 

o 2 4 6 8 10 o 2 4 6 8 10 
WAVELENGTH, \lfll 

Fig. 6 Normalized collected 
scattered power, RA. 
Total collection 
angle : 12 deg. 
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Ul 
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Fig. 7 

WAVELENGTH, 11m 

Absorption correction 
coefficient x~. Total 
collection angle : 12 deg. 

m 1.6-0.3i 

10- ~ __ --..~:""-..L---r~----"'-::;---~ 
10-1 100 101 102 103 

Fig. 8 
SIZE PARAMETER, a 

Normalized collected scattered power for different 
collection angles. 

polarized reference beam. In this case the expression of the scattered in
tensi ty distribution become'\2: 

I sca (8) =~ (il + i 2 ) (H) 

Nevertheless, for the forward lobe and at narrow angles, calculations 
show that i l and i? are practically identical. Then equation (13) is redu
ced to equation (lZI) both independent of q). 

4. EXPERIMENTAL 
4.1. Apparatus 

Full details of the experimental apparatus are given elsewhere (22). 
Briefly', ceal flames are generated in a vertical electric furnace of 
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1 

0.9 
0.8 
0.7 

<1l'-< 
0.6 

x 0.5 '-. 

:3 0.4 
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1.6-0.3i 

0.1 

10-1 100 

SIZE PARAMETER, a 

Fig. 9 l-w to x~ ratio versus size parameter for different 
collection angles. Included, variation of single 
particle albedo w. 

5cm Ld and 1 meter long. A uniform \.all temperature of 14000K is main
tened all along the experiments. Coal injection (4.17 g/min) is achieved 
by the use of a mechanical injector. Oxygen mole fraction in the carrier 
primary air (71/min dry air) was varied from 0.48 to 1. Hot argon genera
ted by plasma guns and used as a secondary gas (2x71/min) provides rapid 
thermalisation of the coal-gas mixture at the top of the furnace. Measu
rements were carried out at 15 cm from the injection point. The mean gas 
temperature at this level, measured by a thermocouple, in the al::Eeroe of coal, 
is 1200oK. The residence time of the particles before reaching the 
measurement point is about 150 ms. 

Coal samples were prepared by aerodynamic sieving. Particles sizing 
by laser diffraction gives a volumetric mean diameter (V.M.D.) of 93, 70, 
50 and 34~m for nominal sieves dimensions of respectively 80-100, 63-80, 
40-63 and 20-40~m. Analysis of the coal is given in table 1. 

TABLE I. Coal analysis. 

Proximate analysis 
(as received) 

Moisture 
Volatile matter 
ASH 

Weight 
percent 

2,5 
38,45 

6 

Ultimate analysis 
(dry) 

C 
H 
N 

ASH 

Weight 
percent 

79 
5,34 
1 
6,1 

Fi9}JIe.10 is a chart of the infrared Ireasurement set-up The aper
ture of the collection optics is 3 deg. The He-Ne laser channel serves 
for flame stability control. 
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Fig. 10 Top vue of the experimental set up showing 
the optical path. 

4.2. Data reduction 
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In general and in absence of multiple scattering (7), the emission si
gnal emerging from an isothermal homogeneous slab of depth L containing a 
suspension of absorbing, scattering and emitting particles is written, 

kabs 
IA(L) = ~t ~,A [l-exp -(kext L)] 

ex 
(15) 

Equation (15) corresponds to a total extinction situation where Ib A 
is the black body intensity, hence kab /k t is identical to (l-w). W~en 
a fraction of the scattered power is scoliected by the detector, following 
Eq.(ll) we c~n write 

IA(L) = XA [l-exp-(k~xt L)} Ib,A (16) 

When soot particles are present in the medium, Eq. (15) holds with 
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k k + Xa k' abs A,soot A ext 

and k + ke'xt A,soot 

Then Eq. 15 is reduced to 

1 + xa k' /k 
I (L) = A ext A,soot [1 

A 1 + k' /k ext A,soot 

k t.L is determined experimentally. To estimate the emissivity of such a 
ex . both. / suspens~on, rat~os k k and k' /k must be known. 

Th · t' t" . Dabs . fA .... soot ext L soot 
~s es ~a ~on ~s poss~ ~e ~ dt ~east one oftne soot of large particles 

contribution to attenuation can be determined separately. Two "sooty"situa
tions can be encountered in P.C. flames. Soot and condensed matter are pre
sent surrounding the particle in a combustion situation (Z3). Such situa
tion can be nonisothermal and Eq. (1B) does not hold since the latter requi
res equilibrium of soot and large particles. On the other hand, classical 
attenuation methods cannot be applied to individual burning particles. 
The other case is when soot is present in the bulk gas, which implies a 
lack of oxygen and hence an incomplete combustion so that the assumption 
of thermal equilibrium of soot, large particles and gas becomes realistic. 
In that case, separation between soot and large particles can be achieved 
by determiningithe monochromatic transmission spectrum of the flame in the 
range of 0.4-511m. The continuous base line of such a spectrum is due both to 
soot a~~ large particles. Assuming a soot absorption coefficient in the form 
of k A ,the Ln-Ln· plot of the spectrum in terms of optical depth versus 
wave~ength will show a slope break when soot and large particles contribu
tions become comparable. The extrapolation of the curve to the infrared 
enables us to estimate k' tby difference and hence the ratio k' /kA . 
4.3. Temperature ex ext ,soot 

Particle temperature measurements were carried out by lIsing the absorptioo 
emission method in the near infrared at 4.1Z11m. k t L was first determined 
by measuring the reference signal SA(O) and SA(L)e~espectivelY in absence 
and in presence of particles. k rpL is directly given by Eq.JB). The 
emission signal of the particle~xSXis compared to the signal SA given by a 
cal:iirated reference sourceofa known emissivity and temperature, respective
ly EA and TR. Using Planck's law, the particles temperature T is written: 

F SR P 
EA A 

{l + ~ [exp(CZ/ATR)-l]} 
E~ SA 

(lB) 

where Cz = 14.400 llm. k and A in microns. 
Two situations have been investigated for four size graded coal samples. 

At 33 percent oxygen, the flames showed a very bright emission. Mono
chromatic study of the optical depth showed a total absence of any soot li
ke variationJThe measured transmission for all four samples was greater 
than O.BB. Hence an optically thin situation has been assumed and the 
emissivity used for particle temperature calculations is the one given by 
Eq. (16). 

Sooty situations are produced by generating flames with a lack of oxygen 
(16 percent oxygen) ,the mesasured monochromatic optical depth versus wave
length for the BO-IOOjJm sample is plotted Fig. 11 with a linear scale and 
show a soot-like variation. The four flames are practically identical, 
only the 4.311m CO, band is significant. The Ln-Ln plot of k t L (Fig.ll) 
shows r. slope breaR at about IjJm. This was attributed to the tr~ Of p3rticlES. 
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Ln-Ln plot of the monochromatic optical depth for the 
80-100\1m sample sooty flame. 

The emissivity used in this case for particle temperature calculation is 
given by Eq. (17). 
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Temperature results are reported Tab. II and III. k' t' L is the experi
mental optical depth, Tl is calculated temperature negle'tlhng scattering 
and so with an emissivity equal to l-exp-(k' xt.LL T2 and T3 are temperatu
res taking scattering into account using x~€and t-w respecfively. T is the 
visible tert:erature rreasure::1 bj the t::w:>-cDloc method (at 0.65 and O. 911m) fJ'r the 
33 percent oxygen flames and by the emlSSlon absorption method (at 0.6I1m) 
neglecting scatter for the sooty flames. The two color pyrometer is presen~ 
ted elsewhere (22). 

Taking the visible temperature as a reference, the values 
of Tl show a clear scattering effect and errors up to 30 percent are made 
if scattering is not taken into account. For the 33 percent oxygen 
flames (Tab. II), the corrected temperature with the use of x~ is reasona
bly adjusted to the visible one. The use of l-w for correction (T3) syste
matically gives higher values. The difference between T2 and T3 decreases 
with decreasing particle diameter for which x~ tends to l-w • No signifi
cant difference is observed between the two types of correction for the 16 
percent oxygen flames (Tab. III). The scattering effect on temperature is 
attenuated by the presence of soot. 

TABLE II. 33 percent oxygen flames, A 4.1211m (oxygen as a primary gas) 

d, 11m BO-l00 63-BO 40-63 20-40 
l-w 0.44 0.45 0.46 0.47 a 0.6 0.56 0.52 0.49 X>r' 3 deg 
k t.L 0.05 O.OB 0.1 0.12 
Tex OK 1720 1633 1530 1390 l' OK 2170 2120 2000 lB66 T2 , 
T3 , OK 2560 2370 2146 1900 

Tv' OK 2100 2100 2000 lB50 

TABLE III. 16 percent oxygen flames, A 4.1211m (4B% oxygen in primary gas) 

d, 11m BO-100 63-BO 40-63 20-40 
l-w 0.44 0.45 0.46 0.47 a 0.6 0.56 0.52 0.49 XA' 3 deg 
i3 1 1.17 1.15 1.1 

~900~~L 0.14 0.17 0.14 0.14 
O.lB 0.15 0.17 0.16 

TextoK 1330 1410 1336 1312 l' OK 14BO 1530 1495 1474 T2 , 
T3 , OK 1530 15BO 1520 14B2 

Tv' OK 1530 1500 1450 1500 

The values of x~ used for temperature correction correspond to the 
volumetric mean diameter of the unburnt coal samples. Hence, it was assu
med a particle combustion with a constant diameter, at least in the first 
zone of the furnace, assumption not confirmed up to now . Consequently the 
following antithesis can be put forward : 
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If a significant change in particle diameter did occur before passing in 
the measurement volume, then a nearly total extinction situation has to be 
applied for temperature calculations,which is practically the case of the 
20-401lm particles. Hen~e T3 will be closer to the real particle tempera
ture, than TZ- Tv,whlch lS a two ~olo+ temperature calculated assuming the 
partlcule has a grey body behavlour and theoretically unaffected by scatt~ 
will in that case not as expected be representative of a particule tempera
ture, especially in the case of the 80-1001lm sample. 

As Grosshandler showed in a recent paper (24), the two color tempera
ture could represent a mean value of a large particle temperature and the 
temperature of a colder condensed matter surrounding the particle. The 
expression of the measured mean temperaturS as formulated by Grosshandler 
is T 

T = T 11 + 1.0273 11 (-2 _ 1) I 0.25 (19) 
P 0.04218 + 11 T5 

P 
where the ratio of the particle radius to the condensed matter zone 

radius (supposed spherical) is equal to 0.2 and assuming a single particle 
emissivity of 1. TS and 11 are respectively the temperature and the optical 
depth of the condensed matter. 

I~ the case of the 80-1001lm sample, assuming T equal to 2500 K (=T3 ) 
and T equal to 2100 K (=T ) and resolving Eg. (20), the most realistic 
solution is v 

11 = 0.1, TS = 1950 K 
The value of 11 is improbable since the total optical depth of the medium 

including scatter does not exceed 0.05. Consequently, this result tends to 
support the validity of temperature correction using XA. 

5. CONCLUSION 
Scattering corrections coefficients for attenuation measurements were 

presented and seem to be realistic when applied to particle temperature 
calculations by the emission-absorption method with intermediate solid 
angles of collection. The results for optically thin situations can be 
summarized as follows : 
1) Neglecting scattering in temperature measurements at infrared wavel~s 
gi ves errors up to 30 percent. 
2) For small particles i.e. mean diameter less than 30llm and for small 
apertures i.e. less than 3 deg., a total extinction situation can be 
assumed and correction using,l-w is accurate. 
3) For large particles and intermediate apertures, temperature correction 
using X~ seems to be more realistic than the use of l-w. Values of X~ 
depend on the wavelength at which measvremen'l:s are carried out. 

Acknowledgments : We would like to thank Professeur GOUESBET and Dr 
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Mie calculations. 
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DISCUSSION 

J.H. Pohl 

What temperature error is caused by reglecting scatte
ring in making two color temperature measurements in the usual 
wavelengths of 0.6 to O.B ~m ? 

Z. Habib 

At visible wavelengths and for a fixed particle diame
ter, the effect of scatter do not vary much. So one could 
still assume that the expressions of the monochromatic 
emissivities of the particle suspension at both wavelengths 
are equal and hence the two color temperature is unaffected by 
scattering. 

A. Sarofim 

One would expect your results to be insensitive to the 
value of the complex component of the refractive index. Have 
you carried out a sensitivity analysis and if so can you 
comment on your results? 

Z. Habib 

For the three values of the complex index tested in this 
paper, the theoritical results vary within five percent. In 
fact, the normalized collected scattered power is practically 
unsensitive' to the value of the complex component of the 
refractive index since the scatterring pattern is not 
significantly affected by this parameter. Still, as the 
values of the absorption and scattering efficiencies are 
sensitive to this parameter the effect of the complex 
component of the refractive index will mostly be on the 
absorption correction coefficient. For a value of k greater 
than 0.3 the effect can be neglected. For ash for wich k is in 
the order of 0.05 which leads to large values of Q sca and low 
values of Q abs, the calcultations show that the absorption 
corection coefficient is comparable to the case of coal in the 
visible range because of the high value of the collected 
scattered power, but falls very rapidly in the infrared to 
reach very low values i.e. 0.2 or 0.3 because of the very low 
val u e s 0 f 1 -w. 



TRANSFER TO THE MODELLING 



TRANSFER OF FUNDAMENTAL RESULTS TO THE MODELLING OF BURNERS AND BOILERS 

F.C. LOCKWOOD 

IMPERIAL COLLEGE OF SCIENCE AND TECHNOLOGY, LONDON SW7 2BX, ENGLAND. 

ABSTRACT 

395 

The present status of the mathematical modelling of coal combustors is 
outlined. The subject area is very large and can in no sense be comprehen
sively treated in a single paper. For example the extensive and difficult 
subject of turbulence modelling is a source of considerable uncertainty in 
combustor prediction but not even the cold flow validation evidence of many 
years of research on this topic can be fairly condensed into a paper which 
addresses the topic of predicting combustors fired with that most fickle 
of fuels: coal. An effort is made herein to give at least some perspective 
on the capabilities and problem areas of current computer prediction 
techniques. Industrial pulverised coal-fired combustors constitute the 
central theme. Coal-liquid mixtures, coal-fired gas turbines and diesel 
engines, gasifiers, and fluidised beds are excluded topics. 

INTRODUCTION 
It has been demonstrated that engineering gas-fired combustors may bel _3 

modelled mathematically with a precision acceptable to design engineers 
The production and destruction of soot and censopheres in oil-fired equip
ment and the simulation of the atomisation process pose 4ubstantial addit
ional modelling problems but some progress has been made. Pulverised
coal flames present the greatest modelling challenge. Char particle 
ignition and burn out,volatiles release and burning, and the char and ash 
absorption and scattering of thermal radiation are some of the further pro
cesses requiring simulation. The current level of confidence in the model
ling of coal-fired combustors must be considered to be significantly less 
than that for gas-fired ones. 

This paper is intended to give an overview of coal combustor modelling 
of practical eqUipment to an audience lacking in specialised experience 
in the field. It has four primary objectives: to indicate industrial 
combustion design priorities; to outline the nature of coal combustor 
prediction procedures; to indicate the nature of the difficulties facing 
the modellers; and to evaluate current predictive capabilities through 
example applications. 

GENERAL COMBUSTOR MODELLING DIFFICULTIES 
Numerical problems 

These have two main sources. The more important one is the geometrical 
complexity which typifies most engineering combustors. The other is a 
consequence of the hybrid donor cell differencing schemes which character
ise most of the current numerical solution procedures. 

Not only is the geometric form of the combustion chamber frequently 
unsuited to convenient representation by conventional co-ordinate systems, 
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but usually there are large differences in dimensional scales between the 
burners and the chamber volume. Figure 1, taken from 1, shows a typical 
gas-fired industry glass melting furnace (panel (a)). 

The near-burner field is handled by a subcalculation which, because in 
this case recirculation is absent from both the fuel and co-flowing air 
streams in this region, is parabolic. The form of the air inlet port is 
accommodated by an orthogonal curvilinear grid, and the refractory roof 
by an expanding and contradicting grid for which the effects of the relat
ively small non-orthogonal ity are ignored (panel (b)). Continuity of the 
magnitudes and fluxes of all variables is ensured along the frontier be
tween the parabolic near burner calculations and separate and elliptic ones 
for the combustion chamber bulk volume. Predictions were obtained for the 
combustor velocities,temperatures, species concentrations, and local .heat 
transfer rates to the glass. Panel (c) of Fig. 1 shows example predicted 
contours of heat transfer to the glass for the representative domain of 
calculation. 

No data suitable for validation purposes were available for this furnace, 
a common situation for industry combustors, but the predictions of many 
conditions confirmed expectations based on opel'ating experience. Of course 
the submodels for gas-firing have been extensively validated against labor
atory data with encouraging results (see 5 for example). 

Another gas~fired industry combustor is depicted in Fig. 2, panel (a): 
a refinery process heated. The combustor box is fired by a single burner 
and again we see the awkward difference in scale between the burner and 
bulk combustor volume. 

The finite-difference grid is also shown on the figure. A curvilinear 
orthogonal co-ordinate system is employed to transgress from the axisym
etric burner calculations to the rectilinear form of the bulk volume. In 
this case a swirl burner with a quarl is utilised so that the near burner 
subcalcu}ations are necessarily elliptic. Also, radial injection of the 
gas fuel from six evenly spaced holes in the primary pipe necessitates 
calculations over a 600 sector and the application of cyclic boundary 
conditions. 

Some predictions of velocity, temperature and mixture fraction are shown 
in panel (b) of Fig. 2 in cross-sectional planes downstream of the burner. 
The high three-dimensionality of the flow is evident. Panel (c) shows some 
predictions of wall heat transfer compared with a few available data points. 
The agreement is fairly reasonable. The wall heat transfer rates are some 
40 kW/m2, typical of gas-fired combustors of this size. It may also be 
noted that thermal radiation is the dominant heat transfer mode. Further 
details of this application of mathematical modelling may be found in 3. 
. The preceding two examples make clear that the specification of a 
finite-difference grid for industry combustors can be tedious. The 
practice of performing hybrid calculations in which near burner and bulk 
combustor calculations are matched at suitable interfaces invariably results 
in protracted run times. Impressive developments in specialised flexible 
or adoptive grid studies have been reported, e.g. 6; there is a clear need 
to integrate the fruits of this work in industry combustor design codes. 

The commonly employed first order donor cell differencing scheme, although 
generally reliable and robust,is susceptible t~significant inaccuracy due 
to the effects of numerical (false) diffusion . The problem is particu
larly severe when streamlines cross grid lines obliquely, a frequently 
encountered situation in industry combustors in which complex networks of 
recirculating flows are typical. It may well be that the inaccuracies 
reported in many furnace prediction validation studies have been as much due 
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that the studies were designed to uncover. 
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Higher order difference schemes can be used to eliminate the false 
diffusion problem but all of them give rise to 'undershoots and overshoots' 
of the field variables prior to convergence of the iterative solution pro
cedure. For combusting flows this can prove particularly troublesome as 
negative concentrations, temperatures and densities may cause the procedure 
to fail. There is no doubt that these difficulties will succumb to suffi
cient numerical research but thus far too little has been done in this 
regard. And the numerical analyst is often reluctant to tackle the 
disorderly and capricious difficulties which plague engineering applica
applications. 
Physical problems 

The tlme and space scales of the smallest vrotices of the turbulence 
spectrum are too small (order 10-4s and O.Olmm respectively) for the 
governing Navier Stokes equations to be solved for engineering circum
stances in time dependent fashion by any existing or foreseeable computer. 
Instead time averaged forms of these equations are solved and the effects 
of the turbulence on the solved for time-averaged variables is accommodated 
through a model of turbulence. The turbulence modelling field has been the 
centre of a very large amount of research activity, but in spite of this 
no truly reliable and universal model has emerged. Mainly for reasons 
of economy and convenience most combustor mathematical models employ a 
two parameter scheme in which the turbulence is characterised by its turbu-
lence kinetic energy, k, and the dissipation rate of that energy, E, both 
these quantities being solved fOB in their own equations. For highly 
swirled burner flows Weber et al recommended a full Reynolds stress tensor 
closure in which modelled equations are solved for all six Reynolds 
stresses. This is clearly a substantially more costly practice than the 
use of the k-E. closure and the limited improvement in precision may not 
always be justified. 

In sum, combustion validation studies to date suggest that the accuracy 
of the now rather dated turbulence models employed for combustor prediction 
purposes is probably sufficient to meet most engineering needs. One may 
be thankful for at least this degree of good fortune sinc~ in spite of 
much effort,economical turbulence models of significantly improved per
formance have thus far eluded researchers. 

GENERAL CONSIDERATIONS ON APPLICATIONS TO COAL COMBUSTORS 
Inclusion of the particulate phase 

The accommodation of the solid phase in pulverised-coal (PF) fired com
bustor prediction represents a major complication over gas-fired 
applications. Two approaches to throproblem of handling the particulate 
material are employed. In the one, 'eulerian' equations similar in form 
to those describing the gas phase are solved, one for each size group in 
a discretised particle size range. The other and probably the more common 
approach is based on the solution of lagran~ifn equations for representa-
tive particle positions and conditions, see for example. 

In the lagrangian technique the particle position is found from the 
solution of its equation of motion: 

->-
dV ->- ->- ->- ->- A 

mp ~ = CD(V9 - Vp)[Vg - VplPg ~ + mp 9 (1 ) 

where mp == particle mass, t == time, Vp and Vg == particle and gas velocities, 
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p == gas density, A == particle cross-sectional area, and g == gravitational 
a~celeration. The Pdrag coefficient CD of the geometrically irregular coal 
particle is almost always taken as that for an equivalent sphere, and un
certainty about what to do usually results in no correction being made for 
the effect of gas release due to devolatilisation and heterogeneous burning. 
These modelling deficiencies are of concern only in the near burner field, 
where Vo and Vg differ significantly, but the engineering importance of 
burner rlame stability and of near burner pollutent reactions demands that 
further research attention be paid to them. 

The particle/turbulence interaction is another complex phenomenon which 
has so far only been partially addressed. The particles will be dispersed 
primarily by the large scale turbulence motions. A frequently employed 
modelling approach is to presume that the fluctuating component of Vg is 
randomly di rected wi th a magnitude prI;>babi 1 i ty descri bed by a gauss i an 
function, the variance of which is 2k~/3. Truelove12 has adopted such a 
model with success in the simulation of the near field of a swirl burner, 
and Boyd and Kent13 have used the same approach to predict the dispersion 
of particles in the bulk combustor volume. It needs to be stressed, 
however, that stochastic particle dispersion models are expensive of com
puter time because rather large sample sizes are required to achieve 
statistical independence. Also neither this type, nor any other type, of 
dispersion model has been subjected to systematic validation. 

The energy balance equation for a particle in lagrangian form may be 
written: 

dTp _ L dmp 
Cp at - Qp - mp crt (2) 

where Cp == particle specific heat, Tp == particle temperature, Qp ;:: specific 
particle heat gain, L ;:: latent heat of devolatilisation. Discussion at 
this meeting has revealed controversy over the choice of value for L but 
there is some consensus that its role is negligible. Qp is composed of: 
the heat gain by convection, Qc; the heat gain due to char burning, 
Qb; and the heat gain by thermal radiation, Qr. Expressions analogous 
to and open to the same criticisms as those used for CD are employed for 
Qc. The energy release due to char burnout may be shared by the particle 
and adjacent gas. Numerical experiments show that predictions are little 
dependent on the distribution function and in practice the whole release 
is usually assigned to Qb. 

Equations (1) and (2) may be solved by an economical recurrence relatioJ~ 
The eulerian gas phase and lagrangian solid phase calculations are combined 
in a hybrid solution procedure with the interactions being handled through 
appropriate source terms appended to the gas phase governing equations 14 ,15. 
Modelling of devolatilisation 

Gas;f;catlon processes excepted, it is the general experience of the 
author's group that the release of volatiles in a PF combustor, once the 
particles have attained a threshold temperature, is so rapid that a precise 
prescription for the kinetic rate is unnecessary. Indeed, it is frequently 
sufficient simply to assume that the devolatilisation rate is constant above 
a threshold temperature of about 6000 K16: 

dxv 
at = B (3) 

where Xv == fraction by weight of the total volatiles evolved, and B is a 
constant having a value of about 30 14 for bituminous coals. 



A much more complex formulation has been proposed by Anthony et al 17 
which presumes that the devolatilisation kinetics may be represented by 
multiple and parallel reactions. The mass fraction of volatiles evolved 
at time t is given by: 
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V* 00 t 2 2 
V - -- J [1 - exp(- J Ko exp(- E/RT)dt] x exp [- (E -E ) /201 dE (4) 

-0/2ii-o 0 0 

where V* ::: mass fraction of volatiles evolved when t -+ 00, Ko::: a single 
rate constant for all of the multiple reactions, and Eo and 0 are the 
mean and standard deviation for a presumed Gaussian distribution of acti
vatioD energies for the multiple reactions. This formulation has been 
employed with success in predicting test furnace performance of several 
Canadian bituminous coals 14 ,18, but the improved predictive accuracy over 
that achieved by the very simple eqn.(3) is not always sUfficient to 
justify the substantially reduced computational efficiency of the eqn. (4) 
proposal. A single reaction model described by one rate constant and one 
activation energy may well constitute of compromise solution of consider
able universality. 

It is Ive 11 known tha t the va 1 ue of V* rea 1 i sed under ra pi d pa rti c 1 e 
heating in a PF combustor exceeds the volatile content, VM, determined 
under the slow heating rates of the standardised proximate analysis. The 
ratio V*/VM is typically 1.5 for high volati~e cgals and as high as 2.5 
for low volatile ones19 . Validation studies 4,1 ,19,20 have revealed that 
the predictions are sensitive to the value of V* which, because experiment
al values are frequently unavailable, must with disadvantage be estimated 
by numerical experimentation. It should be noted that ghe effect of high 
temperature volatile release is embraced by Wall et all through the imple
mentating of a two competing reaction scheme for the devolatilisation 
kinetics. . 
Volatiles combustion 

The simulation of the combustion of the volatiles poses a major modelling 
problem which can be awarded only cursory discussion in the space availabla 
Because the volatiles are released in a generally air deficient region at 
temperatures generally less than those required for ignition volatiles 
combustion in the immediate proximity of the particle surface of the 
isolated particle type cannot in general be envisaged. Rather the vola
tiles will premix with the surrounding air (and any products), most likely 
incompletely, so that we are forced to consider the most complex of all 
combustion phenomena: partially premixed turbulent reaction. It has to 
be admitted that state of the art models for this phenomenon are insuffi
ciently developed and tested for engineering purposes. In the face of this 
some coal combustor modellers, e.g. 21, have preferred to assume that the 
volatiles burn in an unpremixed or diffusion fiam2 for which reasonable 
theoretical formulations exist. Others, e.g. 4, 0, take refuge in a 
suitably simplified description of partially premixed turbulent combustion 
which relates the reaction rate to the time scale of the large scale tur
bulence motions and the time-average of the controlling species concentra
tion. 
Char particle combustion 

lhe heterogeneous combustion rate of a char particle depends on: the rate 
of arrival of oxygen at the particle surface or the external diffusion; 
the rate and extent of penetration of oxygen into the pore structure of 
the particle or the internal diffusion; and the chemical kinetics of the 
char material. Obviously the last two of these three effects depend on the 
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nature of the chan that is on the coal type from which it is derived and. 
to a lesser extent one hopes, on its combustor history. The term char 
reactivity is frequently rather loosely used to refer to char particle 
reaction rate as governed by the combination of internal diffusion and 
heterogeneous kinetics effects. This subject area has been well discussed 
by Smith2Z . 

For engineering purposes model simplification is again warranted, 
especially in view of the shortage of reactivity data in relation to the 
multitude of char types encountered in practice. Smith22 ,23 recommends 
describing the char reactivity by a first order reaction of rate constant: 

kc = A exp(- Ea/RT) (5) 

The apparent activation energy, Ea' is assigned a value of about 20 kcal/ 
gm mole which is found to apply fairly well to a range of coals for the 
typical combustor condition. where the effects of pore diffusion and char 
chemistry are both influential (regime 11)22. The frequency factor, A, 
is based for convenience only on the external particle surface area alone, 
rather than the total of its internal plus external surface areas. The 
effect of coal type is accommodated by the single parameter A. In general 
its value decreases with increasing rank 19,20. Analogous behaviour would 
require its value to diminish with increasing burnout, but such 'tail-end 
tailoring' has so far been ignored by modellers. 

The preceeding arguments permit the reaction rate to be expressed as 22 : 

(6) 

where m02 0 and m02 00 are the mass fractions of oxygen at the particle 
surface and in the surroundings, and kd = is the external diffusion 
coefficient the value of which for engineering purposes may be sufficiently 
well determined22. 
Char particle swelling 

The coal particles may swell during devolatilisation and diminish in 
diameter during burnout. The evidence relating this behaviour to coal type 
and combustion conditions is sparce. Since the A factor is conventionally 
related to unit external surface area, inconsistency in its usage between 
studies may occur due to different workers employing different particle 
size variation laws. It is probably not too unrealistic to presume constant 
diameter particle histories and for the most part this is why the author's 
group has adopted this convention. 
Thermal radiation transfer 

The role of thermal radiation in coal-fired combustors is substantial 
because they are physically large and because coal flames are highly 
absorbing. Indeed, thermal radiation is the dominating process in the very 
large combustors of power stations to the extent that the wall heat trans
fer distributions in them are strongly dependent on details of the radiat
ion calculations and little dependent on those of the flow18 . The varia
tion of radiation intensity in an absorbing and scattering medium such as 
a coal flame is described by: 
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(7) 

~Ihere I ::: radiation intensity in the direction of~, s ::: distance in the 
f). direc~ion, a ::: Ste~an-Boltzf!1a~ constant, kg a~d kp ::: gas \includin~ ~oot) 
and partlcle absorptlon coefflclents, ks ::: partlcle scatterlng coefflclent, 
and p(~.g') is the probability of radiation travelling in other directions 
~' bei~g scattered into the g direction. 
7 The gas ar non-luminous absorption coefficient is highly non- grey24, 
coal particles are highly absorbing and non-scattering25 , while the ash 
particles scatter strongly and isotropically26. Clouds of highly absorb
ing soot particles are also present in coal combustors. Fortunately 
recommendations are available which for the most part permit modellers to 
specify the mass of required radiation grogerty information in a conven
ient manner for engineering purposesI 4,L4,L5,2o,27. Because coal flames 
are almost always close to the optically think limit a precise specificat
ion of the radiation properties is frequently unnecessary. 

The primary obstacle hindering the calculation of the thermal radiation 
transfer is the solution of eqn. (7). Many existing treatments, such as 
that described in 24 for example, involve the numerical solution of the 
three-dimensional and integro partial-differential equation which results 
when eqn. (7) is generalised for all spatial directions. Such methods, 
however elegant, are inevitably mathematically complex and they lack 
geometric flexibility because one is bound by the constraints of convent
ional co-ordinate systems when writing and solving the governing integro 
differential equation. These disadvantages are serious ones to the 
engineer who on the whole would prefer to avoid analysis based on complex 
mathematics and' whose combustor most often does not fit neatly into the 
framework of conventional co-ordinate systems. 

The 'discrete transfer' method which has been proposed in 28 avoids 
these difficulties. The essential feature of this method is that, rather 
than write eqn. (7) in three-dimensional space prior to its solution, eqn. 
(7) is solved directly for discrete solid angle elements within which the 
intensity is presumed uniform. The solution takes the form of an economi
cal recurrence relation of the form: 

E* -6s* -6s* 
In+l = ;-(1 - e ) + Ine (8) 

where the subscripts n+l and n designate successive locations in the 4 
direction ~ separated br 6s* :::(kg + kp + ks )6s, E*::: (a/n) [kgT4 + kpT + 
(ks/4)f I(~')p(~.~')d~'J/(kg + k + ks ) and E* is taken as uniform overP 
6s*. 4TIThe solution of eqn. (8) Pis determined successively within each 
discretisation of the hemisphere about selected wall locations commencing 
from the kno~m initial conditions at those locations and terminating when 
an opposing wall is encountered. In this manner the view factors are 
worked out implicitly and geometrlc irregularities pose no problem since 
the situations of surfaces merely define the initiation and termination 
location for application of the recurrence formula. 

APPLICATIONS TO REAL COMBUSTORS 
Some background 

Gibson and Morgan 29 must take credit for the original application of 
a generalised computer based solution technique to a coal combustor. As 
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with many pioneer studies its importance was insufficiently recognised at 
the time and as the whole subject of computational fluid mechanics was then 
so novel the authors were disadvantaged in interpreting and exploiting 
their results because knowledge about the validity of the many assumptions 
involved was very small. Richter30 in a subsequent significant study made 
predictions of some anthracite flames fired in the IFRF furnace with a 
level of precision which was remarkable for the time. Somewhat later still 
10ck000d etval ll found that it was possible with available modelling know
ledge to predict to an encouraging degree the result of the IFRF bituminous 
coal, non-swirling, long flame trials. 

The status of the coal combustor prediction field up to about 979 is 
summarised in the book of Smoot and Pratt31 . 
Swirl burner fired cylindrical furnace 

Some predlctlons of sWlrl burner bltuminous coal firing are reported 
in 14,18,20 albeit for rather small swirl numbers. The furnace is the 0.8m 
diameter cylindrical one located at the Canadian Combustion Research 
Laboratory (CCRL), the fuels were Canadian bituminous and low volatile 
coals. Panel (a) of Fig. 3 shows the furnace dimensions and the computat
ional grid. 

Panel (b) of Fig. 3 shows predictions for a bituminous coal compared 
with data for the distribution of the incident radiation energy flux imping
ing on the cylindrical walls. The parameter is the pre-exponential factor 
A in the char burnout law, eqn. (5). The predictions are insensitive to A 
for values greater than about 0.43 because the char particle reaction is 
controlled by external diffusion in this range. The most that can be said 
from this example of numerical experimentation is that the true value of 
A for this coal type is no smaller than this value. Panel (c) shows pre
diction of char burnout for kinetic rate recommendations for several coals 
plus the numerically optimised values of A and E for the test coal. Unfor
tunately one data point only is available! that for the exit section, and 
again this fact severely limits the extent to which recommendations for the 
values of A and E can be made. This graph is included here to emphasize 
an important current need, that for the distributions of combustor char 
burnout data. Panel (d) compares predicted and measured gas temperatures. 
The two sets of data points give evidence of the typical difficulty of 
obtaining truely axisymmetric flow in cylindrical combustors. The quality 
of the predicted results is encouraging. However, it should be noted that 
the most upstream profile is not very near the burner. It may well be that 
prediction of the near burner field will prove much more difficult. Measure
ment in this region is particularly problematic and data remain scarce. 
Burner flame stability 

The lmportant phenomenon of burner flame stability depends on the 
characteristics of the near burner field. While measurement there may be 
difficult the existence or not of a stable flame is readily observed and 
may be correlated with the burner input and geometrical conditions. Much 
experimentation of this kind has been performed on the vertical cylindri
cal furnace at Imperial College, see32 for example. A representative ex
perimental result is shown in panel (a) of Fig. 4 where the burner stability 
performance of the Imperial College cylindrical furnace for fixed burner 
geometry, excess air and firing rate is correlated in terms of the burner 
swirl number, Ss, and the ratio of the primary to secondary axial momentum 
ratio, Rm. Too low values of Ss or too high values of Rm lead to unstable 
operation, that is to flames which are lifted rather than lit back and 
anchored at the burner face. 

Example predicted flow patterns corresponding to unstable, panel (b), 
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and stable. panel (c). burner operation are also shown in Fig. 4. The un
stable example shows the bulk of the coal particles punching through a 
relatively weak near burner or internal recirculation zone (irz) due to 
their high momenta. The stable one shows the majority of coal particles 
being retained by a stronger irz. In the latter case stable combustion 
results because the long residence times of particles in the irz ensures 
volatiles release. strong gaseous phase combustion. and particle ignition 
there. The Imperial College stability data are well supported by parallel 
predictions of this kind. There seems little doubt that the understanding 
of burner flame stability and progress towards improved bUrner designs can 
be greatly assisted by the use of existing mathematical models. 
Comment on cement kiln prediction 

The cement manufacturlng industry is the second biggest user of coal 
fuel. The cylindrical geometry of cement kilns and their (usually) 
geometrically simple burners has attracted the interest of modellers. An 
early study is reported in 33. This has been followed in the author's 
group by various proprietory studies one of which will be reported in 34. 
There is insufficient space to summarise these specialised industry studies 
here. It suffices to say that current predictive capabilities have aroused 
international industry interest. 
Power station combustors 

The power generatlon industry is by far the largest and most important 
consumer of coal. The application of mathematical prediction models to 
the flow. combustion and heat transfer in power station combustors lags 
somewhat behind corresponding cement kiln experience primarily due to the 
more complex geometrical problems consequent of multi-burner firing of 
three-dimensional chambers. Panel (a) of Fig. 5 shows the geometry of a 
typical front-wall. swirl burner fired unit. The United Kingdom Central 
Electricity Generating Board (CEGB) has obtained high Reynolds number 
inert flow velocity data for a 1/35 model of full scale model of this 
geometry. It i's clear that detailed computations of such a combustor would 
be intricate and costly because of the very fine grids which would be 
necessary in the vicinity of each of the 16 burners. Current philosophy 
advocates that the near burner and bulk combustor flows be computed 
separately. In 35 the bulk flow in the combustor of Fig. 5(a) is predicted 
using the grid illustrated in panel (b) in which the burners are simply 
treated as sources of mass and momentum in the adjacent finite-difference 
cell. 

Predictions of the velocity vectors in two x-z planes are shown in panel 
(c). one plane coincides with the location of a column of burners. the 
other is located between burner columns. The persistence of the burner 
jets in traversing the combustor is noticeable. more notewo~thy perhaps 
is the fact that the velocities in the hopper region are not everywhere 
negligible as is sometimes assumed. Sample comparisons of predictions 
with the CEGB data are presented in panel (d) of Fig. 5. On the whole the 
agreement is excellent. 

Wall heat transfer rates have been determined for a similar coal-fired 
combustor in another study 18 in which the experimentally measured flow 
was an input condition to the calculations and in which an assumed distri
buti on of heat release due to combusti on vias prescri bed. The performances 
of two bituminous coals were examined. one from the Saar region of Germany 
and the other a high ash fuel from the Australian state of New South Wales. 
Typical heat transfer contours are presented in Fig. 5(d). The level of 
heat transfer is very dependent on both the emissivity of and therm~l 
conductivity of any wall ash deposits. The values of some 400 kW/m 
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observed in the figure for the back combustor wall may be considered the 
maximum to be found in any combustor operating under optimal conditions. 
Important concl us ions from thi s study were the facts tha t the via 11 heat 
transfer distribution is relatively insensitive to the assumed velocity 
field, while its dependence on the prescription for the heat release 
distribution can be strong. 

Work is progressing in the author's group on the goal of the complete 
predi ction of power statri on combustor performance. In thi s regard some 
interim predictions of the coal particle trajectories are shown in panel (e) 
of Fig. 5. Boyd and Kent13 in Australia commencing with the basic Imperial 
College flow and heat transfer computational tools have been able to attain 
the final goal rather faster than ourselves. In addition they have been 
in the fortunate position of being able to make comparisons of their pre
dicted heat transfer rates with ones obtained on a real combustor belonging 
to the New South Wales State Electricity Commission. The level of agree
ment is quite remarkable and their study represents somewhat of a landmark 
in the evolution of mathematical modelling as a coal-fired combustor design 
tool. 

CONCLUDING REMARKS 
The subject of the mathematical modelling of combustors is a complex and 

multi-disciplinary one, this is especially true when the fuel is coal. The 
current status of coal combustor prediction methods is such that one can 
confidently advise interested industry parties that in spite of limitations, 
these methods all the same constitute a useful design tool provided that a 
sufficient commitment is made to acquire the necessary expertise to use the 
tool effectively. The current and international mushrooming of interest 
in combustor mathematical models is evidence that industry is, after some
what over a decade of diffidence, at last recognising their potential. 

The further development of coal combustor mathematical models would be 
greatly hastened if enhanced cooperation in the common goal between experts 
in the various disciplines, and across the board between scientist and 
engineers, could be promoted, in human terms a tall order. Priority 
research areas are readily identifiable. Numerical solution schemes for 
the gas phase flow equations of improved geometric flexibility and 
which are robust, economic and free of the effects of numerical diffu
sion are required. Modern adaptive grid techniques have been slow to 
find their way into the engineering combustor prediction field. The 
requirement for robustness is a particularly demanding one for reacting 
flows since those numerical schemes which eliminate false diffusion invari
ably display 'over- and under-shoots' during the iterative evolution of the 
solution which can cause solution failure where combustion is concerned. 

The total quantity of volatiles released by the char under combustion 
conditions has emerged as important in numerical sensitivity studies. More 
experimental research is needed to relate this quantity to coal type as 
characterised by its proximate, ultimatE!, and maceral compositions and to 
its in-flame temperature history. More empirical information on char re
activities as a function of coal type is needed, and especially on the 
dependency of reactivity on burnout if the flame tail is to be well 
si mula ted. 

Current predictive techniques are based on volatiles combustion modell
ing which is rather too rough and ready. A model of the general case of 
turbulent partially premixed combustion is required which is above all 
economical and which preferably recognises the importance of carbon monoxide 
as an intermediate product of combustion. Readers familiar with this 
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area will recognise this as a daunting request. 
The importance of the role of the particle/turbulence interaction is as 

yet unsettled. It is likely that this complex process need not be modell
ed with great precision but the validity of all existing models remains 
untested and the commonly used stochastic one is insufficiently economic. 

Fuel NOx appears to play the dominant role in pulverised coal combustors. 
Existing formulation for its formation and destruction have been too 
little applied by the solid-fuel combustor prediction fraternity. It is 
likely that some useful trends could be predicted now to the extent that 
features of burner aerodynamics leading to lower NOx emissions could be 
better understood35 ,36. 

The preceding list of requirements and needsis not complete but in the 
author's opinion it is a fair summary of the more obvious priorities. The 
most urgent need of all is not on the predictive side. Rather, it is the 
need for more experimental combustor data, particularly in the near burner 
field, against which model formulaticns can be validated. 
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ConlOUrs of Axial Velocil). zlD = 1.15 (A = 60.2. B = 
30.0. C = 15.0. D = 10.0. E = 5.0. F = 1.0. G = 0.0. H = 
-1.0 ml..,c) 

Conlours of Tempera lure. z/D = 1.15 (A = 2000. B = 1600. 
C = 1300. D = 1100. E = 980. F = 960. G = 940. H = 
920'Kj. 

1.0 

ConloursofMixlure Fraclion. zlD = 1.15 (A = 0.12.B = 
0.11. C = 0.10. D = 0.09. E = 0.08. F = 0.Q7. G = 
0.065. H = 0.06). 

Figure 2 (b) 
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Figure 2. Prediction of a Refinery Heater (Ref 3) 
Figure 2(a): Furnace geometry and finite difference grid 

2(b) Contours in cross sectional planes, D"'quarl 
diameter. 

2(c) Predicted heat transfer to walls. 
(Points are data). 
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Figure 3. Prediction of Cylindrical Furnace of Canadian Combustion 
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3(a)Geometry and Gri d 
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for Bituminous Coal 
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3(d}Gas Temperature Predi ctions 
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Fi gure 5 (d) 
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Fi gure 5 (f) 

Figure 5. Prediction of Power Station Combustors 
5(a)Geometry of a Typical Front Viall Fired Unit (Ref 35) 
5(b)Predictive Grid 
5(c)Predicted Velocity Vectors in Vertical Planes 
5(d)Comparisons of Predicted Velocities with CEGB Data 
5(e)Predicted Wall Heat Transfer (Ref 181 
5(f)Example Prediction of Coal Particle Trajectories 
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DISCUSSION 

W. Zinser 

In your presentation you have shown a computational grid 
for a front-wall fired furnace. Typical industrial coal bur
ners in these furnaces are stabilized by strong swirl which 
affects probably the burner flow field as a whole. Having this 
in view, do you see a way to predict the turbulent flow field 
in these furnaces at reasonable expenses ? 

F. Lockwood 

Fortunately the local heat transfer are fairly insensi
tive to the bulk chamber flow field the essential features of 
which are not too sensitive to details of the near field flow. 
The only current economic calculation possibility is to make 
bulk chambe~s computations of the kind I have described to 
predict the wall heat transfer and to make separate fine grid 
computations for near field features such as flame stability. 
The two could ultimately be combined in a hybrid prediction 
procedure. 

P.R. Solomon 

Did I understand correctly that your simulations of fla
mes are sensitive to your choice of devolatilization rates? 
Whithin your model what rates agree with observations and 
which don't? 

F. Lockwood 

On the whole we find an insensitivity of the predictions 
to the devolatilization rate specification. The temperature 
rise in the near burner field is generally so rapid that the 
volatiles evolve in a time scale which is short relative to 
other relevant time scale in this vicinity. It must be admit
ted, however, that there are few near field data and it is 
rather too early in prediction procedure history to justify a 
categoric statement. We have used the Anthony and Howard 
recommendation with success for bituminous coals. It has 
proved less satisfactory for the low volatile coals which are 
the subject of a current study. We hope to publish our 
findings on these coals early in the new year. Prof. Wall:s 
recent study of low volatile coal prediction of the IFRF 
should also be consulted. 

M. Morgan 

Can you compare the state of development of aerodynamic, 
heat transfe~, coal chemistry submodels ? 

F. Lockwood 

The available turbulence models, a fundamental component 
of all prediction procedures, are less than perfect. Their 
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defects are at least reasonably well established and not so 
great as to preclude the possibility of useful engineering 
predictions. The existing coal chemistry submodels seem 
capable of providing reasonable predictions, but it is still 
early days in the computer simulatio~ of coal-fired combus
tors, and there is a lack of combustor data especially in the 
near burner field. 

E.Saatdjian 

Would you expect a big difference between theoretical 
and calculated particle temperatures? The reason I ask this 
question is that in the heat transfer to the particle there 
are many phenomena that are very hard to model : the soot 
cloud around the particle, the diminished transfer during 
devolatilization, the "debatable" value of the heat of 
devolatilization, the fact that not all particles "see" the 
wall. 

F. Lockwood 

Our 
difference 
150-2000C. 

predictions so far suggest a maximum temperature 
between the particles and the neighbouring gas of 

K.H. Van Heek 

Do the kinetic parameters used by you for modelling the 
pyrolysis match the kind of coal burned in the Canadian boiler 
for which the calculations were made? If not, would it not be 
better (and easier) to describe the pyrolysis by mass balance 
(char, gases and tars) ? 

F. Lockwood 

We use Anthony and Howard's multiple parallel reactions 
devolatization recommendation for the Canadian bituminous 
coals even though this recommendation is derived from 
experiments on Pittsburgh coal. It appears to work adequatly 
well for our purposes but again I must stress that we have no 
near field data. 

R.H. Essenhigh 

For a particle of mass m 
rate, R, (mass loss from the 
surface area/time) is given by 

4n 30 th ·f· t· =3 a , e spec 1 IC reac Ion 
total particle referred to unit 
differentiating. 

dm/dt 
=~ =Oda/dt + (a/))do/at = f (particle properties) 

surface internal 
mass loss 

rate 

When the 
equation 
between 

regression 
rate 

particles burn internally and externally, the rate 
(above) is inexact : solution requires a relation 

rRdius and density. The equation has to be integrated 
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along a particular path in a-a space. 
What relation do you use between a and a in your model

ling ? 

F. Lockwood 

Our usual practice is to assume that the particle diame
ter remains constant during burn out. Of course this may not 
always be acceptable but real combustor evidence is scanty. 

R.H. Essenhigh 

Reinforcing Dr. Lockwood's point that his computational 
results appeared to be somewhat insensitive to the pyrolysis 
model used, in our one-dimensional, radiation stabilized 
(laminar) flame, the modelling was successful for a bitummous 
coal flame when the volatiles combustion was omitted entirely. 
The reasons for this are complex but depend on the density/ 
radius relation invoked without which the system of equations 
cannot be solved. 

F. Lockwood 

Thank you for your reinforcement of our general observa
tions. I agree that the reasons for the lack of dependency on 
pyrolysis are complex. It may ~e that flows of practical inte
rest may one day be identified for which the pyrolysis rate 
emerges as a more important parameter. 

T.R. Johns~n 

1) This is a comment on the influence of fluid flow pat
terns on heat transfer in furnaces. In earlier work I perfor
med on zone modelling of the ljmuiden furnace, I investigated 
the proportions of heat transport between zones. This showed 
that the three major forms of heat transport, i.e. radiation, 
chemical heat release and convection of sensible heat, were of 
similar magnitude, particularly in the flame region. Thus the 
fluid flow distribution will have a considerable effect on 
distribution of temperature in the furnace. 

2) This comment concerns the relative influence of emis
sivity and thermal conductivity of ash deposits on furnace 
heat transfer. In the energy balance of an ash-covered wall, 
both the emissivity and the thermal conductivity are included. 
The emissivity defines the fraction of the incident radiation 
which in absorbed by the wall, whereas the thermal conductivi
ty (and thickness) governs the ash surface temperature and 
hence the re-radiation of heat away from the surface. Thus 
both of these ash parameters have a significant influence on 
overall furnace heat transfer, and sensitivity analyses that I 
have performed show them to have somewhat similar influence on 
overall furnace heat transfer. 

3) You talked briefly of the turbulent diffusion of coal 
particles in the particle-tracking part of your model. Others 
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have found it necessary to include turbulent particle diffu
sion in order to get realistic looking predictions of particle 
paths. Do you include particle diffusion, and what influence 
do you see it having on the realism of the particle path 
predictions? 

F. Lockwood 

1) All I can say is that it is o~r experience, and also 
believe in that of the CEGB, that the sensitivity of the 

wall heat transfer distribution to details of the velocity 
field is small. In other words the coupling between the 
dominant radiation process and the aerodynamics is small. We 
do find, howevBr, that the influence of the heat release 
distribution on the heat transfer distribution is strong. 

2) Thank you for the comment with which entirely 
agree. I should say that for the exploratory heat transfer 
calculations that we have performed we have generaly used ash 
surface temperature and emissivity recommendations supplied by 
the CEGB. For this reason we have so far avoided involving the 
ash conductances in our calculations. 

3) The matter of the turbulence/particle interaction is 
very under researched. No validated model exists. We use a 
simple gradient transport model which I have to confess does 
not have a lot of physical justification. For these reasons it 
is too early to make definitive statements about the effect of 
turbulence particle dispersion on predictions. The large scale 
turbulence in industry combustors will of course act to smear 
ash deposition. The particles will respond less to the small 
scales of the near burner field. However, if the particles 
have insufficient momenta to penetrate the burner internal 
recirculation zone, they can only do so by turbulence 
dispersion and so the phenomenon can be relevant to flame 
stabilization. 

J.L. Roth 

We believe that the prediction and mastering of the igni
tion point of the coal jet is also important in the case of 
the blast furnace injection, because the ignition within the 
tuyere (length ~ 500 mm, coal residence times ~ 5 to 10 ms) 
can induce : 
- on the one hand, accelerated tuyere wear/slagging/fouling, 

leading to economical and metallurgical losses. 
- on the other hand, accelerated kinetics of coal gasifica-

tion : 
with the help of G. Prado, we showed that coal particles over 
50 ~m cannot be burned out within the tuyere + raceway trajec
tory :residence times less than 30 ms), and that their further 
gasification (in a CO 2 - atmosphere, residence time about 1 
sec.) can be strongly influenced by their initial heating 
rate, and thus by the ignition distance. 

In our industrial tests, we observed coal ignition distan-
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ces varllng from 300 mm to over 1 m with the coal type and 
rate, with blast temperature and aerodynamic conditions. 

Even if we cannot speak of a classical problem of flame 
stabilization, there is an industrial compromise to be chosen, 
and some i~stallators of coal injection utilities sell their 
know-how on this point (see Kobe Steel). 

F. Lockwood 

Thank you for this interesting information as to the rele
vance of ignition in blast furnaces. 

R.H. Essenhigh 

1) My contacts with utilities lead me to conclude that car
bon burn-out is considered a problem mainly by those on the 
"sidelines".Research in T.V.A. has given it some emphasis, but 
the operators generally feel it is good enough for most 
purposes and at this time it is a minor economic loss compared 
with other factors. 

2) I cannot believe that "flame stability" will ever be a 
problem in the blast furnace fuel-injection. I had occasion 
to discuss the fuel injection problem on three consecutive 
weeks last year with representatives from Nippon Steel, IRSID, 
and BHP. Independently of each other they agreed that ignition 
was no problem at all: not in 1000 or 1700 0 C air. The concern 
that did come up was the ignition time and the fraction of 
ignition time as a fonction of residence time in the race way. 
The Nippon Steel investigations were particularly clear. If 
there was too little time left for burn-out the reaction could 
be quenched and post-burned char would pass right through the 
hlast furnace burden. I think it is necessary to make a clear 
distribution between flame stabilization and ignition dis
tance. Sometimes they are closely coupled and sometimes not. 

F. Lockwood 

I do not disagree with your first comment although opera
tors would I suppose be glad to win small improvements in 
combustion efficiency in the absence of parallel consequences 
of increased equipment costs. 

Your second comment should be read together with the pre
ceeding one of Dr. Roth. I do not think there is disagreement. 
I would remark that flame stabilization is the result of 
sufficient residence time in an industrial p.f. burner. In 
this manner the blast furnace and conventional burner ignition 
phenomena are not dissimilar. 
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INVESTIGATION OF THE INFLUENCE OF FURNACE GEOMETRY AND COAL 
PROPERTIES ON FURNACE PERFORMANCE WITH THE HELP OF RADIATION 
TRANSFER MODEL 

W. THIELEN, H.P. Odenthal, W. Richter 

L. & C. STEINMULLER GMBH, D-5270 GUMMERSBACH 

1. PROBLEMS IN THE DESIGN OF FIRING SYSTEMS 
The problems which can arise in the design and operation 

of firing systems are manifold. 
As far as the design is concerned, in most cases the fur

nace output, the firing scheme, the mass flows of the fuels 
and their thermal characteristics are already dictated. 

The main unknown quantities are the thermal flows towards 
the furnace walls and the temperature at furnace outlet, and 
these variables must be determined in order for design of the 
furnace to be possible at all. Up to now these variables have 
been determined by simple mathematical models and experience 
with a good degree of success. 

The actual processes taking place in the individual fur
nace zones are, however, still a matter for speculation. This 
point is important for the firing system designer, who must 
know whether stable ignition can be expected under the de
sired operating conditions. 

The heat flux distribution must be accurately known in 
order to avoid local thermal overloading of the furnace wall 
and fouling buildup. 

Fouling of the heating surfaces in furnaces as well as 
emission of pollutants is considerably influenced by the 
velocity field, turbulent mlxlng and trajectories of the 
solid particles and their condition in respect of degree of 
burnout and temperature. To exercise any control over these 
processes the velocity and temperature fields must be known, 
as well as the mechanism governing combustion reactions in 
the coal particles. 

2. BASIC PRINCIPLES IN THE CALCULATION OF FURNACE USING ENER
GY BALANCE PROGRAMS 
A whole series of complex transport processes takes place 

wi thin a furnace, each of which affects all the others to a 
greater or lesser degree. These processes can be divided in 
principle into three basic groups, viz. 
- the convective transport processes, which are heavily in
fluenced by flow turbulence, particularly in the flame area, 
- thermal transport by radiation, which is determined by the 
optical properties of the gases and solid particles, as well 
as by temperature distribution 
and 
- the chemical reactions, which are influenced by the degree 
of turbulence, e. g. the combustion of volatile constituents 
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in the flame, which is affected by mixing, or burnout of a 
coal particle, which is a function of reaction kinetics and 
diffusion. 

The complexity of the physical and chemical processes in 
industrial furnaces requires more or less drastic simplifica
tion of the physical description. In the following a solution 
method consisting of a combination of a mathematical model 
and model-cum-experiment procedure is being presented. Fig. 1 
shows the basic approach for solving the problem. The furnace 
is divided into a number of separate balance zones. It is a 
good idea to assign one or more zones - depending on the 
degree of resolution required - to each individual burner. 
The energy balance must then be solved separately for each 
balance zone i. e. the energy flows across the balance 
envelope and the energy of the heat sources derived from the 
transformation of the chemical energy in the fuel must be 
worked out. 

On the r. h. side of Fig. 1 can be seen in principle how 
such a balance is drawn up for the volume component. The heat 
liberated by transformation of the chemical energy in the 
fuel is expressed as the heat source OS. Thermal transport 
by radiation is effected by emission (Oe) and absorption 
(Oa). The convective term Ok embraces energy transport by 
sensible heat and the term Qd transport by diffusion and 
thermal conductivity. 
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FIGURE 1. Balance of energy in a volume element 
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The problem can be solved in three separate stages: 
1. Working out the reaction kinetics for fuel input in the 

individual zones 
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2. Ascertaining the flow field in the furnace and calcu
lating the mass flows across the balance zone boundaries 

3. calculating thermal transport via radiation, the tem
perature fields and fuel transformation by means of a suit
able radiation exchange model which takes into account the 
flow field and reaction kinetics. 

2.1 Reaction Kinetics Model for Coal Combustion 
The process of combustion in a coal particle can be divi

ded conceptually into two main parts: the combustion of the 
volatiles and the burnout of the degasified coke particle. 

The coal particle which is due to undergo combustion is 
heated up on entry into the combustion chamber partly by 
transfer of heat f rom the hot flue gases and partly by its 
own rapidly commencing reaction. The particle is degasified 
as a result, i. e. the volatiles are expelled. The rate of 
this degasification depends upon the rate at which the par
ticle heats up, the size of the particle and the composition 
of the coal itself. The exact composition of the volatiles 
again depends on the progress of the heating-up reaction, 
since intermediate reactions of various types can occur here. 

For coal particles under 100 microns, which form the 
greater part of the p. f. content in coal firing systems, and 
at temperatures above 1000 °c the time of devolatilisation is 
below 100 ms. 

It is assumed for this purpose that devolatilisation takes 
place within a negligible time, i. e. that the volatiles and 
the degasified coke particle are already separated at the 
point where combustion begins. Combustion of the two compo
nents .then takes place side by side, though not completely 
independent of each other. 

The reaction rate in the combustion of the volatiles is so 
great that, for industrial firing systems, it is of negligi
ble effect in comparison with the influence of the mixing 
times, which are determined by flow turbulence in the flame. 
This means in effect that combustion of the volatiles is af
fected solely by the mixing effect and is thus essentially 
dependent on the type of burner and the manner in which it is 
operated. 

Generally speaking, combustion of the volatiles can be ex
pressed as an exponential function. 

Immediately on heating up of the coal particle, burnout of 
carbon at the particle surface commences. The burnout mecha
nism of the coke particle can be extremely complicated and 
depends partly on the structure of the particle and its con
dition as a result of the events during heating-up and devo
latilisation, partly on the thermal and chemical environment. 

But already the use of a very simple burnout model (Fig. 2 
a,nd [1]) gives good results. It is assumed that the coke par
ticle is surrounded by a stagnant gas layer several particle 
diameters in extent. Oxygen diffuses through this boundary 
layer and reacts at the particle surface to form carbon diox
ide or carbon monoxide, which then diffuse out into the free 
gas flow. 

Given that it is mainly carbon monoxide which diffuses 
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FIGURE 2. Burnout model 

back into tqe free gas flow, the surface reaction rate can be 
described in terms of molecular diffusion, a first-order sur
face reaction at the particle itself and the partial pressure 
of oxygen in the free gas stream. 

Values for the activation energy E and the frequency fac
tor ko depend heavily on the coal type and can be calculat
ed approximately from [2] or experiments. 

During burnout of the coke particle, temperatures consid
erably in excess of the surrounding gas temperature may de
velop at its surface. These temperatures must necessarily be 
calculated and taken into account in any consideration of the 
energy balance derived from the energy flows to and from the 
coal particle. 

In considering real combustion processes, the whole spec
trum of coal grain sizes must be taken into account. For this 
purpose the coal particles are subdivided into individual 
coal grain classes and the burnout behaviour of each class 
considered in isolation. This procedure is described in de
tail in [3]. 

2.2 Flow field 
For calculation of the mass flows across the balance zone 

boundaries, the knowledge of the flow field is necessary. 
Strictly speaking, it is only possible to contemplate the 

flow field in conjunction with the process of combustion and 
gas temperature distribution i. e. as a general rule, only an 
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alternating reiterative series of calculations for the veloc
ity and temperature fields will produce a correct answer. 

In furnaces where the flue gas flows exhibit a high degree 
of turbulence it is however possible, by observing certain 
modelling rules, to determine the flow field separately in an 
aerodynamic model by taking a series of isothermal flow mea
surements. The mass flows across the balance zone borders 
required for calculation of the radiation exchange can be ob
tained from the isothermal measurements by integration across 
the balance zone envelopes. 

A very good reason for applying this procedure is that the 
development of computer programs for calculating 3-dimen
sional flow fields in large furnaces with many burners is, 
even today, not so advanced that the application of such pro
grams is necessarily easier or economically sounder. By con
trast, a fund of long-term experience in the modelling of 
flow processes can be drawn upon. 

Further, experience has shown that the practice of taking 
isothermal flow measurements in furnace models is capable of 
revealing and thus allowing the correction of flow anomalies 
which would otherwise occur in the fullsize furnace. 

Fig. 3 and 4 show now for example the flow fields in the 
burner cross section of a furnace with swirl burners and a 
full-wall tangential firing system. 

These model measurements have been carried out with a 
triple-split-film probe [41, [51 which allows a fully com
puter-controlled measurement and automatic evaluation. 
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FIGURE 4. Full-wall tangential firing system 

2.3 Calculation of Radiation Heat Transfer 
Calculation of the temperature distribution, the radiation 

exchange, th~ fuel transformation and the gas composition in 
the various furnace zones is then finally carried out using a 
3-dimensional radiation exchange mathematical model. This 
model, a zone procedure, operates on a so-called semi
stochastic method which represents a further development of 
the Monte Carlo method [3]. 

The model permits calculation of radiation transport to 
the furnace walls, the temperature distribution and gas com
position, together with coal burnout calculations for coal 
firing systems. 

By inclusion of a factor for depth of fouling and the 
thermal conductivity of the fouling layer on the walls, the 
influence of fouling on furnace behaviour can be investigated. 

In this model the furnace is devided into individual zones. 
Starting from each zone, a discrete number of rays with con
trolled random points of origin radiate out and are followed 
along their paths through the furnace until they to all in
tents and purposes lose their identity through absorption in 
the various zones. 

In contrast to the point of origin of the ray and its di
rection, other factors such as the absorption along the path 
of the ray are treated in a deterministic manner. In this way 
the unavoidable statistical errors of the Monte Carlo method 
are largely obviated. 
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3. APPLICATION OF THE MODELS TO LARGE UTILITY BOILERS 
Boiler performance is influenced by many items, but one of 

the most important is the coal itself. Investigations within 
the presented model have shown, that the coal properties may 
not be considered isolated but in conjunction with the fur
nace design [6]. 
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FIGURE 5. Characteristic temperatures and burnout points for 
different furnace sizes 

A good survey is given by Fig. 5 where some characteristic 
tempera~ures for different furnace sizes are shown. As can be 
seen, temperatures in the burner belt increase with the fur
nace size. If coals with low ash melting points are fired, 
slagging on the furnace walls has to be taken into account in 
larger furnaces more than in smaller ones. But if some funda
mental design rules are observed the problems can be handled. 
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Fig. 6 shows the calculated temperature distribution in a 
burner plane of two swirl burner fired furnaces with differ
ent sizes but identical thermal cross section loads. The tem
peratures in the centre of the larger furnace are about 100 K 
higher than in the smaller one. But the choice of a large 
distance between burner and wall helps to decrease the tem
peratures in the near wall region so that the dif'ference is 
here only about 60 K. 

Furthermore the calculation of the trajectories and burn
out of coal particles in the burner reg ion shows that im
pingement of molten ash particles onto the furnace walls can 
even be reduced by optimising the burner arrangement. 

In the radiation transfer model anisotropic scattering at 
fly ash particles can be considered. 

dI 
ds 

The radiation transport equation can be written as: 

ks 4 f1l 
I + ka Ib + P (<l1*) I (0*) d 0* 

4"it' 0 

( A) ( C) 

(A) is the sum of absorbed and scattered radiation inten
sity, (B) the growth of radiation intensity by emission at 
the location s and (C) the growth of radiation intensity by 
scattering from outside. 

As can be derived from this equation, scatter is able to 
reduce the radiation transport if the optical depths are high 
enough. This reduction can be even higher than the increasing 
of emissivity dependent on ash load, particle size, size dis
tribution and particle material [7]. 

The impact of this anisotropic scattering is depicted in 
Fig. 7. Heat flux density and temperature distribution were 
calculated in a full wall tangential fired furnace of a 
600 MWel boiler with and without inclusion of scatter. As 
can be seen, scatter increases the temperatures inside the 
furnace and decreases the heat transfer to the walls. As a 
consequence of this, heat transfer is shifted towards the 
convective heat exchangers behind the furnace chamber. 

The comparison of several calculations with furnace mea
surements indicates, that 
- scattering has to be taken into account if the ash content 
is high, optical pathes are long and ash material is optical 
transparent 
- it seems at present time that the influence of ash absorp
tion is nearly compensated by scatter if scatter has to be 
taken into account. 

The strong influence of scatter on heat transfer especial
ly in larger furnaces and a lag of knowledge about the influ
ence of the ash composition suggest more systematic investi
gations of the effect of scatter in large p.f. furnaces. 

In further studies the simple reaction model which is used 
for the description of the char burnout was examined [8]. 

Coal burnout in big furnaces is strongly influenced by 
- coal particle size and size distribution which are deter
mined by the fineness of grinding 
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FIGURE 7. Impact of anisotropic scattering on net heat flux 
density and temperature distribution in a fullwall 
tangential-fired furnace 
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- coal composition and reactivity which roughly can be de
rived from the content of volatile matter 
- flue gas temperature which is determined by furnace design, 
fouling and air ratio 
- residence time in the furnace 
- oxygen partial pressure which varies with the air ratio or 
if flue gas is recirculated. 

The influence of particle size and content of volatile 
matter in coal on burnout is well known from a lot of mea
surements. There exists an empirical rule which relates the 
required fineness of grinding to the proximate of volatile 
matter content to obtain a definite content of unburned car
bon in ash. 

Such an empirical relation is shown in Fig. 8 for a value 
of 6 % of unburned carbon in ash and valid for a 700 MWel 
boiler. 

The calculations 1, 2 and 3 fit the 6 % curve if ko = 
400 kg char/m2s bar 02 and E = 89890 kJ/kmol. 

By varying the content of volatile matter for case 2 and 3 
we obtain two other constant carbon burnout curves (2 % and 
13 %) which allow the extrapolation of experimental data. 

Calculations with different coal particle size distribu
tions and measurements show that the unburned carbon in ash 
originates from. the big coal particles, so that the residue 
on the 200 ~m mesh is a better criterion for grinding quality 
with respect to burnout than the residue on 90 ~m mesh. 
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If coal mixtures with different reactivities/contents of 
volatile matter are fired, a separate particle size distribu
tion and reaction equation has to be assigned to each compo
nent. 

A very interesting result is in that case that the burn
out of the high reactive coal is intensified at the beginning 
because the low reactive coal doesn't consume so much oxygen 
and that the burnout of the low reactive coal is decelerated 
because the overall oxygen concentration is reduced by the 
accelerated burnout of the high reactive particles. 

1.0 r-----r--------,,-------y--------,------, 

ala a) high volatile coal 

0.8 ft-----+-----+ 
b) low volatile coal 
---coal alone 
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TimE? 
FIGURE 9. Burnout behaviours of different coals 

Fig. 9 shows the results of a burnout calculation with 
high and low reactive coal alone and high and low reactive 
coal in a mixture. 

The influence of coal mixture, temperature and oxygen con
tent of combustion air has been investigated and compared 
with measurements in a 1600 MWth opposed fired boiler com
bustion chamber, see Fig. 10. 

Though the absolute values of predicted burnout differ 
from the measurement results due to insufficient knowledge of 
physical model parameters and due to the simplifications of 
the combustion process the general behaviour is represented 
very well. 

Burnout depends strongly on the coal composition, on fur
nace temperature which in this case is determined by the 
fouling of furnace walls and oxygen content in combustion 
air. Residence time has to be taken into account too, but 
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FIGURE 10. Influence of oxygen content in combustion air, 
coal composition and furnace condition on unburned 
carbon in ash 

it is of minor significance in comparison to coal composi
tion, temperature and oxygen content. 

4. CONCLUSIONS 
With the help of a 3-dimensional heat transfer model, 

aerodynamic model measurements and a simple burnout model it 
is possible to predict the overall furnace performance, heat 
flux, temperature distribution and carbon burnout. 

The influence of furnace geometry and fuel properties has 
been investigated with the model and compared with measure
ments in large p.f. fired utility boilers. 

Absolute values of predicted variables may still be some
what uncertain but reliable predictions of the impact of re
lative changes of geometrical, operational and fuel-related 
parameters on thermal performance of a furnace are possible. 
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1. INTRODUCTION 
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Formation and reduction of nitrogen oxide from fuel-bound 
nitrogen in pulverized coal flames strongly depends on combu
stion conditions. From experimental investigations it is known 
that important parameters envolved are residence times, tempe
rature distributions and the availability of reducing flame 
zones. While these effects can be directly studied in labora
tory scale experiments, problems arise in practical applica
tions where these parameters are generally unknown. Mathemati
cal flame models offer a possibility to predict the turbulent 
flow field and local flame conditions at least to some enginee
ring accuracy. 

This paper describes an attempt to exploit these features of 
mathematical flame models for the prediction of NO formation 
and reduction in coal flames. The investigation starts from a 
model for single enclosed pulverized coal flames developed at 
the University of Stuttgart. After a short discussion of basic 
modelling assumptions, the predicted flame pattern is used to 
introduce a simplified scheme for the kinetic mechanisms gover
ning NO emissions. This scheme has been proposed by deSoete (1) 
based on laboratory investigations. Turbulence modelling of 
temperature fluctuations revealed amplitudes of up to 300 K in 
the primary flame zone, which is again the region dominating NO 
emissions. As the relevant reaction rates show high activation 
energies, it is proposed to model these effects by way of a 
probability density function for the gas phase temperature. 

Prediction examples indicate that the model is able to give a 
realistic overall picture of NO formation in pulverized coal 
flames. Finally, the paper discusses some implications of the 
approach and its use for practical investigations. 

2. THE PULVERIZED COAL COMBUSTION MODEL 
2.1 Introductory Remarks 

Mathematical flame models for the prediction of pulverized 
coal flames have been proposed by various authors. Fundamental 
studies at the British Coal Utilization Research Association 
(2) led as early as 1970 to the publication of a simple fluid
dynamical model for axi-symmetric anthracite flames by Gibson 
and Morgan (3). Richter and Quack (4) extended this approach 
by including turbulence modelling in coal combustion and were 
able to test their model successfully against experimental 
data. Following the recognition that fluid mechanics of the 
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gaseous and of the particulate phase play an important role 
in coal combustion - see for example the discussion in the 
review of Beer et ale (5) - various models have been proposed 
to model the turbulent particle phase. A Lagrangian description 
of the particulates offers advantages in the characterization 
of particle slip and temperature-time history of single par
ticles. This approach has been followed by various workers (6), 
(7), (8), while in the present work a Eulerian description has 
been preferred which offers advantages in depicting turbulent 
particle dispersion (9). 

Mathematical flame models for three-dimensional furnace pre
dictions have become available recently (10), (11), and can be 
expected to offer a clear potential for transferring mathema
tical coal combustion modelling to utility furnace applica
tions. For a model of nitrogen oxide formation it is save to 
assume that the processes involved do not affect the heat re
lease or the local density of the flow field. Thus, flame pre
dictions can be performed using a simplified heat release 
model. Based on the flame pattern obtained in this way, the 
modelling of nitrogen oxide can be performed independently. 
This is described in section 3. 

2.2 Fluid Dynamical Modelling 
Figure 1 gives a short sketch of flame processes which are 

of interest in mathematical flame modelling. 

PULVERIZED COAL LOW.NO, BURNER FLAME PROCESSES 

FIGURE 1. Fields of interest in flame modelling 

The turbulent flow field is influenced by the combustion pro
cess only by way of local flow density. This allows to treat 
the turbulent transport processes as independent of the combu
stion model for a given density distribution. Computationally, 
as the flow field will influence the flame pattern, this app
roach will require to re-adjust any predicted flow field to the 
predicted local flame density until convergency is achieved. 

Fluid-mechanically, pulverized coal flames are turbulent 
particle-laden reacting flows. As the volumetric fraction of 
the particulate phase is typically less than 0.001 and most 
particles are crushed to diameters less than 100 pm, the par
ticle cloud is approximated as a continuum and the mean par
ticle velocity is assumed to be approximately equal to the gas 
phase velocity. The latter assumption excludes flames with 
strong velocity gradients, but it can be expected to hold in 
long coal flames as found in many practical applications. 
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Table 1. Modelled transport equations 

If one defines a mean density Pm as mass of mixture per 
unit flow volume, a Favre-averaged transport equation for a 
general variable ¢ may be cast in the following form (9): 

d - _ - d [_ {Vt (_) v } d¢ ] _-
dX j (Pm u j ~) = dX j Pm prt,~ + 1-mp pr~ dX j + Pm s~ 

The eddy viscosity of the mixture is derived from turbulence 
modelling to be given by 

tp 
-1 1/2 k2 

( 1 ) vt = 0.09 . { (1-mp ) + mp + 
tL 

} ( 1-mp ) 
e: 
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( 1 ) 

(2 ) 
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mp denotes the mean local mass fraction of particulates. The 
relation between particle relaxation time and a Lagrangian 
time scale of eddy motion, tp/tL' is approximated by 

tp 
t = 0.478 

L 

2 dp Ps £ 

].l k 

( 3 ) 

dp and Ps denote diameter and material density of the 
particles, while ].l is the dynamic_viscosity of the gas phase. 
If the local particulate loading mp vanishes, the standard 
k-s model for gas flow is recovered. 

Details of turbulence modelling applied here are given in 
ref. (9). Table 1 gives an overview of transport equations 
solved for the fluid-dynamical description of the flame. 
Local gas phase temperatures TG can be deduced from h, while 
the temperature of the particulates Tp is calculated from 
thermal equilibrium at the surface. The radiation model which 
appears in the source term of fi is a four-flux model taken 
from Richter (12). 

2.3 Combustion Modelling 
Modelling of heat release and of major species reactions is 

done in a rather simplified way. A discussion on the validity 
of the underlying assumptions can be found in (2), (13), (14). 
Figure 2 gives a scheme of the assumed global reaction paths. 

FIGURE 2. Simplified scheme of coal combustion 

Coal is considered to devolatilize in a single step to form 
pyrolysis products which are represented by CO, H20 and a ge
neral hydrocarbon CxHy • In the presence of oxygen, the hydro
carbon CxHy is instantaneously oxidized to yield H20 and CO. 
Char oxidation is dependent on the oxygen concentration at the 
surface, which again is a function of particle size and 
pyrolysis rate. The product of char oxidation is assumed to be 
CO, which will be oxidized to C02 in the presence of water 
vapor H20 and be rate controlled by eddy mixing (15). 

Thus, in the formulation of the burn-out model, the following 
wing species are balanced: Volatile Coal (ve) which is released 
as volatiles during pyrolysis, Char (C), and the gaseous 
species CxHy, 02, H20, CO, and C02. Particle size effects are 
included by considering various size classes for the solids. 
Ash is treated as an inert cqmpount. The modelled global 
reaction scheme is given in table 2. 



Pyrolysis: 

Char oxidation: 

Gas-phase reactions: 

Relations for mass-based stochiometric coefficients: 

LV . . = 0 
j ~, J 

L v . . = + 1 
j=RHS ~,J 

L. v .. = - 1 
j=LHS ~,J 

VC denotes "volatile fraction of coal", C denotes "ctar" 

Table 2. Modelled global reaction scheme 

2.4 Results of Flame Predictions 
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A comparisQn of prediction results with measurements for the 
present model has been attempted in (9), (10), (15). For the 
present purposes, the experimental work of Michel and Payne 
(18) seems especially suited as both field values of velocity, 
temperature, major species concentrations, and nitrogen oxide 
concentrations are reported. In this experiment, pulverized 
high volatile Saar coal was burned in a parallel-flow burner at 
a thermal load of roughly 2 MW. Details of the measurements in 
6 attached and detached flames are given in the original report 
(18) • 
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FIGURE 3. Measured and predicted distributions in a detached 
coal flame 
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In predicting these flames, problems arouse with a realistic 
calculation of the flame ignition length. Although the char 
burning model described in table 3 gave improved predictions 
of char ignition conditions if compared to more common 
approaches previously used (15), a strong influence of the 
coal flow conditions inside the burner could be observed. 
This matter requires further studies. Still, for the present 
purposes, the prediction results were considered to provide 
a reasonably sound basis for pollutant formation studies. 
Figure 3 shows a comparison of predicted (upper half) and 
measured (lower half) profiles of temperature and oxygen in 
a detached coal flame from (18). 

Variable Description 

Volatile fraction 

of coal 

Char fraction 

Unit 

kg/kg 0.7 

kg/kg 0.7 

kg/kg 0.7 

P 
-1248 .• ~ . iii • iii... • exp(-9553./T ) 

PS'\> C V2 ,S P 

OKygen concentration at particle surface S: 

[ x·no '), 1 _ _ 2,S 
nu = X + (nu -x) exp - 2 PcP 

2,S 2 

Mass flux ratio in particle boundary layer: 

Effect of burn-out B: 

a 1-3a 
'\> = (l-B) '\>,0 ' Ps = (l-B) PS,O 

Additional l"ICIreIlClature: Tp K particle surface tatporature, Ps kg/m3 material density of 

char, '\> m particle diameter, Doz,rntot kg/m2s mass flux of oxygen and all species in particle 

boundary layer, PcP kg/m. s diffusion coefficient in particle boundary layer, B kg/kg local 

burn-out, a - anpirial parameter beu..aen 0 and 1/3 to acccunt for shrinking. 

Table 3. Modelled transport equations for coal combustion 

Following a proposal by Richter and Saha (16), the assumption 
of equal turbulent Schmidt/Prandtl-Numbers for all species 
allows to rearrange species concentrations in table 2 in such 
a way that combined variables ~i are obtained which are free 
of source-terms and are linearly related to the mixture-frac
tion f from table 1. A description of the Shvab-Zeldovich for
mUlation may be found in (17). 
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In this case, a typical combined variable may be given by 
= V4 ,C0 2 V3 ,02 V4 ,C0 2 _ V4 ,C02 V2 ,02 _ 

~1 v v mc H - ~o m02 + mco2 + ~ ~ mC 
4 , ° 2 3 , CxHy x Y , 2 ' 2' ( 4 ) 

v v v 4,C02 3,02 1,CxHy _ 

- v4 '02 v3 C H v 1 VC fivc 
f X Y I 

From this variable, the modelling assumption that CxHyand 02 do 
not coexist at the same time at any flame location in a mean 
sense can be introduced by postulating mCxHy . m02 = o. 

Table 3 gives a review of the balanced mass concentrations 
to close the coal combustion model. 

3. NITROGEN OXIDE FORMATION AND DESTRUCTION 
3.1 The Reaction Scheme 

Nitrogen oxide emissions from pulverized coal flames are 
dominated by conversion of fuel-bound nitrogen. Detailed 
reviews about this subject have been provided by various 
authors, see for example (13), (19), (20), (21). 

In the present work, an attempt is made to include the global 
features of NO-formation mechanisms into the flame model for 
volatile coals. This approach is expected to allow a prediction 
of NO formation as a function of local residence time, tempera
ture, equivalence ratio and turbulent mixing in the flame. 

During the course of pulverized coal combustion, fuel-bound 
nitrogen is released in two separate stages. Under flame condi
tions, a major part of the nitrogen evolves during pyrolysis. 
Pohl and Sarofim (22) report that the relative portion of 
nitrogen re~eased in this way is strongly increasing with pyro
lysis temperature. In the second stage, residual nitrogen which 
is retained in the char may be oxidized during char burn-out. 
Song et ale (23) have found in laboratory furnace experiments 
that oxidation of residual fu.el nitrogen and char is not selec
tive, but that at high temperature a secondary pyrolysis can be 
observed of tightly bound fuel-nitrogen. Still, under some cir
cumstances the conversion rate of nitrogen to NO might be even 
less for char-bound nitrogen than for volatile nitrogen (22). 

In modelling these effects we follow a proposal by Hill 
et ale (24) and assume that the rates of nitrogen release 
during pyrolysis and during char oxidation are proportional to 
the equivalent rates of carbon release (see table 3). The 
relative amount of fuel-nitrogen evolving during pyrolysis is 
guessed as an empirical parameter of this simple model. From 
ref. (22) it can be deduced that this parameter strongly 
exceeds the volatile content from proximate analysis and may 
reach up to 90 % at high flame temperature. 

The fate of fuel-nitrogen after release from the coal is 
modelled following a proposal by deSoete (1), this is again 
adopted from ref. (24). DeSoete concludes from work in doted 
premixed flames that HCN occurs as major intermediate species 
and is formed very rapidly after nitrogen release from the 
coal. HCN may react further in two ways. In the presence of 
oxygen, HCN will be oxidized to form NO. As a competing 
reaction, HCN can be considered to reduce NO to N2' In reality, 
the latter reaction will involve NHi species (21). For the 
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present purpose. of global modelling, these intermediate steps 
are considered as fast in the presence of OH-radicals. 

In modelling the fate of residual nitrogen released from the 
char, we have adopted an argument from (22) and assumed that 
inside the particle boundary layer oxygen is depleted. From 
this we conclude that fuel-nitrogen is released as HCN at the 
rate of char burning and can be treated in the same way as 
volatile components. Fig. 4 shows a sketch of the modelled 
reaction scheme. 

OXIdation Reduction 

FIGURE 4. Modelled scheme of fuel-NO reactions 

Variable Unit Source term (P; S~) 

HCN kg/kg 20301050p;oiilvcoIl"N,00exp(-89000/Tp) 

- 1010 p; ~O%~ 0 SP(T) 0exp(-34<XXl/T)dT 

-
- 301012 p; IDaCN°ffro 0 f P(T) oexp(-30<XXl/T)dT 0 "No ~~_iip) 

+ 120304 0 ~ 0 iii..oiii.. 0 Il"N,co~,o 0 exp(-95530/T ) 
Ps -p L: u2,S 1""'"vM P 

NO kg/kg 1010 p;°~CN %~ 0 f P(T) oexp(-34<XXl/T)dT 0 ~d~CN 

- 3 01012 poiii.. ___ oiiL 0 fp(T)oexp(-3O<XXl/T)dT 0 ~_ 
m HeN NU ~CN (1-np) 

+ {40S6010210p;;;or1b2 oToexp(-41150/T) _20401020 op; rrn20ffrooffro} 

/ {106010100ffro+6040106 no oToexp(-31500/T)} 
2 

Additional nanenclature: Il"N,o kg/kg nitrcgen content of r<M coal, b fractional 

reaction order of oxygen as function of xOz' given by desoete (1), IIN,c kg/kg 

mass fraction of nitrcgen retained in char, '"17M kg/kg volatile matter in raw 

coal (frcm proximate analysis), "02 kIlol/krrol IlOle fraction of oxygen in the gas 

phase, Mi kg/kIlol IlOlar weight of species i (i = G: gas phase) 

Table 4. Modelled reaction rates of HCN and NO 
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Formation of thermal NO we have modelled following a simplified 
scheme from Richter and Chae (25). Heterogeneous reduction of 
NO in the presence of char may be significant in some situa
tions, but the effect observed in computations using literature 
rate data was less than 10 ppm NO in the cases investigated 
here. The kinetic data used in the model are given in table 4. 

3.2 Turbulence Interactions 
Reaction rates in turbulent flows become strongly dependent 

on turbulent fluctuations of local flame conditions if reaction 
time constants are of the same order of magnitude or smaller 
than mixing time constants of the turbulent field (26). Reac
tions with high activation energy show largely increased mean 
reaction rates if they are subjected to significant temperature 
fluctuations. This situation is typically found for the forma
tion of nitrogen oxide in turbulent flames where radical forma
tion plays an important role. In investigating the formation 
of fuel nitrogen from coal flames, the influence of turbulence 
on local reaction rates should not be confused with the appa
rent insensitivity of NO formation to changes in mean tempera
ture. The latter effect may be attributed to a trade-off 
between pyrolysis yield affecting primary stoichiometry and 
nitrogen conversion (22). 

Smoot and Smith (13) propose to model these turbulent 
oscillations by local fluctuations of the mixture fraction. 
In large coal flames, radiation becomes a dominant mechanism of 
heat transfer and local mixing conditions are intricately 
dependent on gasification mechanisms of the coal dust. Regar
ding the high activation energies of the reactions of the 
nitric species specified in table 4, we assume that concentra
tion fluctuations are not strongly correlated with temperature 
oscillations in these flames. This effect can be described by 
defining a probability density function peT) for the local 
temperature at any location in the flow. The mean value of the 
Arrhenius-term of each reaction is then given by simple 
convolution over peT): 

exp(-TA!T) = J P (T) exp(-TA!T) dT 
T 

(5) 

In table 4 the mean reaction rates of the NO formation and re
duction model are obtained in this way. 

With this formulation the problem has been transferred to ob
taining a probability density function for the local tempera
ture. Here we have assumed that P(T) may be characterized by 
two parameters, the mean temperature T and the variance of 
temperature T"2 in a Favre averaged sense. Following Jones (27) 
a good choice for a two-parametric probability distribution 
of scalars in flames may be given by a ~-function. This is 
shown in table 5. 

Starting from mean values of temperature T at any flame 
location, the problem remains to specify local temperature 
oscillations. This has been derived from modelling a transport 
equation for the local variance of sensible enthalpy 9h' which 
is connected with temperature fluctuations via the local 
specific heat capacity cp : 9h = cp T"2. The turbulence model 
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is an extension of the R-s turbulence model, basic steps are 
described for example in (9). The model is able to take the 
effects of radiation and local reaction rates on turbulence 
fluctuations into account. Table 5 shows the modelled equations 
for the description of temperature turbulence. 

Variable Description 

9h Variance of 

sensible enthalpy 

a-function P(T) 

T-Tinl t 
normalized variable t = T -T e 

ad inlet 

tP-1 (1_t)q-1 
P (T) = ""1-=---...:..:-...:::.:---

f tP-1 (1_t)q-1 dt 
o 

p=t ---1 - [ to-E) 1 
t"2 

q = p • (1-t) 

) 1\ 0.0 '-----'--LLI..--'>-_--'-__ 

o 600 1600 
temperature. C 

Typical shape of B-function 

Additional nanenclature: cp kJ/kg K specific heat capacity, ink',o kg/kg s 

mean reaction rate of reaction k without fluctuations, ~ kJ/kg heat of 

reaction; reaction k, Tk K activation temperature, Tad K adiabatic temperature 

Table 5. Modelling of temperature fluctuations 

3.3 Prediction results 
The flame model has been applied to a variety of coal flames 

from the "long coal flame trials" of Michel and Payne (18). 
Presently, we shall discuss only very few results. 

Figure 5 shows a sketch of the measured NO concentrations, 
plotted over a cross-section of the furnace in a three
dimensional view. From this graph one can clearly identify the 
peak of NO after devolatilization of the coal and the reduc
tion of NO in the secondary flame region. On the RHS of fig. 5, 
the modelled variance of temperature fluctuations is shown. 
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Maximum values of oscillations are observed to occur directly 
after the ignition region where large temperature gradients 
have been developped. In the post-flame regions, these 
fluctuations are largely damped by mixing and radiation. 

NO 

FIGURE 5. Measured NO distribution and predicted temperature 
fluctuations in the coal flame 

From these predictions we conclude that large temperature fluc
tuations are to be expected in the flame zone where primary re
duction of NO occurs. The effect of this is shown in figure 6. 
On the LHS of figure 6, prediction results on the flame axis 
and for two radial cross sections of the flame are compared 
ignoring turbulence interaction. Obviously, reaction rates are 
largely underpredicted. It is interesting to note, that this 
effect is much stronger in predicting peak values of NO inside 
the flame than in predicting mean outlet values. 

On the RHS of figure 6, predictions are shown including 
turbulence effects as described in table 5. In this case, the 
trends of the NO distribution at the jet axis can be considered 
as predicted quite correctly. 

~ prediction ~a5urement prediction measurement 
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FIGURE 6. Prediction results compared with measurements 
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4. CONCLUSIONS 
Although many questions concerning NO emissions from coal 

flames are not sufficiently understood, the simplified mathema
tical model appears able to predict at least some trends and 
levels of NO formation rather realistically. At present, the 
model has only been applied to non-swirling flames of high 
volatile coals. To increase confidence in the capability of 
this model, a wide range of various flame types should be 
investigated. 

However, there are similarities to flame conditions to be 
found in tangentially or wall-fired furnaces where non
swirling burners are used. Future work will show whether a 
model of the presented type included in furnace prediction 
codes can perform realistic calculations of NO-emissions of 
full-scale pulverized-coal fired furnaces. 
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DISCUSSION 

G. Soete 

In a turbulent (coal) flame you have fluctuations of tempe
rature, but also of local equivalence ratio. The latter may 
lead to increase or decrease of the NO formation rate (remind: 
fuel-NO is strongly oxygen content related!). Why didn I t you 
take also into account the statistical, local, equivalence 
fluctuations? 

W Zinser 

Temperature and concentration fluctuations are probably 
correlated to some degree in these flames and this would re
quire the use of joint probability density functions for all 
variables involved. In this case, we have assumed that the 
high activation energy of the reactions involved in NO forma
tion and reduction lead to a situation, where the influence of 
temperature fluctuations dominates that of concentration 
fluctuations. To check numerically upon this assumption, we 
have assumed alternatively a joint pdf of the square wave 
oscillation type for oxygen and temperature in such a way that 
a temperature rise was correlated to a decrease in oxygen 
concentration. This situation was considered as a worst case 
in reducing the effect of turbulent fluctuations. In the 
predictions, this assumption showed to decrease peak values of 
NO, but in no way as much as neglecting temperature fluctua
tions would do. In order to avoid the need to predict this 
joint pdf in a general way, we felt it more realistic in the 
present case to neglect this correlation and to model tempera
ture fluctuations in radiating and reacting flame situations. 

[.M. Suuberg 

How sensitive is the model to the fraction of nitrogen re
leased with the volatiles? Presumably an increased value could 
raise the peak NO value to the measured value. Is there a pro
blem with modelling the outlet NO level if a higher fraction 
of volatile nitrogen is assumed? 

W Zinser 

The model assumes that nitrogen retained within the char 
during devolatilisation is released together with the carbon 
in the ch8r burning region. As only very few NO reducing spe
cies are available in this region (neglecting heterogeneous 
reduction of NO), NO formed in this way will mainly be emit
ted. This leads to the effect that an increase of nitrogen 
content in the residual char increases flue gas concentrations 
of NO, but reduces at the same time the observed peak in the 
pyrolysis zone. The measured distribution of NO in the flame 
shows a very clear peak after pyrolysis, and the ratio between 
peak values and exit values was indeed used to guess the 
nitrogen retained in the char. As devolatilization is probably 
rising up to 1900 K in the flame under investigation, a value 
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of 10 - 20 % seems not unreasonable. 
Measurements of Michel and Payne (18) indicate a variation 

of this value for various types of coal flames with different 
heating rates. 

To answer your question, the trends predicted by the model 
are indeed as you are expecting. The modelling problem was to 
find a consistent formulation which predicts both peak values 
and outlet values of NO realistically. Application of the mo
del to predict various coal flames showed that NO predictions 
were mainly sensitive to the quality of the predicted tempe
rature field. 

P.R. Solomon 

Can you compare your results where you assume 15 - 20 % of 
N is retaintd in the char with those of Smoot where the char N 
is assumed to be proportional to the char carbon. 

W. Zinser 

The model proposed by Smoot and coworkers (13), (24) is in 
many respects similar to the one presently proposed. Major 
differences are the Eulerian description of the burning coal 
cloud and the treatment of temperature fluctuations with 
respect to mean gas phase reaction rates. As mentioned in the 
answer to the question by Suuberg, a trade-off in the NO 
outlet level has been observed between temperature fluctua
tions and nitrogen retention in the char. Further considera
tions should be based on field measurements of NO, analysis of 
the coal under high temperature pyrolysis conditions, and, 
possibly, fn-situ measurements of temperature and concentra
tion fluctuations. 
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PRACTICAL USE OF COAL COMBUSTION RESEARCH 

P.T. Roberts C. Morley 

Shell Research Ltd. 
Thornton Research Centre 
P.O. Box 1 
Chester CHi 3SH, U.K. 

o. SUMMARY 
Laboratory measurements of coal rapid pyrolysis char yield 

and char reactivity, together with a simple model of 
pulverized coal combustion, have been used to predict coal 
combustion efficiency in utility boilers. Several bituminous 
coals were tested and found to burn out to different extents 
under boiler conditions. Burnout performance did not correlate 
well with proximate volatile matter content. 

Burnout predictions agreed with measured power station data 
for three coals. Model calculations showed that furnace 
residence time distribution and excess air are parameters 
strongly affecting burnout. Grind fineness (% w < 75 micron) 
has a potentially large affect on combustion efficiency but 
the extent to which this is realized in practice depends on 
the mill classification characteristics. 

1. INTRODUCTION 
Traditional coal quality indices do not necessarily provide 

a reliable measure of the combustion and ash behaviour of 
pulverized coal. There is a need to develop practical tests 
which provide this information quickly, at reasonable cost and 
which use small coal samples to allow characterization of 
bore-cores and spot cargoes as well as contract supplies. 
Because combustion behaviour depends on furnace chamber 
conditions as well as on coal properties, test procedures must 
take account of the differences in combustion environment that 
exist in boilers of different design. This paper describes the 
development of a method for assessing coal burnout performance 
in utility scale boilers. 

Coal burnout performance is commercially important because 
the presence of carbon in ash lowers the overall boiler 
efficiency and can affect electrostatic precipitator 
performance. In certain cases the suitability of fly ash as a 
cement component also depends on its carbon content. Carbon in 
ash comprises partially burnt out char particles formed by 
coal pyrolysis. The degree of burnout achieved in a boiler 
depends on the amount of char formed by pyrolysis under flame 
conditions and the burning rate of the char particles under 
the boiler operating conditions of particle size, temperature, 
oxygen concentration and residence time distributions. In this 
work account is taken of each of these factors, however, for 
practical reasons, the separate contributions to burnout of 
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the different maceral components of coal (4) have not been 
identified and averaged properties of whole coal are used 
instead. Fuel quality parameters are measured in two 
laboratory experiments, coal pyrolysis and char oxidation, and 
a mathematical model is used to calculate burnout under 
operating conditions relevant to large boilers. 

2. COAL PYROLYSIS 
The coal pyrolysis apparatus is intended to reproduce the 

heating conditions experienced by coal particles injected into 
a hot furnace. It comprises a vertical flat flame burner 
fueled with a stoichiometric hydrogen oxygen mixture. Nitrogen 
is added as a diluent to give a combustion product temperature 
of 1675 K. Trace amounts of ethylene are added to render the 
flame visible. The combustion products are confined by a 
quartz tube to prevent ingress of air. Particles of pulverized 
coal, metered at approximately 3 g/h, by a screw feeder are 
entrained in the combustible mixture and delivered to the 
centre of the burner. The residence time of particles in the 
hot gases is 34 ms. Sampling at shorter times showed that most 
of the weight loss occurs in the first 20 ms of heating as 
found by Kobayashi (1) working at a similar temperature of 
1740 K. Char particles are collected via a cooled probe onto 
a filter paper for char yield determination and in a three 
stage cyclone separator for longer char preparation runs. 

Coal is prepared by crushing a representative sample to 
smaller than 212 microns in a laboratory hammer mill. The mill 
product is then sieved at 125 microns and oversized material 
reground with a pestle and mortar. This procedure minimizes 
the production of very fine, < 10 micron, particles whilst 
removing large particles which may not heat up to the 
pyrolysis temperature in the available time. Char particles 
much larger than 100 micron are also less suitable for high 
temperature oxidation studies because the particle burning 
rate is usually close to the external diffusion control limit 
and hence estimation of the chemical reaction rate is 
unreliable. 

The particle size distributions of the coal and char are 
measured using a commercial particle size analyser (Malvern 
Instruments type 2200). This provides a volume size 
distribution from a light scattering measurement. In some 
cases measurement accuracy is affected by the presence of very 
small particles in the samples which are therefore wet sieved 
at 5 micron as a precautionary measure. 

Volatile matter yields obtained by pyrolysis under the above 
conditions are usually greater than those obtained by 
proximate analysis as expected. Some results are shown in 
Figure 1. Values of the Q-factor, (flame volatiles/proximate 
volatiles) lie in the range 1.0-1.25, which compares 
reasonably well with the data reviewed by Howard (2). Our 
values of volatile yield may be underestimated due to the 
inclusion of soot in the measured char yield. The proportion 
of soot formed is hard to quantify as the parent coal samples 
contain small particles and fines are also produced through 
coal fragmentation during pyrolysis. 
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FIG. 1 - Volatile matter yield under rapid heating 
conditions for a range of coals 

It is estimated that soot may contribute up to ten percent of 
the char yield for higher volatile coals. 

Significant changes in particle size on flame pyrolysis were 
rarely observed. Swelling was marked by a fractional increase 
(or decr-ease) in particle size and swelling factors were 
independent of particle size in the range tested. However none 
of the coals were classed as strongly swelling. Fragmentation 
was distinguished from swelling by significant differences in 
the size distribution of coal and char. We suspect most coals 
fragment to some small degree but this is confused by soot 
formation. Only a couple of high volatile coals have shown 
extensive break up. Larger particles appeared to be the most 
likely to fragment. Unfortunately we have not been able to 
derive an explicit description of the fragmentation process 
and because of uncertainty over char particle size are unable 
to predict burnout performance for these coals. This remains a 
subject of study. 

Char is prepared for oxidation studies by wet sieving into 
narrow size fractions. A 50-63 micron sieve range is used as a 
standard for coal assessment since smaller particles are hard 
to characterize at other than high burnoff whilst larger 
particles are liable to burn under external diffusion control 
at high temperatures. Oxidation measurements have however been 
made using particle sizes between 20 and 100 microns. Prior to 
oxidation the ash content of each char fraction is measured 
and the bulk particle density determined. 
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3. CHAR OXIDATION 
The char oxidation apparatus is a vertically mounted 

entrained flow reactor. Oxidation takes place inside a 38 mm 
i.d. ceramic tube heated externally by four silicon carbide 
elements. The temperature distribution along the tube is 
nearly isothermal and internal tube temperatures can be up to 
1750 K. In our studies the normal operating range used is 1320 
- 1520 K. Particle temperatures are higher dependin~ on char 
properties and oxygen concentration. . 

Char particles are entrained in a small flow of nitrogen 
from a fluidized bed feeder. The particle mass flow rate is 
small, 0.3 g/h, to avoid perturbing conditions inside the 
reactor. The particle stream passes through a preheater to 
raise the particles to test temperature and is injected along 
the axis of the reactor. The main gas flow through the ceramic 
tube comprises a mixture of air and nitrogen. Ratios of these 
components are chosen to give the required oxygen 
concentration. With the small char feed rates used oxygen 
concentration is uniform over the reactor length. 

Particle residence times of between 0.15 and 0.7 s are 
controlled using different gas throughputs. At all flow rates 
the gases are in laminar flow and the particles remain on axis 
so that their residence time is well defined. A greater 
residence time range can be achieved by also changing the path 
length between the char feed and collection points but 
alignment of probes can be difficult and time consuming. 

Char particles are collected on a filter using a 
water-cooled probe into which is also injected cooling 
nitrogen to ensure rapid quenching of char combustion. The 
mass flow rate of particles passing through the reactor under 
nitrogen is determined by weighing the sampling filter after a 
3 minute interval. The gas composition is changed to give 
oxidizing conditions and the weight collected on the filter 
over a 6 minute interval measured. The initial nitrogen run is 
repeated to ensure constancy of the flow rate. Burnoff is 
determined from the mass collected under oxidizing conditions 
relative to that collected under nitrogen with an appropriate 
correction for ash. This procedure takes account of other 
factors such as drying, further devolatilization or collection 
losses which could give weight loss not attributable to 
oxidation. The method works well in practice but we do find, 
for a limited number of coals, that repeatability of the 
burnoff measurement is poor. We suspect that density 
differences within a char sieve size, leading to aerodynamic 
separation in the fluid-bed feeder, are responsible for 
nonuniformity of feeding. A problematic coal has recently been 
identified as dividing cleanly into high and low density 
fractions and also a separate ash fraction at these small 
particle sizes. 

3.1 Oxidation results 
Char oxidation results comprise a set of burnoff versus time 

measurements obtained normally at nominal furnace temperatures 
of 1320, 1420 and 1520 K ,oxygen concentrations of 3, 5 and 10 
%v., and spanning a burnout range of 10-90 %w. A mathematical 
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description of the char combustion process is needed in order 
to derive a value for the chemical reaction rate of the coal 
char. Empirically we have found that, for different sized 
particles, the particle mass burning rate is first order in 
oxygen concentration and proportional to the particle external 
surface area. Char reactivity can therefore be 2haracterized 
by a surface reaction rate coefficient K, kg/em s atm02), as 
for "shrinking sphere" mode combustion. This is recognlzed to 
be an inexact description. Char particles are known (3) to 
burn internally and we have observed changes in particle 
density and internal pore structure with increasing burnoff. 
Char particles are also not homogeneous in composition being 
made up of a blend of different char types reflecting the 
different macerals in the coal. However, the assumption that 
particles burn as impervious "shrinking" spheres 
satisfactorily accounts for the particle size dependence of 
the burning rate. One possible reason for this behaviour is 
that the internal pore structure and hence internal surface 
area of the char is a function of particle size (4) and not a 
uniform material property as assumed in many analyses of 
porous particle combustion. This point deserves further 
investigation. 

The range of surface oxidation rate coefficients, corrected 
for external diffusion, is indicated in Figure 2, which is a 
plot of char reactivity versus reciprocal particle 
temperature. The difference between the latter and the furnace 
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gas temperature is calculated using a simple heat balance and 
assuming that the primary product of char oxidation is CO (5). 
Between coals the surface oxidation rate coefficient can vary 
by up to a factor of ten. Arrhenius plots for other chars 
tested lie between the bounds shown in Figure 2. A large 
proportion are distributed about the central line, char A, 
having fairly similar reactivities at a temperature of 1400 K, 
Figure 3(a), and differing in their activation energy, 
Figure 3(b). Values are widely spread about an average of 
approximately 115 kJ/mol which is consistent with the 
particles burning between Zone 1 and Zone 2 conditions (6). 
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4. BURNOUT MODEL 
The burnout model assumes that the flow pattern inside a 

utility boiler can be considered to comprise a set of distinct 
flow paths originating from each operating burner and 
terminating at the furnace exit plane. It is assumed in the 
first instance that these flow paths fill the furnace chamber 
so that the cross-sectional area of each path is equal to the 
furnace chamber cross-section divided by the number of 
operating burners, and the furnace volume is the sum of the 
different path lengths multiplied by their cross-sections. 
Equal fuel and air distribution to each burner is assumed. 

Each flow path is divided into two sections : a burner zone 
extending typically 3 m from the burner and a char burnout 
zone which occupies the remaining flow path. The burner zone 
is associated with the main pf. flame where devolatilization 
and volatile burning together with combustion of the smaller 
char particles takes place. This is treated as a simple 
well-stirred reactor. The larger char burnout zone is treated 
as a simple plug-flow reactor along which temperature and 
oxygen concentration decrease as burn out progresses. 
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Calculation of the appropriate temperature distribution is 
beyond the scope of this work. Instead, data on the 
temperature field inside boilers of different design were 
obtained from the Central Electricity Generating Board 
Marchwood Engineering Laboratories (MEL). The data were 
generated by a computer program which predicts both the 
temperature and wall heat flux distributions in large boiler 
plant (7). The original data were in the form of 
temperature-distance histories along burner flow paths as 
described above. Analysis showed that, along the plug-flow 
component, temperature distributions were self-similar if 
the distance along each plug-flow reactor was normalized with 
respect to the reactor length. The temperature distribution 
obtained in this way was almost linear in dimensionless 
plug-flow reactor length decreasing from a typical peak pf. 
flame temperature of ~ 1900 K to the furnace exit plane 
temperature. Thus the temperature field can be characterized 
by a single parameter; the exit plane temperature. 

Figure 4 shows burner path length frequency distributions 
for three boilers. They show a grouping of flow path lengths 
shorter than the average for the boiler (furnace volume/ 
furnace cross-section) with a wider distribution of longer 
paths. A single calculation based on the average path length 
gives nearly the same result as the average of the burnouts 
calculated for the different length burner paths and 
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has proved satisfactory for assessing differences in burnout 
performance between coals. 
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The coal feed size distribution, specified as Rosin-Rammler, 
is divided into 15 equally spaced monosized classes. Volatile 
matter, determined by the flame pyrolysis experiments, is 
assumed to burn in the well-stirred reactor. The amount of 
char burning in the reactor is calculated from the char 
oxidation rate, the residence time distribution and the local 
oxygen concentration. The well-stirred reactor is assigned an 
average temperature of 1600 K. On entry to the plug-flow 
reactor the particle size distributions are resorted into 
monosized classes. This is necessary because, due to their 
different residence times, single sized particles entering the 
burner zone exit as a continuous size distribution. Burnout 
and oxygen concentration changes along the plug-flow reactor 
are calculated for the input temperature distribution. 

5. BURNOUT PREDICTIONS 
Figure 5 shows the predicted loss of unburned carbon for 

the three coals spanning our measured char reactivity range 
(Figure 2) in a 360 MWe opposed wall fired boiler at Castle 
Peak Power Station, Hong Kong. The input particle size 
distribution was typical of pf being Rosin-Rammler of index 
1, with 71%w of coal less than 75 micron (8). The temperature 
distribution was that calculated by MEL for a 330 MWe unit. An 
average path length was used and calculations mad~ for several 
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excess air values. No allowance was made for the possible 
effect of excess air on furnace temperature. 

Comparison of the calculated burnout performance and the 
measured values of unburned carbon, shown as points in Figure 
5, shows that real differences in the combustion performance 
of the coals exist and that these have been correctly 
identified. Method predictions are in good absolute agreement 
with observation, better than might have been expected from so 
simple an approach. 

Figure 6 shows another comparison between method predictions 
and power station data for the same coals burned in a 250 MWe 
corner fired unit. The furnace mean residence time is shorter, 
1.5 s, than that for the wall fired boiler, 2.4 s, and higher 
excess air values are used in normal operation. MEL 
calculations suggest that temperature distributions should be 
similar. As before the assessment method correctly identifies 
the difference in combustion efficiency between coals and 
gives realistic values for carbon loss. 

Figure 7 shows the range of burnout performance that would 
be expected from different coals. Combustion conditions have 
been kept constant in these calculations and are appropriate 
to the 360 MWe wall fired boiler. The differences in carbon 
loss shown in Figure 7 therefore derive solely from 
differences in char yield and reactivity, the latter being the 
most important. The most important feature is the lack of a 
good correlation between burnout performance and coal 
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proximate volatile matter content. Although it is true that 
carbon loss is likely to be higher for a low volatile coal 
significant variation exists in the combustion efficiency of 
coals in the volatile matter range 25 - 35 %w (daf) used for 
stearn raising. 

6. BOILER OPERATING PRACTICE 
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The mathematical model allows the effect of certain boiler 
operating practices on burnout to be investigated. Already 
shown in Figure 5 is the effect of excess air. Unburnt carbon 
is predicted to increase rapidly as excess air is reduced to 
below 10 % (2.0%v flue gas oxygen). Increasing excess air 
above 20% (4.0%v flue gas oxygen) gives only a slow 
improvement in burnout which is broadly in line with 
industrial experience. 

The contribution to total carbon loss from different 
burners, if the path lengths are known, can be estimated from 
Figure 8. This shows the change in carbon loss with burner 
path length for a 360 MWe boiler. Path lengths have been given 
relative to the average. Unburnt carbon concentration 
increases very rapidly as path length decreases so that top 
row burners may be expected to contribute significantly to 
carbon loss. Similarly, poor furnace aerodynamics causing 
under utilization of the furnace volume and an effective 
reduction in path lengths would also result in significantly 
increased carbon loss. Fuel-air distribution to the burners 
can also be difficult to control in utility plant. If a 
combination of short path length and low, < 10 % , excess air 
occurs then boiler performance may be severely affected. 

The effect of particle size distribution on carbon burnout 
is easily calculated but it is difficult to identify exact 
values for the size distribution of coal produced by large 
mills. Coal grind fineness is usually characterized by a 
single parameter; the weight percent passing a 75 micron 
sieve. The size distribution of larger particles typically 
follows a Rosin Rarnrnler distribution. For "standard" pf. the 
slope of the R-R distribution is close to unity in value and 
70-75 % w of material is sized smaller than 75 micron (8). 
If it is assumed that all coal psd's are R-R with unit slope 
then carbon burnout is a very strong function of 75 micron 
grind fineness as shown by the hashed line in Figure 9. This 
is however an unrealistic situation. Power station mill 
product is influenced by the presence of the mill classifier 
which limits the largest particle size sent to the burners. If 
it is assumed that the coal distribution is R-R but that the 
mill classifier fixes the largest particle size ,such that for 
example 99.99%w of coal is always less than a certain value 
d ,then burnout is a weak function of 75 micron grind 
fT~gness as shown by the solid line in Figure 9. The best, 
albeit limited, information available to us on the variation 
in coal particle size distribution with 75 micron grind 
fineness supports the second hypothesis above. This leads to 
the conclusion that only limited scope for modifying coal 
combustion performance through finer grinding exists unless 
the utility is able to alter the mill classifier settings. 
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7. CONCLUSIONS 
Measurements of coal combustion properties, char yield and 

char reactivity, have shown that significant differences exist 
between coals and that proximate volatile matter content is 
not a good guide to combustion performance. Char particle 
combustion can be described to a practical level of accuracy 
by assuming external surface reaction. Burnout predictions for 
large boilers made using this approach agreed well with 
measured data and most importantly correctly identified 
differences between coals. The calculation procedure also 
allows the effect of boiler operating conditions on burnout to 
be investigated so that burnout assessments can be made for 
different boilers and reasons for poor combustion efficiency 
investigated. Fuel air maldistribution, particularly to upper 
burners, emerges as a likely prime cause for high carbon in 
ash concentrations. 

On a scientific level, more work is needed to understand the 
mechanism of char particle combustion. As well as data on 
burnout, which would ideally comprise instantaneous 
measurements of burning rate as a function of burnoff, size, 
temperature and oxygen concentration, better measurements of 
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pore structure are needed together with models of transport 
and combustion within the pores. These will need to take 
account of pore structure dependence on parent coal type and 
particle size, pyrolysis history and burnoff. In addition the 
above comments apply to the different maceral components 
within the coal. We also suspect tha~ catalysis of the char 
oxidation reaction by ash components may be responsible for 
significant differences in char oxidation behaviour over and 
above pore structure effects. While it would be desirable to 
incorporate these into an advanced method of coal 
characterization such an approach is likely to be uneconomic 
for routine evaluation. 
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DISCUSSION 

R.H. Essenhigh 

1) Support for the "flow tube" concept is supplied by 
cold-model experiments and analysis reported on the 14th 
combustion Symposium (Zeinalov et al.). Contours of mixing 
delay could be defined, and an "information flow path" 
identified flowing normally to the contours. This may be of 
interest. 

2) A perfectly stirred reactor "flame ball" model was 
constructed to look at the extinction in a boiler (data from 
Waibel). The results showed the need for substantial char 
combustion to maintain the flames, and also indicated that the 
flames could be uncomfortably close to extinction is normal 
operation. 

P. Roberts 

Thank you for your support. I am also of the opinion 
that early flame development relies on char oxidation and that 
flame stability is largely determined by the reactivity of the 
coal char. 

H. Jtintgen 

Can we take the message from your modelling and practi
cal experience that volatiles (under the conditions of heating 
rates in flames), reactivity of the residual char and its 
particle size are the only coal or char properties, which des
cribe the behavior of different coals? 

P. T. Roberts 

Yes, of these, char reactivity and particle size would 
seen to be the most important in determining compustion per
formance. 

G. Flament 

I would suspect that 34 ms might 
reaching 100 % devolatilization for 
Therefore the factors (Vx/V proximate) 
from your measurements might be somewhat 

P. T. Roberts 

be a bit short for 
large coal particles. 
that you have derived 
underestimated. 

The maximum coal particle size is restricted to 125~ m 
to ensure that the largest particles reach the pyrolysis tem
perature. The Q factor is slightly underestimated due to the 
inclusion of soot in the char yield. 

T.F. Wall 

I suggest that in furnaces flame temperatures will be 
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higher for high VM coals than for low. Therefore the tempera
ture/time paths will depend on VM and a more pronounced effect 
of burn-out with VM can be expected than your predictions 
based on the same T-t path. 

P.T. Roberts 

The detailed temperature distribution in the burner zone 
can be expected to depend on fuel quality. This we treat as a 
well-stirred reactor with an average temperature and fuel 
burn-out figures are found to be insensitive to changes in 
this temperature. There will also be small changes in resi
dence time with fuel quality changes for a boiler fired at 
constant heat input. However these facters do not affect our 
conclusions to any significant degree. 

I.W. Smith 

You showed 1st order rate coefficients. What range inP02 
did you use to get this ? 

P.T. Roberts 

Burnout measurements are made at oxygen concentrations 
of 3, 5 and 10 % v. It is possible that a fractional reaction 
order would also describe the data. This order would not be as 
small as 0.5 as TGA measurements at low temperature have 
shown. (Entrained flow reactor and image analysis study of 
maceral effects in coal char oxidation). C. Morley and R.B. 
Jones, 21st Symposium (Int.) on Combustion, Munich (1986). 
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SYNTHESIS AND RECOMMENDATIONS FOR FUTURE WORK 

INTRODUCTION 

The three principal fossil energy resources on which the 
world currently depends are oil, gas, and coal, accounting 
between them for 89 percent of the 7.2 gigatonnes oil equiva
lent of primary energy consumed in 1984, with oil contributing 
39% of the total, gas 20%, and coal 30%, the balance being 
nuclear and hydroelectric 1. The economically recoverable 
reserves of oil and gas are however much smaller than that of 
coal--64.8 gigatonnes for oil, 86.7 gigatonnes oil equivalent 
for gas, and 2616 gigatonnes oil equivalent for coa1 1 . The 
current consumption pattern and energy reserves are clearly 
not in balance, and the present heavy reliance on oil and gas 
is not sustainable for very long. Although short-term trends 
are difficult to predict, it is reasonable to anticipate that 
much heavier reliance will need to be placed on energy from 
coal, probably within ten to fifteen years, and much of the 
coal will be consumed directly in coalburning equipment. 

The technology for burning coal evolved slowly until the 
last century. Early man burned coal on hearths. By the eigh
teen century the major improvement made was to utilize a grate 
to support the burning coals and to provide some under fire air 
through the grate. Further refinements in the technology were 
the introduction in the nineteenth and early twentieth centu
ries of moving grates and overfire air-jets. Pulverized coal 
was introduced in 1961 and has become the method of choice for 
large coalburning power stations, although a significant 
market penetration is anticipated for fluidized-bed combustion 
in both traditional bubbling beds and in circulating beds. 
Advanced concepts for coal combustion involving cyclone 
burners, direct-fired large-bore diesel engines, gas turbines, 
and open-cycle MHO are at the research stage and are based 
primarily on the use of pulverized and sometimes micronized 
coals. The present workshop with its focus on pulverized coal 
combustion is therefore addressing issues of importance in 
both the large number of existing boilers and the next genera
tion of advanced coal combustors. 

Coal is less favored as fuel than gas and oil because as a 
solid it is more difficult to burn in confined spaces, the ash 
residue released during combustion reduces the availability of 
furnaces through the fouling and slagging of heat transfer 
surfaces, and the contaminants in coal lead to a wide variety 
of environmental problems. Environmental problems related to 
coal have been of concern for centuries, starting with an 
early prohibition of the burning of Seacoal (bituminous coal) 
in Soutwark, England early in the fourteenth century by King 
Edward I, and continue to provide a major deterrent to the 
greater use of coal. The pollutant of greatest importance has 
changed with time. Soot, tars, and other hydrocarbon emissions 
were undoubtedly the ingredients of the emissions from early 
combustors that Sir John Evlyn in 1661 described as "an impure 
and thick mist, accompanied with a fuliginous and filthy 
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vapor ... ,,2 . Coal generated deposi ts in chimneys were also the 
source of the compounds that led Sir Percival Pott in 177~to 
establish a link between cancer in chimney sweeps and exposure 
to chemicals, now identifified as the polyclic aromatic hydro
carbons. More recently, the smoke and sulfur oxides generated 
by coal combustors were implicated in the large numbers of 
excess deaths resulting from respiratory impairment experien
ced during periods of atmospheric inversion in London, England 
during the 1950s, in the Meuse Valley, Belgium in 1930, and in 
Donorra, Pennsylvania in 19484 . The coal combustion products 
of current concern are 502 and NO x because of their role as 
precursors to acid rain, and C02 and NZO because of their 
contributions to potential global climatic effects in the 
twenty-first century. It is the challenge of coal combustion 
research to develop technologies to burn coal efficiently and 
cleanly. 

Coal is a substance of great variability in chemical and 
physical composition, which undergoes a complex series of 
transformations during heating and oxidation. A critical 
component of coal research is to develop an understanding of 
how to measure and characterize the coal properties that 
influence combustor design and performance and to use that 
information to guide the development of improved technologies. 

The presentations at the workshop reviewed the progress 
that had been made in understanding some of the many phenomena 
that occur during pulverized coal combustion and in identi
fying the gaps in the knowledge base. Three groups were formed 
to summarize the status of the field and to develop research 
recommendations. The working groups and their cochairmen were: 

I. Devolatilization and Heterogeneous Combustion of Coal. 
Co-Chairmen: J.B. Howard and G. Prado. 

II. Pollutant Formation and Destruction. 
Co-Chairmen: B.S. Haynes and G. De Soete. 

III. Mathematical Modeling: Transfer to Industrial Applica
tions. Co-Chairmen: F.C. Lockwood and G. Flament. 

A final plenary session was held to review the recommend q-
tion of the Working Subgroups and to identify topics of re
search which cut across the responsabilites of the individual 
Subgroups (discussion leaders A.F. Sarofim and J. Lahaye). 

I. DEVOLATILIZATION AND HETEROGENEOUS COMBUSTION OF COAL 

J.B. Howard 

G. Prado 

Department of Chemical Engineering 
Massachusetts Institute of Technology 
Cambridge, MA 02139 USA 
C.R.P.C.S.S. 
24, Avenue du President Kennedy 
Mulhouse, France. 
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The discussion was structured in the following five topics: 

1) Definition of the relevant phenomena and problems 

2) Status of the field 

3) Research needs 

4) Innovative experimental tools 

5) Overall Recommendations. 

1. Definition of the relevant phenomena and problems 

Four topics were identified as important steps to describe: 

1.1 Devolatilization, including kinetics and product yields 

1.2 Heterogeneous combustion, with description of control
ling phenomena: intrinsic kinetics, pure diffusion, ad
sorption-desorption, catalysis by inorganic species 

1.3 Ignition delay - Mechanism under different conditions 

1.4 Char structure - Its development during devolatiliza
tion - Its modification during char burnout and the 
evolution of active sites. 

2. Status of the Field 

Coal devolatilization and heterogeneous combustion are too 
complex to describe from first principles. We define guantita
tive descriptions of devolatilization and heterogeneous 
combustion as inputs for overall descriptions of coal combus
tion. We have had considerable success in developing simpli
fied global models such as the multiple parallel reaction 
description of coal devolatilization, or the three-zone 
description of the 02 - C02 - H20 char reactions with order
of-magnitude correlation of the 02- char reactivity with tem
perature. 

There is much need to broaden the data base for these mo
dels to cover a range of coal types and char produced under 
different conditions. Also, there is need for more information 
on the associated physical processes and material properties. 

3. Research Needs 

The following topics need an extended research effort: 

3.1 Kinetics of devolatilization, with special focus on 
Flame stabilization 
Trade-offs of staged combustion 
Reactivity rate control (regimes of kinetics vs heating 
rate control) 
Effect on carbon burnout 



Role in pollutant formation 
Heating values of coal volatiles 
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Better understanding of the mechanism, in relation to 
oxygen content, mineral matter, gas pressure, particle 
size, chemical structure of coal. 

3.2 Ignition 

Quantitative understanding of ignition delay 
Role of devolatilization and heterogeneous reactions. 

3.3 Extent of coal softening, swelling, fragmentation and 
agglomeration under combustion conditions. 

3.4 Effects of coal type, maceral composition, and rank de
pendence of maceral behavior. 

3.5 Char structure and regulation. There is a need of a data 
base for oxidation rate, product composition and char 
structure as functions of temperature and extent of gasi
fication. 

The development and measuring techniques for: 

identification of active sites for c-o 2 reaction 
identification of degree of graphitization of char should 
provide relationships between intrinsic reactivity of char 
and parameters above. 

3.6 Order of magnitude correlations of char-C02 and char-H20 
reactions similar to that for char-02 reactions. 

3.7 Identification of more meaningful surface area mesuring 
techniques for coal combustion conditions. 

3.8 Mineral matter behavior under combustion conditions: 

fly ash production 
catalysis of char burnout 
effects on ignition delay 
ash deposition. 

4. Innovative Experimental Tools 

Two groups of methods need special development. 

4.1 Optical diagnostics for in situ measurements in par
tical systems. 

4.2 Single particle methods for simultaneous measurement 
of temperature, rate of weight loss, particle size, 
gas product composition (Drop tube furnace, suspended 
particle ... ). 
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5. Overall Recommendations 

The group felt it to be extremely important to promote bet
ter interactional cooperation between scientists, with three 
recommendations: 

5.1 Establish a bank of coals, chars, available internatio
nally. Make these available to calibrate equipments and 
to conduct complementary experiments. 

5.2 Promote exchange of scientists. 

5.3 Find a mechanism for NATO collaboration with Australian 
Scientists. 

II. POLLUTANT FORMATION AND DESTRUCTION 

B.S. Haynes 

G. De Soete 

Department of Chemical Engineering 
University of Sydney 
SYDNEY N.S.W. 2006 - Australia 

Institut Fran9ais du Petrole 
B. P. 311 
92506 RUEIL-MALMAISON CEDEX - France 

This subgroup concentrated its discussion on aspects of 
pollutant formation and destruction of practical importance in 
pulverised coal combustion. Inputs required for pf combustion 
modeling were given special emphasis. 

The bases of the group's discussions were the presenta
tions by Prof. Sarofim, Dr. Pohl, and Dr. Jackson. 

Soot and PAH 

Soot and PAH are formed in substantial quantities in pf 
combustion but conditions in the combustor are such that the 
emission of these pollutants is not normally a problem: Within 
the combustion chamber, particularly in the early (volatiles) 
combustion zone the presence of soot may modify significantly 
the local heat transfer distribution and the furnace tempera
ture profiles. 

On the basis that soot appears to be formed from the evol
ved tars, the group recommended that the tar --> soot conver
sion requires more detailed study, particularly under combus
tion conditions. Not only is this required for radiation 
calculations, but also the conversion of tar to soot may 
reduce heat release rates in the volatiles combustion zone as 
soot is more resistant to burnout than are the tars. In this 
light, the relative burnout rates of soot (particularly if it 
is condensed into "tails") and tars also become important. 
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At the high temperatures occurring in pf combustors, all 
the coal sulfur, both mineral and organic, is converted to 
S02. In this light, the sulfur distribution in the coal is not 
important. However, it should be pointed out that for low rank 
coals lower temperatures pertain and this question may need 
further study. Prof. Cypres drew attention~o his studies of 
calcite/S interactions in fixed bed combustion. Prof. Juntgen 
pointed out that future coal desulfurization technologies will 
be based on specific sulfur distributions. 

Areas which the subgroup identified as requiring further 
work are those of heterogeneous S03 ans H2S04 formation on fly 
ash and wall deposits. The condensation and reaction of these 
species on fly ash, especially on the high-area fume, also 
require attention. Inasmuch as sulfur, presumably as H2S04, 
influences the precipitability of fly ashes, these issues are 
also important in ash collection. 

While much work on sulfur capture with limestone has alrea
dy been carried out, further investigations of temperature 
controle in the process is needed. The use of promoters to 
improve capture efficiencies is a promising development. 

Professor Sarofim dealt in detail with the relevant issues 
in this lecture. The subgroup considered the following areas 
to be of particular importance: 

a) the distribution of fuel-N between the volatiles and 
char during devolatilization. The relationship between vola
tiles-N and the usually observed HCN and NH3 must be establi
shed if simple model inputs, as [HCN] and [NH3], are to be 
available. 

b) the heterogeneous NO- and HCN-soot reactions may give 
favorable N2 production rates. These processes could be impor
tant during devolatilization. 

c) the homogeneous NO-hydrocarbon reaction(s) to form HeN 
are incompletely understood. Given that these are crucial to 
the success of staged combustion applications in reducing NO x 
formation, these reactions require further study. 

d) the climatological implications of substantial N20 emis
sions from pf, and other combustors require further investiga
tions of the kinetics of this species. Fundamental flame 
kinetic studies are needed to include this species in the 
otherwise fairly well established gaseous fuel-N mechanism. 

e) while the gas-phase fuel-N mechanism is in good shape, 
current modeling efforts do not take advantage of this. Some 
of the simple, quasi-global mechanisms should be compared with 
detailed benchmark calculations using more complete mecha-
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f) the formation of NO from char-N requires further atten
tion. The heterogeneous reduction of NO on chars appears to be 
too slow to be of importance in pf combustion. 

g) the interaction between NO x and SOx may not be a major 
effect but requires further quantification. 

Mineral Matter 

The influence of mineral matter on pf combustion is perva
sive, and, from a practical standpoint, often of paramount 
importance in determining boiler availability. The subgroup 
considered the mineral matter transformations as giving rise 
to three distinct inorganic classes: volatiles, comprising 
completely volatilised inorganics such as Na, S03, and Cl 
which condense only on cool surfaces; the submicron fume 
formed by the vaporisation/condensation phenomena described by 
Prof. Sarofim; and the residual fly ash left behind when the 
char burns away. 

The following issues were considered: 

Radiation: Radiation scatter from the residual fly ash frac
tion influences radiative transfer in pf boilers. A knowledge 
of the particle size distribution is needed to predict this 
effect. Emission by ash paFticles is probably negligible. 

Slagging and Fouling: The volatiles and the fume may be invol
ved in "sticky layer" formation and boiler tube corrosion. The 
bulk of deposits comes from the residual ash whose deposition 
is a function of size and composition. 

Precipitation: The prediction of precipitability is reasonably 
reliable, although the Australian coals are more difficult to 
predict. Mechanisms are not well understood, however. The 
influence of HZS04, whose formation and behavior are control
led to some extent by the ash volatiles and the fume requires 
fu~ther investigation. 

A specific recommendation of the subgroup followed from Dr. 
Jackson's and Dr. Pohl's presentations: because the problems 
in ash deposition and fouling involve such a vast array of 
physical and chemical interactions, guidelines to further 
fundamental risk should be obtained first from investigations 
into phenomena occurring in full-scale units. Fundamental work 
which could follow from such guidelines would be in the areas 
of heterogeneous kinetics (ash/SOz, HCl, etc.), the deposition 
fluxes of ash components, the transport of species through 
deposited ash layers, and the thermodynamics of molten ash 
layers. 

A number of new techniques are available which could provi
de valuable information in ash studies. These include surface 
reflectometry, surface analysis by ESCA and Auger, synchrotron 
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radiation, LAMMA, laser vaporization techniques, and FTIR. 

DISCUSSION 

R. Cypres (Universite Libre de Bruxelles) 

It would be of interest to study interaction of mineral 
matter of the coal and S02 pollution. We published results of 
work on fixed bed combustion of an Italian coal (Sulcis) with 
5% of S but which is rich in calcite (CaC03) in reduction 
conditions the H2S formed is tied up as CaS. Under oxidation 
conditions CaS is oxidised to CaS04. This was published some 
years ago in Fuel but the conditions are not those of pulveri
zed coal burners. 

H. Jontgen (Bergbau-Forschung GmbH) 

1) Comment to NO formation mechanism by burning volatiles: 

The highest percentage of N in volatiles is found in tar. 
There is a need to study the chemical structure of N contai
ning products in tar and to study their special burning 
behavior in relation to NO x formation. The combustion of model 
substances e.g. pyrrolidine and pyrrol, has shown, that diffe
rent nitrogen containing compounds behave quite differently. 

2) Comment to S distribution in coal: 

I agree that S distribution is not relevant for burning be
havior and S02 formation. However it is important in relation 
to future work of developing processes for S removal before 
burning. As to the research of development of biochemical 
processes it could be shown that for the removal of pyritic 
sulfur and for the removal of organic sulfur very different 
process conditions and different bacteria are needed. 

K.H. van Heek (Bergbau-Forschung GmbH) 

As to the pollutants originating from mineral matter in 
coal, researchers have also to deal with the need that the 
ashes have to be disposed or utilized. With respect to the 
possible impact to the environment or human health much more 
research is needed on composition, mineral state and long term 
fate of constituents of the solid residues. The results 
expected from such work could lead to a classification of 
ashes from a perspective of environmental impact. Further, 
they form a broader basis for a proper design of location for 
disposal and for public discussion about the acceptability of 
large coal fired power stations. 
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III. MATHEMATICAL MODELING: TRANSFER TO INDUSTRIAL 
APPLICATIONS 

F.C. Lockwood Department of Mechanical Engineering 
Imperial College of Science and Technology 
Exhibition Road 
LONDON SW7 2BX - England 

G. Flament C.E.R.C.H.A.R. 
Societe des Ciments Fran9ais 
Centre Industriel et Technique 
Rue du Chateau 
78931 GUERVILLE CEDEX France 

It was decided to exclude fluidised beds, gasification pro
cesses and diesel engine applications from discussion as they 
were considered peripheral to the primary theme of the 
conference. The principal industry users of pulverised coal 
were identified. These appear in the left hand column of Table 
I. Broadly, the entries are in descending order of total coal 
usage although it is recognised that consumptions among 
industries will vary somewhat between countries. In general 
the power generation industry is fare the greatest coal 
consumer. Note that it was felt proper to include all forms of 
steam raising plant within the dominant power generation 
application. 

The principal phenomena relevant to the coal burning indus
tries were identified and these are listed horizontally along 
the bottom of Table I. Numbers 1 to 3 have been entered in the 
Table, as far as possible by members of the relevant indus
tries. The number one means that the phenomenon is of prime 
importance to that industry, two designates some importance, 
while three indicates little relevance. The number one may 
also be taken to imply a need for further model development in 
the area. It was noted that the factors governing flame 
stability in steam raising combustion differ somewhat from 
those governing the ignition and possible extinction of coal 
injected into the raceway of a blast furnace, and of course it 
would be possible to identifiy other imprecisions in the 
classification of Table I. Discussion on the importance of 
ignition in blast furnace injection suggested that the igni
tion delay is important as this limits the time for combus
tion. For the extremely short time available this delay is 
significant and for this reason it has been allocated priority 
one. With the exception of the cement kiln application, flame 
stability emerges as the topic of greatest general interest. 
The gas turbine industry makes the strongest demands on 
modellers. 

The next task of this working group was to identify the 
extent to which modern mathematical models are being applied 
by the relevant industries. 
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Unfortunately there was time enough only to consider the 
power generation industry. The entries in Table II were made 
by a representative of a leading European boiler manufacturer. 
The table indicates both the actual use of mathematical mode
ling by this enterprise, for each of the physical phenomena 
identified in the previous Table, along with and the panel's 
view on the potential of existing mathematical models to 
simulate the phenomena. The panel was in general surprised and 
encouraged by the extent to which this particular manufacturer 
was relying on mathematical modeling. It was felt that compe
titors in other countries were probably less active in this 
respect, although interest was growing, and that in general 
the other industries probably lagged behind by greater and 
smaller amounts. 

The panel then turned its attention to identifying gaps in 
the component submodels. The modelers expressed the wish for 
extensive and reliable recommendations fer devolatilization 
and char burn out kinetics, especially in view of the discus
sion which these topics had generated at this workshop. They 
felt that the confidence in their predictions was in propor
tion to the certainty of these and the other submodels. 
Although the need for improved kinetic information was not 
denied the interest of the panel rather quickly focussed on 
the need to identify new laboratory experiments which would 
serve to bridge the gap between the classic drop tube and 
heated grid studies and the full scale combustor. 

The new experiments would emphasize fluid mechanical ef
fects in response to the general lack of velocity data repor
ted by the modellers and because of unexpected discrepancies 
observed by researchers between ignition in quiescent surroun
dings and in flows. It was stressed by the industry represen
tatives that the flows in their equipment are almost 
exclusively characterized by very high Reynolds numbers. The 
modellers stated that laminar effects could not be incorpora
ted in existing turbulence models without recourse to additio
nal and imperfect modeling inputs. It was concluded that the 
flow in any experiment designed to emphasize the practical 
effects of the fluid mechanics would have to be characterized 
by fully turbulent Reynolds numbers, a requirement which is 
not always convenient at the laboratory scale. As an example 
it was stated that for a simple jet mixing experiment the 
Reynolds number based on the injection pipe diameter and the 
velocity difference between that of the injected fluid and 
that of the surroundings would have to be in excess of 20,000. 
In a straightforward laboratory experiment this would typical
ly imply an injector diameter of 10- 2 m and a velocity 
difference of 10 m/s. 

Two basic types of experiments were identified which may be 
termed A and B, the latter being a logical extension of the 
former. Both experiments would make use of the recently 
developed analytical techniques described at the conference. 
These now allow non-intrusive measurements of particle and gas 
temperatures, gas and particle velocities a~d soot and gas 
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concentrations. The type A experiment would comprose a high 
velocity jet of cool, or slightly warmed, air (or possibly 
nitrogen) issuing into a non-trubulent, low velocity, co
flowing secondary stream of air heated to combustion tempera
tures. The primary stream would be seeded with individual 
particles, and later particle clouds, of coal which would 
devolatilize and ignite as a result of the turbulent mixing 
with the secondary stream. This experiment could also be used 
to establish the effect of turbulence on burning rates of 
pulverized coal. For practical reasons it might be necessary 
to contain the experiment by glass walls, but if this were to 
be done the walls should be film cooled to eliminate the 
unwanted complicating effect of thermal radiation transfer to 
the fuel. The walls would have to be sufficiently remote to 
avoid jet de-entrainment and consequent recirculation. It was 
further remarked that the flow geometry should be cylindrical 
rather than planar for several reasons, not the least being 
that existing turbulence models are more developed for this 
case. 

The type B experiment would involve a suitably scaled down 
industry type swirl burner firing into a cylindrical chamber. 
It would be important to ensure the axial symmetry of the flow 
as the performance of model validation in three dimensional 
flows is extremely inefficient. Ideally local gas phase measu
rements of the mean and fluctuating velocities, temperatures 
and species are required as well as the determination of the 
particulate matter velocities, temperatures, number counts and 
elemental and proximate analyses. It was recognised that 
existing non-intrusive techniques would be unable to penetrate 
a useful distance into a PF flame ant that, regretably, 
initial experiments would have to be performed on gas flames 
seeded with dilute quantities of coal or possibly inert 
particles. Velocity data were of particular interest to 
modellers at this time. 

It was acknowledged that the modellers could be of conside
rable assistance in designing the new experiments, for exam
ple in ensuring the adequacy of the local turbulent Reynolds 
numbers in the type B facility, and that the mathematical 
models, when run in parallel with the experiments, would 
greatly assist the establishment of the important experimental 
parameters and their ranges. 
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Table I: Pulverised Coal Burning Industries in Order of Impor
tance versus Relevant Physical Phenomena. 

1 = phenomenon of major relevance 
2 = some relevance 
3 = no relevance 

1. Power Generation and 
Industrial Steam Raising 

2. Cement Kilns 

3. Blast Furnace Injection 

4. Smelting 

5. Process Heating 

6. Gas Turbines 
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Table II. Relative Exploitation of Modeling by the Power 
Generation Industry. 

1 = successful use, or availability of good models. 
2 = no use, or nonavailability of good models. 

Physical 
Phenomenon 

Flame Stability 

Heat Transfer 

Ash Deposition 

Carbon Burnout 

Pollutant Emission 

Fuel Quality Tolerance 

Turn down Operation 

t~ode 1 
Use 

2 

2 

2 

2 

2 

Model 
Availability 

2 

2 

2 

2 
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A.F. Sarofim 

J. Lahaye 

Department of Chemical Engineering 
Massachusetts Institute of Technology 
Cambridge, MA 02139 USA 
C.R.P.C.S.S. 
24, Avenue du President Kennedy 
Mulhouse, France 
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The plenary sessions involved a review and discussion of 
the Working Group reports, summarized above. There were seve
ral recurring themes deserving emphasis that emerged. The 
framework for the discussion was provided by Fig. 1, provided 
by Prof. Robert Essenhigh (Ohio State University, USA), sho
wing the progression of research from the fundamental sciences 
to practical applications. The processes occurring in a coal
fired combustion chamber involve complex interactions between 
homogeneous and heterogeneous chemical kinetics; material 
properties, particularly those that determine the pore 
structure and surface reactivity of the char produced during 
coal devolatilization; heat transfer; and aerodynamics. As an 
illustration of the progressive addition of layers of comple
xity in addressing a problem, consider the issue of flame 
stability. At a fundamental level we are concerned with the 
rate of evolution and composition of the volatile products; 
these in turn are influenced by the secondary reactions which 
can occur within a particle, reactions which are strongly 
influenced by the plasticity and/or pore structure of the coal 
particle during pyrolysis. Flame ignition requires considera
tion of transport phenomena, by diffusional processes and 
radiation in a one-dimensional flame, complicated by turbu
lence and recirculation in two-dimensional flames, by heat 
transfer to the walls in a pilot-scale boiler, and by 
burner-burner interactions in practical combustion systems. 

Experimental design. The above illustration on flame stability 
points out the need for experimental apparatus of different 
scale and design to evaluate the processes of importance in 
coal flames. At the fundamental level there is a need to work 
with equipment in which the temperature is controlled by 
external energy inputs. Problems such as ignition where the 
flame is stabilized by the energy feedback from combustion 
products need to be studied in self-subtained flames. The 
desirability of having standard equipment being reached since 
there is much merit to the current trend to design equipment 
for particular goals. The importance of characterizing the 
conditions, particularly temperature, within the test appara
tus was stressed. The need for involving modellers in the 
design of experiments, particularly in aerodynamically complex 
systems, was emphasized. 

Advanced diagnostics. Much of the recent progress that has 
been made in coal science is attributable to advances in mo
dern physical instrumentation. The inceased use of NMR, ESR, 
FTIR, GC-MS, GPC, HPLC ... have provided insights on the rela
tion of the structure of pyrolysis products and char to that 
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of the parent coal. ESeA, Auger, AA, PIXE, INAA, Mossbauer, 
high resolution electron-microscopes yield information of the 
physical and chemical state of the mineral matter in coals and 
chars sometimes down to a nanometer resolution. Lasers and 
solid state detectors permit the in-situ measurement of parti
cle size, temperature, and velocity. New instrumental analy
sis, see Working Group II recommendations, continue to be 
developed and there is a need to apply them to coal since the 
current understanding of the chemical reactions and physical 
transformations occuring in the solid state is still at a 
formative state. There is a need for more refined methods of 
analysis of the pore size distribution in chars during 
reaction, with distinction of accessible and inacessible 
porosity and some measure of pore interconnectivity; SAXS 
combines with mercury porosity and BET surface areas give a 
partial measure of these parameters. Progress has been made on 
characterizing the viscosity and bubble distribution in plas
ticizing coals but much remains to be done. 

Selection of coals and chars. The need to establish a seriesof 
reference coals and chars to be used by different coal science 
laboratories was recognized. At present coal banks are being 
established at a national level. International collaboration 
is desirable. An argument was also presented (D.R. Hardesty, 
Sandia, USA) for the use of model coals and chars that can be 
selected to systematically study the effect of changing a 
single parameter at a time. Examples of synthetic chars are 
those produced by the pyrolysis of different organic polymers 
with and without mineral additives. Such chars can be designed 
with different distributions of micro and macroporosity and 
with different degrees of dispersion of mineral additives from 
molecularly dispersed to micron-size inclusions. Model com
pounds can also be used to examine the effect of organic 
structure on combustion behavior, as has been done for example 
by the selection of pyrrolidine and pyrrol to examine the fate 
of organically-bound nitrogen during pyrolysis (H. J~ngten, 
see above). 

International exchanges. The cross-fertilization of ideas that 
occurred at the Workshop underlined the value of exchanges of 
scientists between different coal science laboratories not 
only within NATO but also with other countries active in coal 
research, with Australia being singled out for particular 
consideration. 

Technology transfer. From the presentations at the Workshop 
and from the long list of research topics identified by the 
Working Subgroups, it may be, and sometimes is, argued that 
there are so many gaps in our understanding of the properties 
and combustion behavior of coal as to impede any ability to 
apply the results to practical combustors. There was, however, 
heartening evidence at the Workshop of the application of the 
fundamental knowledge to the design and optimization of prac
tical combustors. Models for radiative transfer in boilers are 
being used increasingly to predict the balance of the heat 
transfer to the radiant chamber of boilers, models of volatile 
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yields and char oxidation kinetics to examine the extent of 
carbon burnout, and models of fuel nitrogen chemistry to guide 
the development of pollutant control strategies such as the 
reburning of nitrogen oxides. For some of the more complex 
problems, such as fouling and slagging, it was felt that re
search should be conducted simultaneously at both the funda
mental level, to determine the factors that govern ash parti
cle size distribution and the composition of vaporized ash, 
and on full-scale units to infer from the morphology and 
composition distribution of deposits a reasonable mechanism 
for deposition. Research is needed at all scales of operation 
in order to translate the fundamental science to industrial 
practice, following the roadmap of Fig. 1. 

In summing up, one can find in the Workshop papers and 
Subgroup discussions evidence of both the significant progress 
that has been made in understanding many of the processes 
occurring in a coal-fired combustor and in translating that 
understanding to practice and of the major gaps remaining in 
our understanding. The improbability of an early resolution of 
all the issues related to the physics and chemistry of coal 
burning is well expressed by a quotation cited by Thomas 5 . In 
a short story "On the feasibility of a coal-driven power 
station" purportedly written in the year 4995 A.D., Otto 
Frisch concludes" ... the kinetics of coal-oxygen reactions are 
much more complicated than fission reactions and not yet 
completely understood". The challenges for the coal research 
scientist and engineer are clear and the opportunities 
abundant. 
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U.S.A. 



487 

AUSTRALIA 

ADDRESS 

CSIRO 

Division of Fossil Fuels 

Delhi Road, North Ryde, N.S.W. 

Australia 

Doctor I.W. Smith 

SAMPLES AVAILABLE 

COST 

A wide range of Australian samples is available (from 

low volatile bituminous to brown) in dried, pulverized 

form. 

Only freight cost. 
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FRANCE 

ADDRESS 

CERCHAR 

B. P. nO 2 

60550 Verneuil-en-Halatte 

Mrs Malechaux 

SAMPLES AVAILABLE 

Four french coals are available : 

semi-anthracite ; medium volatile bituminous ; high 

volatile bituminous B ; high volatile bituminous C. 

An anthracite will be added in 1987. 

BASIC CHARACTERIZATION 

COST 

The following data are available 

- proximate analysis (moisture 

tents ; calorific value) 

- ultimate analysis 

ash and volatile con-

- ash analysis (chemical and fusion analysis) 

- mineralogical analysis 

- swelling index. 

Originally, the bank is for national use. If samples 

are required, the Cerchar must be contacted. 



THE NETHERLAND 

ALDRESS 

Dutch Centre for Coal specimens, SBN 

Postbox 151 

6470 ED Eygelshoven 

The Netherlands 

Dr. Ir. K.A. Nater 

SAMPLES AVAILABLE 

105 coal samples (01 August 1986) from the following 

countries : Australia, Belgium, Canada, China, 

Columbia, Franpe, Germany, Hungaria, Indonesia, 

Norway, Poland, South Africa, Soviet Union, United 

Kingdom, United States. 

All coals are stored in inert atmosphere. 

BASIC CHARACTERIZATION 

On all coals the following analyses have been perfor

med : 

- proximate analysis 

- heat of combustion 

- element analysis (ultimate analysis) 

- chlorine content 

- sulphur forms and total sulphur 

- composition of the ash 

- maceral group analysis 
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- vitrinite reflections 

- composition of the ash 

- mineral composition (REM/EDS) 

In several cases the trace elements have been determi

ned. 

RATS SCHEDULE (August 1986) 

10 kg: sam,!2les 

single sample 

series of 10 samples form one coal 

larger series 

1 kg: sam,!2les 

single sample 

series of 10 samples from one coal 

larger series 

WSS-sam,!2les 

single sample 20 grams in glass vial 

series 

ST-sam,!2les 

single sample 30 grams in glass 

series 

WSS WHOLE SEAM SAMPLE 

ST SPECIAL TREATED SAMPLE 

washed at density 1.6 

screened -18 to 100 mesh 

For specific information see also 

the SBN sample catalogue and the 

SBN flyer. 

vial 

Hfl. 600,-

5 000,-

price on request 

150,-

000,-

price on request 

30,-

price on request 

60,-

price on request 



U. S. A. 

ADDRESS 

The Penn State Coal Sample Bank 

The Pennsylvania State University 

513 Deike Building 

University Park, PA 16 802, U.S.A. 

Dr. C. Philip Dolsen 

SAMPLES AVAILABLE 

Over 1300 coal samples from U.S.A. 

The great majority of samples are raw coal (no clea

ning or beneficiation procedure). 
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"Premium" coal samples are prepared with require spe

cial precautions in sampling, crushing and handling to 

avoid "weathering" or "oxidation". All premium samples 

have been sealed in an inert gas at the collection 

site and retained in an inert atmosphere in all subse

quent handling. 

BASIC CHARACTERIZATION 

The following data are available 

- proximate analysis, 

- ultimate analysis 

- analysis for sulfur and sulfur forms 

- ash fusion analysis 

- geiseler plasticity data 

- physical properties (free swelling index, surface 

areas, densities, pore size distribution etc) 
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- petrographic analysis 

- reflectance analysis 

- element analysis 

- volatile trace element 

- gasification data 

- carbonization data. 

RATE SCHEDULE (September 1986) 

1. SAMPLES 

A. Standard Samples 

1 ) + 2 Cans 

2 ) 10 Cans 

3 ) Buckets 
4 ) Plastic Drums 

B. Premium Samples 

1) Ampoules 

II. DATA PRINTOUTS 

A. PDP 11/23 

B. IBM 370 

1 b./-20 mesh $ 5.00 

5 1 b./-l/4 inch $ 15.00 

35 1 b./-l/4 inch $ 35.00 
200 1 b. /variable $ 150.00 

45 g/-60 mes $ 15.00 

$0.50/page or $4.50/Standard 

Printout (10 pages) 

$5.00/standard Printout 

(3 pages) 
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134, 136, 137, 141 tim 146, 152, 155, 157, 159, 172, 173, 178, 184, 191 tim 195, 
223,251,278,330,397,399,425,437 

Laser (beam, diagnostics, spectrum, velocimetry) 60,62,63,64,70,71, 104, 106, 109, 
llO, 114, 117, 118, 119, 129, 130, 136, 140, 141, 184, 191,323 tim 330,335,336, 
339 tim 342, 384 

Lagrangian 397 
Latent heat 398 
Lead 279 
Lipids (precursor molecules) 13 
Lignite 5,6,59,67,82,83,128, 131 tim 138, 141, 145, 146, 161, 162, 166, 167, 190, 

192, 197, 246, 308 tim 315 
Low volatile 178,402 
Maceral 6, 8, 59, 65, 117, 159, 169, 170, 180,232,404,455 
Macromolecule 14 
Magnetite 271 
Manganese 273 
Magnesium 67, 270, 271, 291 
Mass (transfer, transport, balance, resolution) 4, 5, 6, 9, 22, 126, 130, 134, 136, 137, 

142, 144, 146, 182, 193,219,222, 322, 333, 427, 442 
Mechanical properties 4 
Melting point 93 
Metaplast 95, 96, 117 
Metalic elements 273 
Mica 272 
Mie (scattering, regime) 334, 338, 339, 344 
Mineral matter 5, 180, 190, 219, 245, 269 tim 273, 279, 288, 289, 290, 295, 322, 345, 

352 
Methoxy groups 11 
Model (modelling, global, quasi-global) 77, 82, 83, 88, 93, 126 tim 142, 146, 152, 

157, 192 tim 196, 220, 229, 249, 291, 395, 400, 401, 404, 424, 425, 428, 429, 437 
Microbiological (conversion, porocesses) 18 
Microorganisms 18 
Moisture content 5, 21, 308, 384 
Molecular diffusion 277 
Molecular weight distribution 19, 94 
Mutagenic (alteration) 18, 247 
Navier Stockes 397 
Nitrogen (components, distribution, content) 5, 19, 20, 22, 104, 106, 109, 245, 274, 

304 tim 317,324,326,443 
Nitrogen Oxide NOx 18, 19,20,21, 191,245,304 tim 317,322,330,331,437 
Noise 321, 323, 324, 332 
Numerical 153, 395 
Oil 88, 92, 304 
Outer surface 305 



Optical microscopy 71, 165, 166, 169, 269 
Organic matter 4, 12, 250, 269, 272 
Oxidation 11, 104, 106, 109, 117,225,245,305,306,363,440,454 
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Oxygen (contents, functionalities) 11,180,185,247,306,307,315,326,377,384 tim 
388, 433, 434 

Particle(s) (single, number density, size) 4,9,13,22,95,104, 105, 106, 110, Ill, 114, 
119, 121, 126, 130 tim 140, 144, 146, 153, 155, 179, 183, 184, 189, 191, 193,249, 
272,275,279,290,293,294,306,321,322,327,332-334,347 tim 357,365,366, 
369, 370, 377 tim 380, 386 tim 389, 437, 454 

Particulate 321, 345, 347, 348, 397, 437 
Petrographic components 6 
Phenolic hydroxyl (groups) 11 
Peat 6, 59 
Photographic 336 
Photography heat speed 273 
Plasma (temperature) 63, 342, 344 
Plasticity (plastic) 77, 88, 92, 95, 96, 97, 98, 114 
Pollutant (formation) 245, 330, 398, 424, 442 
Polarization 330 
Polymerization 94, 96 
Pore (diffusion, structure) 9, 17, 117, 136, 159 tim 173, 219 tim 221, 258, 355, 400, 

458 
Porosity 7, 9, 105, 126, 159 tim 172, 179,220, 356 
Potassium (ions, chloride) 67: 255, 272, 274, 277, 322, 328, 343 
Pressure 105, 130, 219, 223, 224, 255, 349, 357 tim 366 
Power station 250, 403, 404, 464 
Pulse (lenght, energy) 106, 130, 323, 324, 329, 330 
Pyrometer 130, 140, 144, 156, 338, 353, 388 
Pyrite 18,22,67, 271, 272, 295 
Pyrrhotite 272 
Pyrolysis 5, II, 13, 19,59,60,92,96,97, 104 tim 107, 110, 114, 126 tim 131, 134 

tim 146, 168, 170, 178, 181, 184, 186, 187, 190 tim 193, 245, 272, 305, 352, 359, 
363, 371, 445, 454 

Quartz 270, 273, 288 
Radical Species (OH-C2-O-NH-) 249, 305, 307, 313, 323 tim 330, 446 
Radiation 106, 137, 179, 186,246, 328, 348, 351, 352, 36, 368, 371, 377, 378, 395, 

401, 424 tim 431, 439 
Raman (scattering, spectroscopy, stockes, anti-stockes, resonance, spontaneous Raman 

scattering) 323 tim 329 
Rayleigh 335, 338 
Rate 6, 16,77,78, 80, 82, 83, 96, 104, 105, 106, 110, 118, 120, 121, 126 tim 131, 

136, 140 tim 146, 152, 155, 156, 172, 185, 186,220,221, 224, 226, 249, 278 tim 
280,295, 399,400,403,427,440,457 

Reaction (primary, secondary, parallel and multiple parallel, single, reaction mode, 
mechanism) 13, 77, 78, 82, 83, 88, 96, 97, 104, 105, 136, 193, 194, 195, 219, 220, 
221, 224, 228, 305, 306, 424, 438, 455 

Reactivity 9, 17, 22, 59, 126, 159, 180, 184, 186, 219, 220, 222, 225, 226, 229, 252, 
233, 309, 310, 315, 316, 400, 454 

Recirculation 250, 396 
Refinery 396 
Reflectance 4, 6, 7, 59, 118, 120 
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Refractive (refraction, index) 334 tim 337, 352, 356, 378 tim 381 
Residence time 13, 130, 131, 133, 136, 185, 191,246, 307, 309, 316, 332, 368, 384, 

433,437,454 
Residues 60, 67, 88, 117, 120,255,274, 348 
Salts 254, 271 
Sandstones 269 
Scale (time) 269, 294, 296, 397, 399 
Shales 269 
Silicate 270, 273, 278 
Silicon (oxide) 272 
Size distribution 108, 114, 119, 233, 249, 273, 333, 335, 336, 355, 356, 365 
Slaging 253, 279, 290 tim 292 
Sodium (chloride) 67, 254, 272, 273, 274, 278, 343 
Soot (formation, burn out) 141, 144, 146, 181, 191, 196, 245, 322, 324, 326, 329, 333, 

339, 345, 347, 351, 352, 359, 363, 366, 368 tim 371, 377, 378, 382, 385, 386, 388, 
395, 401, 455 

Specific heat 6, 7, 21, 154,448 
Spectroscopic (methods) 11, 59, 130, 140, 146, 190, 324, 328, 341, 347 
Streamlines 396 
Streams 247, 307, 396, 427 
Stochastic 398, 405 
Sulfure (oxides, sulphate, suphide, pyritic) 4, 6, 18,22, 107, 245, 269, 270, 274, 295 
Sulphates 255, 275, 278 
Surface 8, 62, 63, 67, 104, 11 I, 112, 114 tim 118, 140, 144, 155, 159, 160, 162, 165 

tim 168, 179, 186,222,225,229, 249, 305, 306, 349, 356, 380, 400, 426, 427, 457 
Swelling (coal) 8, 16, 159, 167, 172, 232, 400, 456 
Tar 13, 19,88,92,96, 114, 126, 127, 128, 134, 136, 141 tim 146, 167, 191 tim 197, 

247, 305 
Temperature 63,78, 80, 84, 88, 94, 97, 112, 130 tim 134, 137, 140 tim 146, 153 tim 

156, 160, 161, 178, 184, 186, 219, 223, 224, 226, 228, 229, 234, 246, 304 tim 317, 

321 tim 329, 332, 337, 337, 338, 347, 351 tim 359, 363, 364, 366, 368, 364, 366, 
368, 370, 371, 377, 384 tim 389, 396, 397, 424, 427, 430 tim 434, 437 

Thermal diffusion 154, 185, 425 
Thermal radiation 377, 396, 398, 400, 401, 424 
Transport (phenomena, process) 13, 14, 17, 105, 106, 121, 136,424, 425, 431, 438 
Turbulence 99, 249, 321, 323, 327, 395, 397, 398, 399, 405, 424, 426, 437 
Vanadium 67, 273, 322 
Van der Waals forces 59, 277 
Vitrain 8, 11, 17 
Vitrinite 4, 5, 59, 65, 163, 168, 169, 170, 273 
Volatile(s) (content, composition, combustible) 4 tim 8, 80, 88, 92, 93, 97, 98, 110, 

111, 126, 152, 156, 170, 172, 178 tim 180, 184 tim 198, 229, 246, 272, 295, 305, 
308, 315, 368, 372, 384, 395, 398, 399, 404, 424, 426, 433, 441, 454 

Velocity 104, 130, 228, 234, 278, 293, 321, 322, 323, 337 tim 340, 348, 365, 396, 403, 
424, 428, 438 

Viscosity 77, 88, 91, 92, 99, 255, 273, 274, 277, 439 
X-ray diffraction 269 
Yield 21,70,109,110,131,136, 146,246 
Zinc 107, 254, 279 
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