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	INTRODUCTION	 FACTORS INFLUENCING COALIFICATION PROCESS

Coal reserves in the United States,
currently estimated at 283 billion tons [1]
present an opportunity and challenge for its usage
in various industrial applications. This amount
is about 24 per cent of world's total reserves.
Consumption of coal by various industries is shown
in Fig. 1 and the consumption of various types of
energies is shown in Fig. 2 [2]. Figures 1 & 2
illustrate the potential for coal to replace oil
in the near future. However, for the effective
usage of coal in the utility and chemical
industry, a wide range of problems need to be
solved. Based on the application, these problems
are not only related to the efficient
transformation of solid coal into liquid and
gaseous fuels but also to direct combustion of
coal or its derivatives. In addition, a reliable
operation of machines and their components
employing the use of coal introduces a new
dimension to the problems related to erosion,
corrosion and deposition.

Coal, which is ordinarily considered by
various engineers as a simple substance, is a very
complex compound. The influence of physical,
chemical and biological factors on the
coalification process and alternative viewpoints
on the structure of coal are presented. It is
shown that selection of coal can affect various
decisions concerning engineering design and
specification.

Contributed by the Gas Turbine Division of the ASME.

Coal can be described as a heterogeneous
assembly of more specifically definable components
which starts as a swamp and undergoes a
progressive series of alterations as a result of
biological, geophysical and geochemical changes.
The formation of coal involves the breakdown of
complex plant and animal debris to simpler
molecules and then polymerization of simpler
molecules [3]. The change in properties during
the coalification process is defined by coal
rank. The rank of a coal is related to the
relative age of coals within the geological
province. The degree of alteration of a coal is
determined primarily by the maximum depth to which
it has been buried and hence by its temperature
and pressure history. The correlation of the
individual properties (volatile matter, moisture,
calorific value, carbon and hydrogen) with the
increasing depth of burial is shown in Fig. 3
[4]. With the increase in coal rank volatile
matter, moisture content and hydrogen content
decrease while carbon content and calorific value
increase. The course of coalification with the
increase in rank is shown in Fig. 4 [4J. Coal
contains various kinds and sizes of inorganic
material that makes it more complex when the
reactivity of coal is concerned. It is the nature
of both the organic and the inorganic matter on
which the properties of any particular coal
depend, and should be considered in the process of
coal selection for utilization.

VIEWPOINTS ON COAL STRUCTURE

Coal is regarded as a two-phase system
consisting of a mixture of organic particles on
the one hand called "macerals", and the inorganic
substances on the other hand known as "minerals"
(Fig.5). Macerals and minerals materials are not
distributed randomly nor uniformly througnout the
seam from bottom to roof. Main macerals in coals
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are vitrinites, exinites and inertinites. The
composition of these macerals is very useful in
predicting the liquefaction potential - exinite
being excellent and inertinite being poor.

The most prominent use of maceral
composition of coal is in the metallurgical coke
industry. Each maceral and mineral material
contributes its own characteristics to any
"averaged" analytical value, such as Btu content,
carbon content, ash content, etc. In a process
such as carbonization, each maceral and mineral
responds to heating in its own distinctive manner
- some volatilize, some fluidize, some remain
inert and some form stronger coke residues than
others. Therefore, in any industrial process
knowledge of mineral and maceral composition is
important. In coal washing, preparation, cleaning
or beneficiation which involves handling of coal
particles for practical use of coal in industry
requires recognition of the heterogeneity inherent
in coal. This petrographic heterogeneity is not
random but geologically and biologically
controlled. The original source material in coals
was biological (higher plants, algae, bacteria
etc.). Thus the input to coalification consisted,
in somewhat altered form, of lignin, cellulose,
cutin, suberin, sporopollenin, lipids, bacterial
amino acids and many complex phenolic substances.
It has often been assumed in past that coals are
coalified woody material and do not possess any
significant structural characteristics, but the
important contributions made by Given et. al. [5]
and Hayatsu et. al. [6] proves that coals are
different chemically, and this particular property
depends upon the coal rank, origin, geological age
and the other conditions of coalification process
[3]. The alteration in the chemical contents
(carbon, oxygen and hydrogen) of the coalified
series with the rank is shown in Table 1 [7]. The
figure indicates chemical conversion of
wood-peat-lignite-sub-bituminous-bituminous-
anthracite. This is the result of dehydration,
decarboxylation, demethanation and overall
polymerization.

Coals are also viscoelastic in nature,
indicating the fact that coal is a
three-dimensional, cross-linked structure [8] and
has a very high surface area with a complex pore
structure [9]. In evaluating the reactivity of
any coal in combustion or in conversion of coals
to other fuels and chemicals or in any other
process, both the physical and the chemical
structure play an important role in visualizing
the rate of reaction, mass transport, and heat
transport. The nature of the end products and the
phenomena such as deposition, corrosion and
erosion are also directly related to the coal
structure.

Physical Structure
All the coals possess very high surface area

with a very complex and unique porous system. The
nature of porosity of American coals varies with
rank from anthracite to lignite [9]. Coals vary
widely in their total pore volumes (having
porosities ranging between 4.1 and 232 per
cent). Total pore volumes have been measured in
the diameter range 12 to 29600A [10-8 cm] and
then classified into macro, transitional and micro
pores. Hirsch [10] has demonstrated that three

types of structures are present in a wide range of
coals (Fig. 6): (a) ( open structure'
characteristics of low rank coal with high
porosity, (b) the 'liquid structure' of the coking
coals with very little porosity, and (c) the
( anthracite structure' of the high rank coals with
high porosity. The porosity in lower rank coals
is due to the presence of macro-pores. In coals
having a carbon content in tne range 76 to 84
percent, about 80% of the total open pore volume
is due to micro and transitional pores wnereas, in
the coals of higher rank, microporosity
predominates. It is tne nature of these porous
structures which interconnects and stacks the
organic macro molecular layer structure together.
Therefore, there is a slow and steady variation in
the chemical structure of coal within the same
geological province with the increase of rank L3J.

Chemical Structure
For the past several years, coal has been

under very extensive study and a large amount of
data is published. Unfortunately, most of the
data is aimed towards determining the constitution
of bituminous coal. Very little is known about
the structure of lignites and sub-bituminous
coals. In spite of the available data on coal
analyses, it is very difficult to give a "Prue"
structure to coal because of many unanswered
questions. The problem in studying the structure
of coal is either it is weakly reactive or highly
reactive so that many uncontrollable side
reactions occur. Each time analyses give very
little clue to the total structure of coal. Many
direct, indirect, modified methods are employed
and analytical tools were modified to get maximum
information out from the highly complex and
condensed coal substance. Various structural
types identified are: (a) benzene and
phenylpropane substituted with hydroxy-, methoxy-,
and carboxy-groups [3,5,6] (b) ring type beside
benzene, two or more condensed ring with or
without the heteroatoms of nitrogen, sulphur, and
oxygen [11].

In 19b0, Given [d] has drawn a hypothetical
structure to coal which has a carbon content of
82% and is shown in Fig. 7. This model is a
convenient visualization of certain analytical
data. It is useful especially for the discussion
purpose. Wiser [12] presented the structure of
coal with various structural groups and the
connecting bridges and is shown in Fig. 7.
Wiser's model appears to be a modified version of
Given's model with various kinds of structural
groups and connecting bridges. These hypothetical
structures of coal explain some of the
characteristics of coal. The nature of these
structural elements and the various kinds of
linkages shown in Fig. 7 differ from coal to coal
[3]. The rupture point of these linkages may take
any path shown in Fig. 8 [13]. All chemical
bondings arise from electrostatic attractions
between oppositely charged components of atoms.
The bond rupture point in the structure of coal
depends, upon temperature and pressure, the
catalytic influence of inside mineral matter, and
external additives.
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Ionic Structure
Coals have been known to contain stable free

radicals that are formed during coalification
[1U]. These stable free radicals have been
studied quite extensively using Electron Spin
Resonance techniques [7,15,16]. Coal rank as well
as other coal characteristics correlate well with
the behavior and nature of these stable free
radicals. During pyrolysis of coal in a reactor
under the influence of increased temperature and
pressure, it is more likely that the additional
reactive free radicals are generated due to
deformation of molecules. The radical
concentration is of the order of 1020
radicals/gm at a temperature of 5000C. However,
it is different for different coals. The bonds
between carbon and hetero atoms (S,N,O) tend to
break more readily into free radicals than carbon
- carbon cleavage, resulting in a larger
concentration of free radicals in the reaction
system. The kind and type of free radicals
generated and also the amount of charge they carry
is directly related to the reactivity of coal in
combustion or in any other process of coal
conversion. Thus, the extent of bond rupture in
coal is affected by the process conditions,
presence of hetero atoms and minerals in coals.
Minerals are known to affect electron transfer
reactions. Loss of free electrons from the coal
itself during its usage may result in the
generation of additional charged radicals without
even bond rupture.

The charged radical concentration of coals
seem to change dramatically with the increase in
temperature between 400 to 500°C. A plot of
radical concentration as a function of temperature
as shown in Fig. 9 [16] indicates that (a)
different macerals of the same coal behave
differently to the treatment temperature (b) same
macerals from different coals behave differently,
confirming different ionic structures within the
coals and it varies from coal to coal. At higher
temperatures the data on ionic structure is not
available but it is expected that the charged
radicals will further breakdown to still smaller
radicals and to ionic form, diffusing and
exchanging more charge to the inorganic particles
or partially unburnt carbon complex compounds.

A similar study relating to magnetic
properties of coal at varied temperatures is also
of interest but is not available as applied to gas
turbine environment.

COAL SELECTION AND ITS RELATIONSHIP TO DESIGN
SPECIFICATIONS AND ENGINEERING DECISIONS

The probability of success of any new
system, installing new ones or replacing old and
their acceptability largely depends upon
guaranteeing the durable operation, low initial
investment or replacement cost, high efficiency
and return. Although all of these factors are
important, they do not necessarily follow the same
trend and a compromise between them is usually in
order. However, unless the durability is assured
for the time of operation the remaining two
factors are redundant. During critical need,
durability is the single most important factor in
the design specifications and engineering
decisions for which no compromise can be made.

In systems and components operating on coal
or its derivatives, durability in continuous
operation is strongly dependent upon erosion,
corrosion and deposition caused by particulates,
presence of chemically aggressive reactive
elements in the products of combustion and
existence of other pnysical, electric, magnetic
and fluid flow phenomena. Practically all of
these variables, with tne exception of fluid flow
phenomenon, are correlated to one or the other
form of the structure of coal. Referring to the
physical aspects of particulates in coal, the two
significant parameters are size and shape. Toe
initial size of tne coal particle selected for
combustion is based on the gas resident time which
is related to the particle combustion time. In
all engineering combustion systems, the combustion
time must not exceed the gas residence time,
otherwise there will be a loss of combustibles. A
plot of combustion time as a function of particle
size is shown in Fig. 10 X17]. Once the
combustion has taken place, the size and shape of
particles generated in the combustion process are
dependent upon the petrographic structure of coal
as discussed earlier. If the size and shape of
these particles are determined from petrographic
structure, which is different for different coals,
an estimate of erosion can be made when particle
properties are blended with fluid flow phenomenon
as discussed in Reference [18]. On the other hand
knowing the range of particle sizes of the
products of combustion, it is feasible to
determine the mechanism most responsible for
deposition [19]. However, such an effort does not
appear to have been made yet.

The aggressive behavior of reactive elements
in coal combustion is dependent upon chemical
structure, chemical composition and oxidation
characteristics. As pointed out in earlier
sections, the cnemical structure and composition
of coal depend upon petrographic structure due to
difference in coalification process. This is
demonstrated in three U.S. Coal samples shown in
Table II. The chemical bonding between particle
to particle and particle to metal is dependent
upon the chemical constituents. As a result all
three coal samples will provide different degrees
of deposition and corrosion. Further, deposition
and erosion are also dependent upon the ash fusion
properties at the temperature of operation.
Therefore, all three coal samples will again
behave differently at a given temperature. In
this respect, a particular coal selection snould
attempt to avoid a situation contributing to these
adverse phenomena. Therefore, special
specifications should be prescribed to use
different coals in the same equipment under given
conditions.

Even if all the properties are similar, the
difference in ionic structure and magnetic
properties of coal can also contribute
significantly to the deposition problem [20]. To
counterbalance these effects, some additional
efforts will be required to effectively utilize
the coal. It is this part of the coal research,
ionic as well as magnetic, which requires
considerable attention.
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SUMMARY

This review paper may be summarized as follows:

1. The ionic concentration in coal combustion
is dependent upon coal structure and the
temperature to which coal is subjected.

2. Coal preparation and cleaning processes and
the products of coal combustion depend upon
coal structure, coalification and the origin
of coal.

3. There is a definite relationship between
coal petrography and the chemical structure.

4. There is a need to correlate petrographic
structure to size and shape of particles
generated in coal combustion processes.

5. 	 The detailed magnetic and ionic properties
of U.S. coal ash need to be investigated in
a gas turbine environment.
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Table I Changes in Elemental Analyses with Coalification.

WT. % (DAF BASIS)
C H 0 INCREASING

AROMATIZATION
WOOD 49.3 6.7 44.4

- DEHYDRATION
PEAT 60.5 5.6 33.8

- LOSS OF "0"
LIGNITE 69.8 4.7 25.5 FUNCTIONALITIES

SUB-BITUMINOUS 73.3 5.1 18.4 - ALKYLATION

BITUMINOUS 82.9 5.7 9.9 - OLIGOMERIZATION

ANTHRACITE 93.7 2.0 2.2

INCREASING
SEVERITY
OF GEOLOGICAL
CONDITIONS

PRESSURE
TEMPERATURE
TIME

Table II Typical Coal and Ash Analyses of Tnree American Coals.

COLORADO WYOMING MIDWESTERN
COAL COAL STEAM COAL

9.8% 29.0% 2.2%
35.3% 33.4% 35.6%
45.5% 32.4% 53.3%

9.4% 5.2% 8.9%
0.7% 0.6% 2.2%

11,010 8,250 13,280
44 55 -

0.64 0.73 1.66

2560° F. 2010°F. 2090°F.
2665° F. 2150°F. 2210°F.
2690° F. 2210°F. 2330°F.

54.1% 34.5% 47.2%
28.3% 20.6% 23.2%

3.0% 6.8% 21.9%
1.1% 0.2% .2%
0.7% TRACE 1.0%
5.0% 20.0% 2.4%
1.5% 2.7% .6%
0.6% 0.2% .4%
1.0% 4.3% 1.6%
1.8% 10.7% 1.6%

PROXIMATE ANALYSIS AS RECEIVED :
MOISTURE
VOLATILE MATTER
FIXED CARBON
ASH
SULFUR
HHV, BTU/LB.
HARDGROVE GRINDABILITY
POUNDS OF SULFUR/MILLION BTU'S

ASH FUSION TEMPERATURES :
INITIAL DEFORMATION
SOFTENING (H=W)
FLUID

ASH COMPOSITION :
SILICA (Si02)
ALUMINA (AL203)
IRON OXIDE (Fe203)
PHOSPHORUS PENTOXIDE (P205)
TITANIUM OXIDE (Ti02)
CALCIUM OXIDE (CaO)
MAGNESIUM OXIDE (MgO)
SODIUM OXIDE (Na20)
POTASSIUM OXIDE (K20)
SULFUR TRIOXIDE (S03)
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