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Foreword

Coal represents the wealth of Ukraine and ensures the nation’s energy
independence to a considerable extent. Therefore, increasing coal produc-
tion is a very important strategic objective for our future. Unfortunately,
the coal industry is often connected with loss of human lives. The National
Academy of Sciences of Ukraine implements regular basic studies in the
physics of coal and physics of mining processes to enhance our under-
standing of the nature of methane emissions in mines and provide the
safest mining conditions.

This book is an exhaustive monograph summarizing physical approaches
to coal beds (including deep beds) and coals as complex physical media
based on fundamental experimental and theoretical studies conducted at
the Institute for Physics of Mining Processes of the National Academy of
Sciences of Ukraine (Donetsk) headed by Anatoly D. Alexeev, the author and
a corresponding member of the Academy. These studies focused on analyses
of coal structures using radiophysical methods such as nuclear magnetic and
electronic paramagnetic resonances; discovery of phase states of methane in
coals and methane solubility in less matured coals; observations of meth-
ane mass transfer in coal-methane systems; and many other relevant topics.
Results of these studies obtained using modern equipment made it possible
to implement novel methods of coal bed behavior prediction and develop
measures to prevent highly explosive coal and gas outbursts, with the pri-
mary goal of increasing worker safety in Ukraine mines.

I am sure that the publication of Physics of Coal and Mining Processes will be
an important event for all specialists interested in coal mining and will intro-
duce them to the achievements of Ukrainian scientists in this important field.

B. E. Paton
President of National Academy of Sciences of Ukraine
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Preface

The physics of mining processes is a relatively new branch of science that
evolved to solve problems arising during mineral products recovery (this
volume concentrates on coal), particularly safety issues such as prevention
of rock failures, coal and gas outbursts, and methane explosions. Around
the globe, on average, four coal miners die for each million tons of coal
recovered. Substantially increasing coal production and improving the
safety of mining work are impossible without further development of the
physics of mining processes. The main mission of the Institute for Physics
of Mining Processes of the National Academy of Sciences of Ukraine
established in 2003 is to serve the needs of the Ukrainian major coal min-
ing industry.

This volume discusses research work carried out at the institute and infor-
mation gathered from international observations. It includes chapters relat-
ing to massif mechanics. I found it reasonable to include a chapter addressing
the most important safety issues such as control of coal and gas outbursts
and estimates for accumulation times of explosive methane concentrations
in different phase states (adsorbates on surfaces, solid solutions in coal, etc.).
Solutions to the specified problems may be found in research discoveries in
coal physics and the physics of mining processes.

Most studies on the physics of mining processes are dedicated to specific
critical problems. This study is the first to present a unifying methodology for
addressing various problems arising in the mining industry. Concentrating
on the key issue of each particular problem, I discuss the adopted assump-
tions and approximations and apply the fundamental laws of physics. The
reader will easily recognize the unity of the approaches used. In each case,
the validity criterion of the adopted model is the solution of a particular
industrial problem.

Because of the vital importance of mineral products recovery for modern
industry, the physics of coal and mining processes has been rapidly develop-
ing around the world for decades. I attempt to cover the main discoveries and
achievements to the fullest extent possible because I have not found a general
study of the subject in the research literature. The reader will find many origi-
nal results along with discussions and development of various prior research
studies. I found it reasonable to include certain material from my earlier pub-
lications. For example, Chapter 5 is devoted to solutions of particular indus-
trial problems and implementation of scientific results.

Anatoly D. Alexeev
Donetsk, Ukraine
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1

Coal Structure

Fossil coal is a “living witness” of prehistoric times (from the Carboniferous
to Jurassic), when the Earth was covered with impenetrable jungles, and
equisetums, lycopodiums, and ferns thrived. Due to seismic cataclysms,
the jungles were first buried under water and later under various rock lay-
ers. That started the transformation of wood material into coal—a process
known as metamorphism. Meanwhile, the world’s oceans witnessed a simi-
lar process—the transformation of plankton into petroleum.

Petroleum is a natural accumulation of hydrocarbons. Its deposits occur
in sedimentary rocks of various ages. Crude oil is an insoluble, dark brown,
oily liquid with a density of 0.75 to 0.95 g/cm?3. It contains 83 to 87% carbon,
11 to 14% hydrogen, and minor amounts of nitrogen, oxygen, and sulfur.
Cyclic hydrocarbons are dominant in some oil grades and chain polymers
are dominant in others.

The chemistry of petroleum formation has not yet been fully elucidated, but
most likely the source material was provided by life remains in shallow sea
basins. Rapid development of primitive algae resulted in a rapid evolution of
animal life. In view of the enormous reproductive rapidity of protozoa under
favorable conditions, it is not surprising that great amounts of their remains
accumulated at the bottoms of bodies of water. In the absence of air, the remains
slowly decomposed in near-bottom waters and were gradually covered with
clay and sand, steadily transforming into petroleum over millions of years.

Two competitive energy carriers emerged: coal and petroleum. They differ
in form (one is solid, the other liquid). This difference is certainly impor-
tant. Petroleum is easily transported via pipelines; coal must be repeatedly
trans-shipped from origin to user. Furthermore, petroleum recovery is far
less complicated. It requires only wells instead of mines. However, the cru-
cial difference between these energy carriers that determines their recovery
and use is caloric efficiency (approximately 8 kcal/g for coal and 11 kcal/g
for petroleum). These values correspond to the transformation levels of the
electron shells (0.4 and 0.6 eV/atom, respectively).

The second important feature is the amount of the world’s reserves of these
traditional energy resources. The estimates indicate more than 1.5 x 10° tons
for coal; 0.17 x 10 m?* for petroleum, and 1.72 x 10" m? for gas. With respect to
the amount and total energy content, petroleum ranks second to coal by an
order of magnitude. As energy demands increase by approximately 3% per
year, energy consumption in 2025 will amount to 2.28 x 107 tons of equivalent
fuel. If industry as the main energy consumer continues to grow at this rate,

1



2 Physics of Coal and Mining Processes

the world resources of coal, petroleum, and gas will be exhausted in approxi-
mately 100 years. Note, however, that this holds for explored reserves (and
also recoverable ones with regard to coal). What geologists may discover in
the future remains unknown although estimates are still in favor of coal.
Gas energy in the Ukraine amounts to 41% (21% world average). Additional
sources are coal and petroleum (19% each), and uranium (17%); other sources
constitute 4%. Manufacture of a commercial product with a cost of $1 requires
0.9 kg of equivalent fuel or 2.5 times the world average.

The specified values of 8 to 11 kcal/g for coal and petroleum, respectively,
are minor in comparison to the caloric efficiency of a uranium fission reac-
tion that produces as much as 10* times the energy. Thus, many countries
prefer nuclear fuel to coal and petroleum as sources of chemical raw materi-
als. Russia, for example, satisfies 16% of its needs through nuclear energy
because its nationwide cost per equivalent unit is 13 to 15% less than the
average. Nuclear fuel is virtually the most feasible energy source to replace
limited and nonrenewable reserves of petroleum and coal. This problem still
remains open. After sufficient thermonuclear energy sources are developed,
coal and petroleum as energy carriers will be regarded as insignificant, and
pass to the domain of chemists. Then perhaps the reversion to Mendeleev’s
idea of underground coal gasification will become possible.

Comparing coal with petroleum, we have passed over one general question:
why do coal and petroleum liberate heat during combustion? More precisely,
why exactly do they burn? The answer is simple. The C-C and C-H bonds
that characterize hydrocarbons possess less energy (81 kcal/g-atom) than the
C=0 bond (85 kcal/g-atom) after combustion. This benefit of 4 kcal/g-atom
does ensure caloric efficiency. Furthermore, combustion involves surmount-
ing a certain energy barrier—somewhat low for petroleum and higher for
coal. Under natural conditions, spontaneous ignition may occur due to the
sulfides in beds that decrease this barrier.

What predominant problems does any physicist encounter when begin-
ning studies of coal? The first step is to establish the general physical prop-
erties and create a certain model of its structure. Then one may proceed to
analyze its behavior during interactions with various surrounding materials
(gases, liquids, rocks, etc.) in different stress fields.

1.1 Genesis of Coal Substance

During carbonization, the content of the basic coal-forming elements in the
organic matter of coals changes considerably* Coal properties are predeter-

* A very complete systematic survey of coal typology, physicochemical properties, and struc-
ture can be found in a monograph by D.W. Van Krevelen [22]. We also employed studies of
coal constitution to solve physical problems encountered in coal recovery.



Coal Structure 3

mined by the manner of accumulation, surrounding conditions of sedimen-
tation, and plant material required to form coal from peat. The first stage
of carbonization is biochemical. Peat is the less metamorphosed product of
the transformed plant bodies. It is a heterogeneous, porous (up to 70%) mix-
ture consisting of decayed parts of dry land and marsh land vegetation that
underwent different stages of transformation. It contains 55 to 65% carbon, 5
to 7% hydrogen, 30 to 40% oxygen, and 1 or 2% nitrogen and it approximates
the composition of timber (50% carbon, 6% hydrogen, 44% oxygen, and 0.1
to 0.5% nitrogen on average). The composition of the most recent deposits of
peat closely resembles the composition of timber. Under close examination,
peat may reveal bands characteristic of brown and even black coals.

Because of limited oxygen presence, diagenesis occurs on peat surfaces.
Decomposition of lignin provokes synthesis of humic acids that undergo
carbonization and generate vitrinite. During the biochemical stage of car-
bon formation, decayed vegetation initially liberates colloids (heterogenic
unstructured systems). Coal coagulation structures are not strong originally
but their strength increases as water leaves the solidifying colloid and the
coal substance consolidates.

Formation of the condensed coal structure is complete at the point of tran-
sition from the biochemical to the geochemical stage. Because of the loss of
functional groups and simultaneous compaction of the aromatic ring in the
crystallization lattice (both events typical for coal transformation during car-
bonization), black coal, in contrast to peat or brown coal, is harder, always
black, less moist, and more compact. The formation of a condensed coal
structure arises from increasing pressure and temperature and dehydration
and compaction of colloid substances in the absence of oxygen.

A variety of geological and genetic factors led to formation of coals with
different physical, chemical, and technological properties. Within a single
coal basin, it is possible to categorize coals according to their maturity. On
average, black coals of the Donets Basin constitute 75 to 80% vitrinite groups,
4 to 12% fusainite groups with large amounts of condensed aromatic frag-
ments, and 6 to 12% liptinite groups, the latter having the longest aliphatic
chains and providing aliphatic structural parts for the coal material.

Carbonization results from the influence of certain physical factors affect-
ing the entire coal-bearing stratum and embraces all the beds. At the stage
of diagenesis, an average of vitrinite reflection (R;) amounts to 0.4%. During
catagenesis, its value dramatically increases, reaching 2.6 to 5.6% at metagen-
esis (of anthracites). It follows that petrographic composition and metamor-
phism degree are two independent variables that determine coal properties.
As the extent of carbonization rises, the ratio of chemical elements alters and
the carbon contents in the aromatic ring networks and quantity of aromatic
rings increase. The lattices of their clusters become more rigid and the coal
eventually acquires the properties of a solid. The microhardness of vitrinite in
brown coal-anthracite (B-A) series, for instance, becomes five times as great.
This change is most apparent at lean coal-anthracite (T-A) stage [1].
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Coal is a product of decayed organic materials from earlier geological
ages. Carbonization progress depends on external conditions and the dura-
tion of their influence and results in multiple metamorphism products such
as coals (brown, black, anthracite), sapropelites, pyroschists, and petroleum.
Anthracites and graphites are considered the most perfect structures among
coals and represent completion of the metamorphic line. Representative
anthracites reveal properties unusual for bituminous coals (enhanced elec-
trical conduction, for instance). It is believed that under certain conditions
anthracite can pass through the intermediate stages to transform into graph-
ite. In this case graphite concludes the succession from peat to lignite to bitu-
minous coal to anthracite.

In its free state, carbon exists in three modifications (1) cubic lattice (dia-
mond) (2) hexagonal graphite, and (3) hexagonal lonsdaleite extracted from
meteorites or synthesized. A black diamond with graphite lattice was found
first on the Moon, and later on Earth. Amorphous carbon does not occur in
natural conditions. Graphite is composed of linked carbon networks (layered
lattices) that account for the softness and flakiness observed while draw-
ing with a graphite pencil. Each atom of carbon is bonded to four others.
Distances to three of them are similar (0.142 nm), whereas the fourth atom is
more distant (0.335 nm) and contributes a weaker bond. This feature mani-
fests itself in the easy splitting of graphite into separate layers.

Attracting force between the layersis small, enabling the layers to glide over
one another. Graphite peculiarities may result from a short-term (epoch—no
more than 1,000 years) but powerful impact of an intrusive thermal field (up
to 1,000°C) on already formed coal materials. In response to such an effect,
graphite and vitrinite assume fine-grained structures, the spacing between
carbon lattice planes decreases, carbon content increases, and ordering of
the whole structure is enhanced. Graphite preserves the cellular structures
of coal-forming plants [2].

In nature, solids have well defined macromolecular structures that may be
regarded as molecules whose atoms are covalently bonded.

Comparatively few substances in a solid state can generate atom lat-
tices. One example of such a lattice is the diamond—one of the free forms
of carbon. Each atom of carbon forms four equal bonds with four adja-
cent carbon atoms to create an enormous, very durable, and consolidated
macromolecular structure at the expense of common electron couples by
strong covalent bonds that enable high hardness and high boiling and
melting temperatures. Diamonds naturally originated from a combination
of hard-to-reproduce conditions that liberated free carbon. While natural
diamonds formed along with the Earth’s crust by crystallization of carbon
dissolved in melted magma, artificial diamonds are made under specific
conditions within kimberlite pipe, and subjected to high pressures and tem-
peratures for a long period; carbonization terminates at the stage of graph-
ite. Contemporary physics laboratories succeeded in synthesizing fullerenes
and nanotubes not yet found in nature.
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Despite the experimental evidence on artificial carbonization, the signif-
icance of geological time must be regarded as a long-term impact on any
factor (temperature, for instance) that may produce different results from
organic material transformation under different timing conditions.

1.2 Elemental Composition of Coals

It may seem unusual to open a study of the physics of mining processes
with a chapter related to the chemical composition of coals. This paradox,
however, is absolutely natural because all the macroscopic properties of coal
are dependent on microscopic ones that are in term conditioned by atomic
properties; thus the boundary between physics and chemistry disappears.

Thebasiccoal componentsare carbon, hydrogen, and oxygen. Carbonization
is associated with regular and specific alterations of the amounts of these
elements. The many variations among carbon compounds account for its
peculiar properties, the most significant of which is ability to form strong
atomic bonds. Due to the strength of bonding, molecules containing chains
of carbon atoms are adequately stable under ordinary conditions, whereas
molecules with similar chains of other elements are not nearly so strong.

The energy of the C-C bond (83 kcal/mole) is sufficient to provide stabil-
ity for chains of virtually any length. x-ray examinations have shown that
the carbon atoms in such compounds with linear structures are arranged
not along a line, but along a zigzag. This results from carbon’s four valences
directed in a certain way toward one another; their relative position corre-
sponds to lines drawn from the center to vertices of a tetrahedron. Carbon
in organic compounds may exist in an aromatic state. This is defined as a
special type of atom bonding into plane cycles (closed chains) in which all
the atoms in a cycle participate in formation of a uniform electron system of
bonding. Benzene is the simplest aromatic compound that forms a structural
unit that determines the properties of all aromatic compounds.

In studies of coals via various physical and chemical techniques, it was
found that an average of condensed aromatic cycles per structural unit
ranges (subject to metamorphic grade) from 4 to 10 cycles with 80% of total
carbon in cyclic components [3]. The high molecular structures of coals that
include aromatic, hydroaromatic, heterocyclic and aliphatic components,
and functional groups, are generally recognized. However, no uniform
view indicates exactly how these fragments are connected, how the struc-
tural units are built, and how they communicate with the spatial system (see
Section 1.3).

Organic matter of coal may be generally described as a mixture of con-
densed molecules whose C=C double bonds are represented only by aro-
matic bonds, and some carbon, hydrogen, oxygen, nitrogen, sulfur, and
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other heteroatoms form side aliphatic groups at the condensed aromatic
nuclei. The oxygen-containing components in the aliphatic segments of the
organic coal substance allow connections of the organic and non-organic
contents. Various types of interaction are possible, for example, adsorption
(electrostatic adsorption, hydrogen bonding, chemisorption), complexing
(coordinate bonding), and formation of metal-organic compounds via
the inclusion of heteroatoms or homopolar bonding. Essentially, the rela-
tive carbon content in the metamorphic line increases according to the
pattern:

C-OH — CH,;— CH, —» CH,,,,...
For coals with Vdaf = 28%, C-OH = 1.8%; CH; = 7.6%; CH, =12.0%; CH
20.80/0,' Camm -C = 57.8%.

With increasing grades of metamorphism, concentrations of oxygen-con-
taining groups decline, structural fragments become more homogeneous and
ordered, and transformation of various components of the coal substance
(those having undeveloped bonds and considerable oxygen and aliphatic
components) proceeds into a three-dimensional homogeneous structure
with a large poly-condensed system containing minimal amounts of hydro-
gen and heteroatoms.

As the degree of carbonization increases, reactions remove oxygen and
hydrogen from coal as CO, CO,, CH,, and H,O. At the middle stage of meta-
morphism, loss of hydrogen in such coals increases with rising oxygen pres-
ence, helping enhance the flexibility of macromolecules in the coal substance
on the one hand and forming strong bonds between the fragments of the
structure at the expense of the oxygen-containing functional groups on
the other hand. During the formation of anthracites, with pressure as the
predominant metamorphic factor, nitrogen, sulfur, and other heteroatoms
undergo redistribution from the condensed systems of the molecular struc-
ture to the periphery. Classification of coals is traditionally based on grades
of metamorphism (see Table 1.1).

Oxidation leads to self-heating and spontaneous combustion of coals.
Oxidation initially involves aliphatic hydrogen and carbon; aromatic ones

arom —

arom

TABLE 1.1

Rank Classification of Coals

Description v G F C LB L A
Yield of volatiles V (%) 37  35-37 28-35 18-28 14-22  8-18 8
Carbon content (%) 78  81-85 85-88  88-89 90 91-94  94-98
Hydrogen content (%) 53 5.2 5.0 47 43 3.9 3.2

Source: Kizilshtein L.Y. 2006. Geochemistry and Thermochemistry of Coals. Rostov University
Press, Rostov on Don.
V =volatile. G = gaseous. F = fat. C = coking. LB = lean baking. L = lean. A = anthracite.



