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ABSTRACT
Devolatilization is the first step in most coal conversion processes such as
combustion, gasification and liquefaction. It has a significant influence on the subsequent
stages of processing. Oxygen-enriched air can increase the combustion efficiency, boiler
efficiency, and sulfur absorption efficiency of atmospheric fluidized bed combustion
(AFBC) boilers, and other combustion systems which use coal.
Devolatilization of five coals having volatile matter in the range of 31 to 41% has
been studied in argon, air and oxygen-enriched air under fluidized bed conditions at 1123
K and atmospheric pressure. The experiments with oxygen-enriched air were performed
using air containing 30% oxygen. The diameter of the coal particles varied between 4 and
9.5 mm. The variation of devolatilization time ( tv ) with particle diameter

( dv )

was

expressed by the correlation, tv = Advn , where A and n are the parameters of the
correlation. The variation of mass of coal particle with time was described by an
exponential correlation, V = V0 + (V∞ − V0 ) 1 − exp ( −ct m )  , where c and m are the
correlation parameters.
The superficial gas velocity was found to have a significant effect on the rate of
devolatilization. The devolatilization rate increased with the increase in the oxygen
concentration in the fluidizing gas. Therefore, the parameters of the correlations were
further correlated with the superficial gas velocity and oxygen concentration. The
correlations developed in this study fitted the mass versus time profiles of the coal
particles during devolatilization in a satisfactory manner. The same correlations were
found to be appropriate for predicting devolatilization of a batch of coal particles. The
correlations developed in this study will be useful for the design of fluidized bed
combustors.
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CHAPTER 1
___________________________________________________________

INTRODUCTION TO COAL CONVERSION PROCESSES
1.1 Introduction
Coal has been an important energy resource for more than hundred years, and it
will continue to be an important energy resource in the 21st century as well. Coal has
fueled the industrial revolution in the previous two centuries. With the advent of the
automobile, airplanes, and the extensive use of electricity, oil became the dominant
fuel during the twentieth century. The growth of oil as the “most widely used fossil
fuel” was supported by the steadily-dropping prices from 1920 to 1973. During the
“oil shocks” of 1973 and 1979, the price of oil increased from 5 to 45 US$/barrel, and
there was a spontaneous shift away from oil. Coal, natural gas, and nuclear resources
became the major sources of electricity generation. In fact, coal has been the fastestgrowing fossil fuel in terms of use from 2003 to 2008. Conservation measures have
been adopted, which have resulted in the increase of the energy efficiency.
India’s primary energy resource is not oil, but coal. Coal has been a mainstay
of Indian energy. The main source of coal is the domestic collieries. India’s rapidlydeveloping economy warrants a sharp increase in energy demand. Coal accounted for
53% of India’s energy consumption in 2007, and the demand is set to grow over the
coming decades. Use of coal for the generation of electricity is projected to grow 2%
every year. Its share in electricity generation will approximately double by the year
2030. This will increase not only the domestic production but also the imports of coal.
Over the next two decades, coal import is projected to be tripled as compared to the
amount imported at present. Because coal is cheap and abundant domestically, it may

TH-948_03610703
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seem like the perfect solution to India’s energy requirements. However, coal is the
most-polluting fossil fuel. There are several adverse health, environmental and
economic consequences associated with the use of coal. In fact, Indian coal is one of
the dirtiest coals in the world. Its high ash content and the lack of infrastructure to
clean it early in the process create a huge environmental risk for India. Coal is the most
polluting fuel in terms of the greenhouse gases, and it already accounts for 65% of the
CO2 emissions in India. In addition to harmful carbon dioxide gas emissions, “black
carbon” (fine char particles) is produced during the burning of coal. Black carbon is
often neglected as a pollutant. However, it is responsible for one-fifth of the global
warming. It stays in the atmosphere for only a few weeks, but creates more local
warming problems than the emissions from most other fuels.
Although the reserve of coal in India is large as compared to oil and natural
gas, the utilization of coal has been restricted because the traditional methods of coal
conversion (e.g., combustion) result in some complications in the conversion
efficiency and adverse impacts on the environment. In a conventional coal-fired power
plant, combustion in the boiler and furnace converts the chemical energy in coal to
heat, which is used to generate high temperature, and produce high-pressure steam to
drive the steam turbine. These traditional methods of coal conversion have higher CO2
emissions (per unit of useful energy produced) than oil or gas conversion technologies.
Currently, there is intensive research going on the capture, sequestration and storage of
CO2. Although many Indian coals have low ash content, yet some of them contain high
amounts of sulfur (e.g., the coals of northeastern India). High- temperature conversion
of coal results in the emission of nitrogen and sulfur in the coal as NOx and SO2. These
gases are responsible for acid rain and smog.
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The conventional methods of utilization of coal practiced in India have low
efficiency and high pollution characteristics as compared to oil and natural gas. A few
clean coal technologies, such as Integrated Gasification Combined Cycle (IGCC), and
Fluidized Bed Combustion (FBC) have been identified as viable technologies to
circumvent these problems. A fundamental understanding of the physical and chemical
processes involved in these advanced coal conversion technologies is necessary to
achieve a higher efficiency and less adverse impact on the environment.

1.2 Coal reserves in India
India is the 3rd largest coal-producing country, and has the fourth largest
reserve of coal in the world (viz. approximately 197 billion tons). Coal deposits in
India occur mostly in thick seams and at shallow depths. The reserve for non-coking
coal is about 167.45 billion tons (i.e., 85% of the total reserve) while the coking-coal
reserve is 29.55 billion tons. Indian coals usually have high ash content (15–45%), and
they are of low calorific value. With the present rate of extraction of ~0.8 million tons
per day, the reserves are likely to last over the next 100 years. In India, the energy
derived from coal is nearly twice that derived from oil. The world statistics show that
the energy derived from coal is about 30% lower than that derived from oil.
At present, India has 48 coal washeries having a total capacity of 102 million
tons per annum. Of these washeries, 19 are owned by Coal India Limited (CIL). The
use of beneficiated coal has gained acceptance in the steel and power plants located at
a distance from the pithead. CIL is the largest company in the world in terms of coal
production. It contributes to ~85% of coal production in India. Figure 1.1 depicts the
various branches of Coal India Limited throughout India.
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Coal India
Limited, Calcutta
Northeastern
Coalfields, Guwahati

Southeastern
Coalfields,
Bilaspur

Bharat Coking Coal
Limited, Dhanbad

Northern
Coalfields,
Singrauli

Central Coalfields
Limited, Ranchi

Eastern
Coalfields
Limited,
Asansol

Mahanadi Coalfields
Limited, Sambalpur
Central Mine
Planning &
Design
Institute,
Ranchi

Western Coalfields
Limited, Nagpur

Figure 1.1 Coal India Limited and its subsidiaries.
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1.2.1 Coals of northeastern India
The northeastern region of India is comprised of eight states viz. Arunachal
Pradesh, Assam, Meghalaya, Mizoram, Manipur, Nagaland, Tripura and Sikkim.
Northeastern Coalfield (NEC) (a unit of Coal India Limited) is engaged in carrying out
coal mining operations in this region. Coal is produced by both open cast and
underground mining methods from the coal-bearing strata, which have been
tectonically folded with the coal seams dipping from 30–60 degrees. The coal reserves
to a depth of 600 meters aggregate to about 945 million tons. The coal available in this
region is tertiary coal, which is unique in character by virtue of its low ash content, and
thus of high value.

The coal-bearing tertiary sediments of the northeastern India range from
Paleocene to Oligocene geological epochs. These epochs belong to the “tertiary”
geological period which ranges from 1.8 to 65 million years ago. The tertiary period of
geological age has been divided into several divisions. The Paleocene epoch spans the
period 55−65 million years ago. On the other hand, the Oligocene epoch refers to the
period between 22 and 39 million years ago. The coal deposits of Meghalaya, and the
Mikir and North Cachar hills of Assam generally contain thin seams of Eocene age (38
to 54 million years ago). They were formed under stable shelf condition in peripheral
platform areas. The coal deposits of Oligocene epoch occur in a narrow, linear belt of
over-thrusts known as the “belt of Schuppen”, which extends from Nagaland to
Arunachal Pradesh through Assam. They were deposited in near-shore, deltaic wet
forest swamps, and in marshy environments close to a geosynclinals trough. The coal
seams have attained considerable thickness in the Makum and Namchik−Namphuk
coalfields.
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A comparison of the coals belonging to the Eocene and Oligocene epochs
indicates that these coals are similar in a broad sense. These coals are rich in vitrinite
[in which more than 70% (v) mineral matter is free] with moderate amounts of liptinite
[> 8% (v) free mineral matter] and inertinite [> 5% (v) free mineral matter]. Vitrinite is
a type of maceral∗ that has a shiny appearance resembling glass. It is derived from the
cell-wall materials or woody tissues of the plants from which the coal was formed.
Chemically, it is composed of polymers, cellulose and lignin [1]. Liptinite macerals are
considered to be produced from decayed leaf matter, spores, pollen and algal matter.
Resins and plant waxes can also be a part of the liptinite macerals. Inertinite is
composed of oxidized organic material or fossilized charcoal. It is found as tiny flakes
within the sedimentary rocks. The presence of inertinite is significant in the geological
record because it signifies that wildfires occurred at the time when the host sediment
was deposited. It is also an indication of oxidation due to the atmospheric exposure or
fungal decomposition during deposition.
The coals of northeastern India are high in volatile matter [38–57% on dry
mineral-matter-free (dmf) basis], sulfur (1–10% dmf basis) and hydrogen (4–9% dmf
basis) contents. The carbon content of these coals ranges from 68 to 85% (dmf basis).
These coals have caking properties in restricted zones.
The vitrinite reflectance of the Oligocene coals ( Rr = 0.53–0.74%) is slightly
higher than that of the Eocene coals ( Rr = 0.37–0.67%), where Rr is the mean random
reflectance. As per the ASTM Standard [2], the Eocene coals are classified as “subbituminous C to high-volatile bituminous C”, and the Oligocene coals are classified as
“sub-bituminous A to high-volatile bituminous B”. Microscopic examination of these

∗

“Macerals” are organic components of coal which are analogous to the minerals of rock.
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coals shows a number of features which indicate that the coals of northeastern India
may have generated hydrocarbons∗.
Most of the Eocene and Oligocene coals are suitable for combustion and
conversion (e.g., liquefaction) processes. The coals with caking properties are used in
blends (e.g., 5–10%) for the production of metallurgical coke provided their sulfur
content is below 3% and their ash content is below 10% [3]. The reasons for certain
abnormalities in the chemical properties of the Oligocene coals of upper Assam and
Arunachal Pradesh have been attributed to the marine environment and unusual
conditions of deposition. It has been reported in the literature [4] that marine
conditions were responsible for the perhydrous nature of the coals, which increases
with the intensity of the marine environment. The graphs of carbon versus oxygen are
useful for the identification of the seam and/or the field. It has also been suggested [4]
that oxygen was replaced by organic sulfur thereby lowering the oxygen content of
these coals. This aided the development of their agglutinating properties.
The coals of northeastern India generally have high sulfur content. In a
particular seam, total pyritic and organic sulfur content increases from the floor to the
roof of the seam. Upper seams generally contain more sulfur than the seams lying
below [5]. Use of these coals has been restricted to a rather low level because of the
high sulfur content. Moreover, more than 80% of the sulfur present in these coals is
organic in nature. Therefore, it is not possible to remove this sulfur by applying any
mechanical means. Free burning of these coals causes environmental pollution leading
to acid rains in the nearby areas.

∗

Coal under certain depositional condition can generate and release hydrocarbons up to liquid
petroleum.
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1.2.2 Uses of coals of northeastern India
The northeastern region coals are soft and friable. Hence it is very difficult to
extract them as lump coals during mining. These coals are used in various sectors, e.g.,
power, cement, paper, brick burning, cokaries, tea gardens and other local industries.

Use in the power sector
The best way to utilize the coals of northeastern India is by fluidized bed
combustion in power plants located centrally in the mining area.

Use in the cement sector
The relatively high heating values of the northeastern coals and the low ash
fusion temperature result in improvement in the clinker formation by 7–12% per day.
Also, the consumption of gypsum is reduced because of the presence of sulfur in the
coal.

Use in the steel sector
Strongly-caking coals of the Makum coalfield of Assam are used as a blend for
making coke. About 10% of the Assam coals are used in the coal blend charged to the
coke ovens.

1.3 Background of the present research
Northeast Institute of Science and Technology (NEIST) Jorhat had completed
its first bench-scale study (150 kg/hr steam production capacity) of burning
northeastern coals in a fluidized bed reactor in the year 1978 [6]. The northeastern
region has a good deposit of limestone. Limestone is used to absorb sulfur dioxide
generated during the burning of high-sulfur coal. Calcined lime (CaO) reacts with
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sulfur dioxide to give calcium sulfite, which converts to calcium sulfate in presence of
oxygen. Limestone is also used as a bed material for fluidized bed. Coal and limestone
are mixed at certain ratios and fed to the fluidized bed combustor to maintain the bed
height as well as the SO2 emission in the flue gas. Various parametric studies have
been performed till 1986 in a pilot plant (2000 kg/hr steam or 10000 kg/hr hot water
capacity), which was designed and fabricated by Bharat Heavy Electricals Limited
(BHEL), Tiruchirappalli (India). The work was extended up to 1990 with the
objectives such as: (i) optimization of the calcium/sulfur molar ratio, (ii) finding the
optimum sulfur retention temperature, (iii) role of excess air, and (iv) monitoring the
flue gas. This research was funded by the Northeastern Council (Shillong, Meghalaya,
India) [7].
While the above-mentioned work generated a significant amount of knowledge
and brought a reasonable conclusion towards commercialization, yet it has been felt
that more accurate data on the characteristics of coal devolatilization are necessary for
optimization of the bed height and feed size. This information would increase the
combustion and absorption efficiency of the fluidized bed combustor.

1.4 Importance of the present work
Devolatilization is a general term signifying the removal of volatile matters
from the coal matrix. Pyrolysis-like conditions are encountered by the coal particles
prior to ignition even under oxidizing conditions [8]. The yield of volatile matter in
pyrolysis provides deep insight into the proportion of coal volatilized in the
devolatilization stage. Devolatilization of coal is also extremely important because the
combustion of volatile matter accounts for nearly 50% of the specific energy for
fluidized bed combustion of a high-volatile coal [9]. To ensure high boiler efficiency,
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it is important that all the volatile matter evolved during devolatilization should burn
inside the bed.
The rate of devolatilization of coal in a fluidized bed combustor depends on
many parameters, such as particle size, gaseous atmosphere, fluidization velocity, bed
temperature, coal type and the amount of volatile matter. During the heating process of
the coal particles in fluidized bed, the average heating rate of the individual coal
particles depends on their size. The differences in temperature history of the center of
the coal particles are mostly influenced by the particle size and the type of coal [10].
The small particles are likely to release volatile matter quickly, but the large particles
can release volatile matter above the bed because they are heated at a slower rate than
the smaller particles [11]. This causes variations in the composition in the gas. For a
particular design of the bed, this variation can retard the conversion of the gaseous
components and shift the conversion to the downstream region of the furnace, which
can influence burn-up and cause undesirable emissions. In some cases, additional air
has to be introduced in the freeboard to reduce the emission levels [7]. Hence, it is
important to ascertain the amount of volatile matter released by a single coal particle
over time after its injection into the bed. For practical purposes, it would be better to
investigate a batch of coal particles, but it has been reported in the literature [12] that
the coal particles fuse together during pyrolysis and form a single large particle.
The gaseous atmosphere has a great influence on the devolatilization process.
Heat transferred from the fluidized bed to the coal particle is utilized in the drying of
the coal particle and the endothermic reactions leading to the formation of the
volatiles. The presence of oxygen causes reaction with the volatile matter at the
surface of the particles, which results in an increase in the surface temperature. In
addition, exothermic reactions in the combustion of char cause increase in the
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temperature of the particle and thereby increase heat transfer from the particle to the
surrounding medium. Increase in particle temperature increases the rate of drying and
devolatilization of coal. Hence it is important to study devolatilization of coal of
different particle size relevant to fluidized bed under enriched-oxygen conditions.
Combustion studies on pulverized coal with enriched air have revealed that
there is an increase in the flux of oxygen molecules from the bulk towards the
particles. As a result, the temperature of the surface of the particles becomes higher.
This increases the pyrolysis rate, Stefan flow and oxidation in the boundary layer [13].
But there is a difference between higher oxygen concentration and higher excess-air
condition: the latter leads to a higher fluidization velocity. At the higher fluidization
velocities, the rate of release of volatile matter is slightly higher because of the better
convective heat transfer to the particle [14]. Because nitrogen does not participate in
combustion, the volume of nitrogen is quite high at the higher fluidization velocities,
and the sensible heat is lost, which is carried away by the excess nitrogen.
Amongst the fluidized bed technologies, Atmospheric Fluidized Bed
Combustion (AFBC) is simple and economical because it can use particles of large
size, offers flexibility in the type of the fuel used, and reduces erosion and corrosion.
Although the other types of fluidized bed (viz. pressurized and circulating fluidized
beds) are more efficient in combustion as well as sulfur capture (because of the lower
particle size used in these beds, higher recirculation rate and the presence of higher
amount of air), yet the costs of production are comparatively higher than AFBC. By
the application of oxygen-enriched air in AFBC, the deficiency in combustion and
thermal efficiency in comparison with Pressurized Fluidized Bed Combustion (PFBC)
and Circulating Fluidized Bed Combustion (CFBC) can be significantly removed, and
can be made at par with the PFBC. In oxygen-enriched environment, devolatilization
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and combustion of coal particles are likely to occur faster than that with air. Also, there
occurs increase in combustion of coal char and volatile matter because of the presence
of extra oxygen in the combustion system, which increases the combustion efficiency.
Thermal efficiency of the system also increases due to the reduction of the total
volume of the flue gas leaving the combustion chamber. Oxygen-enriched combustion
method is an effective method to produce a flue gas rich in carbon dioxide [15,16]
which can be separated easily and sequestered [17]. It is known that the use of oxygenenriched air and recycle of char help a gasifier to increase the heating value of the
product gas and the cold gas efficiency. The ratio of conversion of carbon to CO2 and
CO increases with the increase of oxygen concentration in the combustion chamber.
Air enriched with oxygen can reduce the emission of carbon monoxide in the flue gas
of a fluidized bed combustor. The amount of unburned carbon in the flue gas reduces
considerably in presence of extra oxygen. However, the cost for oxygen enrichment is
higher, owing to the cost involved in the liquefaction of air.
There are several reports in the literature [11,18–20] on devolatilization time of
coal particles in presence of air. However, these works have not reported the variation
of mass of a single particle with time. There are differences among the results reported
in the literature for devolatilization time, which can be attributed to the different
experimental conditions employed, and the definitions used to measure the time [21].
To simplify the experimental procedure, a thermogravimetric analyzer (TGA) may be
used to measure devolatilization time. However, the rate of heating in a fluidized bed
is much greater than that in a TGA, and the devolatilization kinetics varies
considerably with such large variation in the heating rate. As a result, it is not reliable
to use the results obtained in a TGA to predict the devolatilization in a fluidized bed.
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From the foregoing discussion, it is evident that the increase in oxygen
concentration in the fluidizing gas increases the exothermic reactions as well as the
devolatilization rate. Hence the characteristics of devolatilization differ in inert
atmosphere, air, and in air enriched with oxygen. Only devolatilization time has been
studied in most of the works reported in the literature. Little emphasis has been given
to find out the evolution of volatile matter with respect to time. The other important
drawback of the works reported in the literature is that the velocity employed during
the studies was much lower than that employed in a commercial AFBC. The
mechanism of devolatilization at the higher velocities is therefore rather unknown. The
existing methods involving flame extinction time and monitoring of gas evolution
perform satisfactorily only at the lower velocities. Therefore, it is necessary to analyze
the existing experimental procedure and develop a new set-up to study the
characteristics of devolatilization of coal.

1.5 Objectives of the present work
The present research work has been undertaken with the following objectives.
•

To study the devolatilization characteristics of coal samples from various
collieries of northeastern India (which contain volatile matter in the range of
31% to 41%) in inert, air and oxygen-enriched air (such that the gas contains
30% oxygen) under fluidized bed conditions

•

To study the effect of particle size in these three atmospheres

•

To develop correlations for devolatilization time, effect of particle size, oxygen
concentration, volatile matter content and superficial gas velocity

•

To study the mechanism of pyrolysis in different gaseous atmospheres during
devolatilization
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CHAPTER 2
___________________________________________________
LITERATURE REVIEW
2.1 Introduction
This chapter presents a review of the literature on the devolatilization of coals
relevant to the fluidized bed gasification and combustion processes. Emphasis has
been given on the parameters that are important to improve the efficiency of fluidized
bed coal combustion for power generation and steam production. Importance has been
given to the coals which contain high volatile matter so that the present study can be
helpful for the design and control of commercial fluidized bed combustors or
pyrolyzers that use the coals of northeastern India. In this review, the mechanism of
devolatilization, the nature of transformation which occurs inside the coal particles,
and the products of devolatilization will be discussed. The devolatilization models
available in the literature will be reviewed focusing on the type of the models
employed, chemical kinetics of coal devolatilization, and the devolatilization of large
particles. The present status of knowledge on coal devolatilization will be explained,
and an in-depth background of the present study will be presented which will help us
to explain the scope of the present work.

2.2 The fundamentals of coal devolatilization
2.2.1 The chemical structure of low-rank coals
It is necessary to understand the chemical structure of low-rank coals to
explain the structural changes which occur during coal devolatilization. The chemical
structure of coal depends upon the process through which it has formed. Coal
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originates from peat, which is formed from plant-matter that deposits or grows in
swamps. The transformation from peat to coal occurs via the application of heat and
pressure. Generally, the peat-deposit is buried under sediments (e.g., sands and clays),
and it is the thickness of this overburden which determines the temperature and
pressure to which it is exposed. This thermodynamically-favorable transformation
process is termed as coalification.
Peat is composed of a significant amount of lignin and cellulose which is
present in the original plant deposits. In the first stage of coalification, dewatering and
decomposition of the hydrophilic functional groups of peat occur because of the
increase of pressure and temperature. The cellulose begins to undergo decomposition
while the lignins are preserved, and they become concentrated in peat. Formation of
humic acid functional group follows to which cations such as Na+, Ca+2, Mg+2, Fe+3
and Al+3 can bond to form humates. The ensuing gelation stage involves the formation
of colloidal humic gels, which precipitate in void spaces resulting in the reduction of
the porosity of peat. As coalification progresses, the oxygen-content of the coal is
gradually reduced via decomposition of the carboxyl (−COOH), methoxyl (−OCH3)
and carbonyl (>C=O) functional groups, as well as ring oxygen. The final stages of
coalification involve the condensation of humic acids to larger molecules, and the
removal of aliphatic and alicyclic functional groups. This chemical change indicates
that the coal gradually becomes more and more aromatic and carbon-rich in nature
[1].
A number of hypothetical models of the structure of coals have been
developed. A typical structure proposed for a bituminous coal is depicted in Figure
2.1. As can be observed in this figure, the coal is composed primarily of groups of
aromatic ring clusters that are cross-linked by aliphatic or etheric bridges. The size of
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Figure 2.1 Model of bituminous coal structure [2] (reproduced by permission from
Elsevier Ltd.,  1984).
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the aromatic ring structure varies from one to multiple rings per cluster, and a variety
of functional groups (e.g., carbonyl, carboxyl, ether and phenol groups) are attached
to the rings. The aromatic rings may be mono-substituted with heteroatoms such as
nitrogen, sulfur or carbon. This covalently-bonded chain of aromatic ring clusters is
commonly referred to as the “immobile phase”. Throughout this continuous chain of
aromatic ring-clusters exists small interstices, or holes, in which smaller molecules
may be trapped. These molecules are generally aliphatic in nature. However minerals
such as quartz (SiO2) and kaolinitic clays [e.g., Al2Si2O4(OH)4] may also be present.
These molecules constitute the so called “mobile phase”. Inorganic materials such as
Na, K, Ca, Al and Fe are also found within the coal structure. They are typically
attached to carboxyl (or similar) groups, or included as chelate complexes [3−5].

2.2.2 General mechanism of coal devolatilization
The physico-chemical transformations which occur during devolatilization have
been investigated by a number of workers [3−7]. They have proposed various
mechanisms describing the transformations. The mechanism proposed by van Heek
and Hodek [5] for devolatilization of coal is shown schematically in Figure 2.2.
According to this mechanism, the coal degradation process starts with desorption of
moisture and some light gases (mainly methane and nitrogen) at about 393 K. On
further heating, distillation of the mobile phase occurs at temperatures above 523 K
leading to the formation of tar, particularly the aliphatic tar components. At
temperatures greater than 673 K, degradation of the immobile phase starts resulting in
the formation of aromatic tar fraction, a number of light gases (e.g., H2O, CO and
CO2), and low molecular weight hydrocarbons (e.g., CH4, C2H4, C2H6, C3H6 and
C3H8). Finally, condensation of vaporized aromatics to char occurs at temperatures
above 873 K. This is associated with the decomposition of heterocyclic compounds
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Figure 2.2 The main reactions which occur during coal pyrolysis as per the
mechanism of devolatilization proposed by van Heek and Hodek [5] (adapted by
permission from Elsevier Ltd.,  1994).
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yielding N2, H2S and CO. Hydrocracking of the aromatics also occurs which releases
H2 [5].
Solomon et al. [4] proposed the following mechanism which describes the
formation of the tar and char fractions.
Stage 1: Depolymerization by the rupture of weaker bridges in the coal
macromolecule to release smaller fragments which make up the metaplast
Stage 2: Repolymerization (i.e., cross-linking) of metaplast molecules
Stage 3: Transport of lighter molecules away from the surface of the coal particles by
combined vaporization, convection and gas-phase diffusion
Stage 4: Internal transport of molecules to the surface of the coal particles by
convection, by diffusion into the pores of non-softening coals, and by liquidphase diffusion or bubble transport in softening coals. Char is formed from
the unreleased or recondensed fragments. Various amounts of loosely-bound
guest molecules, usually associated with the extractable material, are also
released during devolatilization.
This mechanism is similar to that proposed by van Heek and Hodek [5] except that
the metaplast stage described here is called “mobile phase” by van Heek and Hodek
[5]. Solomon et al. [3] proposed a structural model for sub-bituminous coal, which is
shown in Figure 2.3. Comparing Figures 2.3(a) and 2.3(b), it can be observed that the
aliphatic bonds denoted by (2) in Figure 2.3(a) have been ruptured, and the carbon
radicals formed in the process picked up hydrogen radicals to form either methyl or
ethyl functional groups. The hydrogen radicals have been generated by the
dehydrogenation of a hydroaromatic ring such as that shown in the lower right side of
the molecule in Figure 2.3(a). These two breakages of aliphatic bonds result in the
fragments which are light enough to evolve as tars [3].
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Figure 2.3 Hypothetical chemical structure of a sub-bituminous coal: (a) parent coal,
and (b) during devolatilization [3] (reproduced by permission from Elsevier Ltd., 
1993).
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The aliphatic ether bond denoted by (1) in Figure 2.3(a) has been disrupted
leading to the formation of a hydroxyl group via a hydrogen radical, which is depicted
in Figure 2.3(b). At the position labeled (3) in Figure 2.3(b), condensation of two
hydroxyl groups has resulted in the formation of a second aromatic ether bond and the
release of H2O. Other independent transformations have occurred such as the
decomposition of the carboxyl group depicted at the center of Figure 2.3(a) to yield
CO2, an aliphatic ether bond has been ruptured releasing a methyl group as CH4 [on
the left side of Figure 2.3(a)], and a mercaptan in the lower right corner of Figure
2.3(a) has detached to form H2S [3]. These transformations are similar to those
described in the mechanism proposed by van Heek and Hodek [5].
The structural changes shown in the Figure 2.3 are the changes that occur during
primary devolatilization. It is defined as the decomposition of the macromolecular
structure of coal. The disintegrated fragments produced from primary devolatilization
are small, which can escape from the coal surface [8]. Secondary devolatilization is
the decomposition of the components evolved during primary devolatilization in the
vapor phase.
Pather and Al-Masry [9] have proposed a mechanism of coal devolatilization
that involves three stages as described below.
Stage 1: Release of primary volatile matters at the solid−gas interface due to thermal
decomposition
Stage 2: Production of secondary volatile matters during the diffusion of gaseous
products through the pores within the coal particles
Stage 3: Production of tertiary volatile matters due to the decomposition reactions
occurring in the void spaces between the particles
The secondary decomposition described in the stages 2 and 3 by Pather and Al-
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Masry [9] is essentially the transformation of tar species which are formed during
primary devolatilization through the reactions such as tar cracking, dehydrogenation,
aromatization and condensation [10]. The lighter fraction of primary volatile matter is
generally stable.
However, at the higher temperatures, the decomposition of benzylic
compounds has been reported [10]. Several works have been reported on the
secondary decomposition of tar [10−14], which have focussed on the rationalization
of the influence of various operating parameters. A mechanism of tar decomposition
was proposed by Hesp and Waters [10] based on a bench-scale study of
decomposition of tar produced in a carbonizer when passed through a bed of coke in
the temperature range of 973−1273 K. This mechanism suggests that tar
decomposition takes place in three distinct phases, which are summarized below.
Phase 1: This is the first phase which involves rapid decomposition into gas and
carbon. The amount of tar decomposing to gas is directly proportional to the
temperature of cracking, and the time required is inversely proportional to
temperature. Gas is the main product indicating that the gas-forming
reactions are quicker than the reactions which form carbon.
Phase 2: The second phase involves formation of carbon by the secondary
decomposition of gas. Hydrogen is also formed, accompanied by slow
decomposition of the tar that escapes the cracking reactions in the first step.
Since a major part of the total carbon is obtained in this phase, it is called
“the phase of carbon formation”. It is much longer than the first phase, and
its duration is inversely proportional to the temperature of cracking.
Phase 3: The third phase involves slow evolution of gas from tar after the first two
phases of decomposition. The amount of gas formed in the third phase is
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directly proportional to the amount of tar entering into the third phase, and
inversely proportional to the temperature of cracking.
Therefore, it is evident from the literature survey presented in this section that a
substantial amount of work has been done to understand the mechanism of
devolatilization. The devolatilization process is related to the structure of the parent
coal. The structural and mechanistic models form the basis on which the observations
regarding the influence of various operating parameters on devolatilization can be
analyzed. Experiments can be designed to ascertain the controlling mechanism for
fluidized bed combustion and gasification applications.

2.2.3 Effects of operating parameters on coal devolatilization
As the coal devolatilization process is very complex in nature, several
parameters have direct and indirect influence over the nature and composition of the
products evolved during devolatilization. Of these parameters, the most significant are
rank of the coal, particle size, heating rate, gaseous environment, temperature,
pressure, superficial gas velocity, oxygen concentration, and the presence of cations
which have catalytic effect on coal devolatilization. Moisture content of coal is related
to its rank: as the rank of the coal increases, the moisture content decreases. For lowrank coals, the moisture content is high, and the removal of moisture plays an
important role in devolatilization. The majority of work done so far is related to the
combustion of pulverized coal. However, in recent times, efforts have been made to
study devolatilization of large particles related to fluidized bed coal combustion and
gasification. The effects of some of these parameters are discussed in detail in the
following sections.
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2.2.3.1 Temperature of devolatilization
Temperature is an important parameter for any coal devolatilization process
[15]. The effects of temperature on the yields of tar, gas and char have been reported
by Tyler [16]. It can be seen from his work that the yield of C1−C3 hydrocarbons
increases linearly with the increase in temperature, while the total volatile yield
increases significantly upto ~1000 K, and then becomes invariant with temperature.
Several other investigators have confirmed this behavior [10−12,14,17−19]. It is
evident from Figures 2.4−2.7 that the yields of the products have different trends as
the devolatilization temperature increases. Xu and Tomita [12] have reported that the
yield of product is relatively constant up to 873 K, which is also observed in the
results reported by Hesp and Waters [10], Tyler [18], and Cliff et al. [19], for several
volatile products. The yield of tar increases with temperature up to 873 K, and
subsequently decreases by almost 50% beyond this temperature [10,12,19].
Considering the mechanisms of primary and secondary decomposition discussed
earlier, this trend suggests that at temperatures lower than 873 K, secondary
decomposition reactions are minimal and primary decomposition is dominated by the
Stage 1 reactions. Above 873 K, primary decomposition via the Stages 2, 3 and 4
begin to become increasingly more significant, as does the extent of the secondary
decomposition reactions.
Xu and Tomita [12] monitored the yields of gases produced when the primary
volatiles from a bituminous coal were allowed to pass through a packed bed reactor at
various operating temperatures. This enabled the extent of the secondary reactions to
be investigated. The yields of the products are summarized in Table 2.1 for a gasphase residence time of 7 seconds. Table 2.1 confirms that minimal secondary
decomposition reactions occur below 873 K. Immediately above 873 K, there is a
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Figure 2.4 Effect of temperature on the yields of tar, total volatile matter and C1−C3
hydrocarbons [16] (adapted by permission from Elsevier Ltd., 1979).
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Figure 2.5 Effect of temperature on the yields of C3H6 and C3H8 [16] (adapted by
permission from Elsevier Ltd., 1979).
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Figure 2.6 Effect of temperature on the yield of CH4 [16] (adapted by permission
from Elsevier Ltd., 1979).
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Figure 2.7 Effect of temperature on the yields of C2H4 and C2H6 [16] (adapted by
permission from Elsevier Ltd., 1979).
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Table 2.1 Effect of temperature on the yield of products from a bituminous coal [12]
(adapted by permission from Elsevier Ltd., 1989)

Yield (wt. %)
T (K)
H2

CO

CO2

H2O

CH4

C2H4

C2H6

C3H6

C3H8

C4

773

0.4

2.1

1.7

4.0

3.5

0.8

0.90

0.60

0.30

0.50

873

0.4

2.0

1.6

4.3

3.6

0.9

1.00

0.80

0.30

0.60

973

0.5

2.5

1.4

4.1

4.6

1.9

1.00

1.30

0.20

0.70

1073

0.6

2.7

1.9

4.1

5.4

3.0

0.50

0.40

0.00

0.20

1173

0.9

3.4

2.0

3.6

5.7

2.0

0.05

0.03

0.00

0.04

Yield (wt. %)
T (K)
C5−C6

Benzene

Toluene

Xylene

Phenol

Cresol

Xylenol

Coke

773

0.60

0.1

0.3

0.3

0.40

0.6

0.6

1.2

873

0.70

0.2

0.3

0.3

0.40

0.6

0.6

1.4

973

0.40

0.3

0.4

0.4

0.40

0.6

0.4

2.3

1073

0.10

0.8

0.5

0.5

0.30

0.3

0.1

3.1

1173

0.03

1.3

0.2

0.2

0.04

0.1

0.0

4.9
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noticeable increase in the yields of H2, CO, CH4, C2H4, C3H6 and benzene. It becomes
apparent that the secondary decomposition reactions of Phase 2 occur due to the
increase in coke formation. The yields of CO2 and H2O remain rather constant while
the yields of the majority of the remaining gases tend to decrease steadily with
temperature. The results also show that at 1173 K, only H2, CO, CO2, H2O, CH4, C2H4
and benzene are present to a significant level. This agrees with the observations of
several other workers [10,18,19]. The decrease in the yield of the heavier products
indicates that secondary decomposition has taken place. The products are not limited
to hydrogen. They also contain methane and ethylene, and to a lesser extent, benzene.
The formation of coke indicates that the Phase 3 decomposition has not been reached
because this phase is characterized by the gradual release of H2 and CO, and only
becomes predominant at longer residence times [10]. Calkins et al. [20] examined the
thermal cracking of a typical coal tar vapor by measuring the gas yields after passing
the tars produced at 873 K through a tar cracker. The thermal cracking reactions were
investigated by varying the cracker temperature. It was generally observed that the
temperature at which cracking became apparent decreased with increasing carbon
chain length. Thermal cracking of 1-butene was observed at 923 K, while for
methane, the minimum cracking temperature was ~1273 K. It was interesting to note
that the yield of ethylene (a major product of the thermal cracking reactions)
increased consistently with temperature.
From the foregoing discussion, it can be concluded that the trends observed in
the yield and the distribution of the products of devolatilization with variation of
temperature can be rationalized using the mechanisms proposed by Solomon et al. [3],
and Hesp and Waters [10] for the primary and secondary decomposition reactions.
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2.2.3.2 Effect of pressure
The effect of operating pressure on coal devolatilization is most notably
characterized by the decrease in the tar yield, and decrease in the total yield of the
volatile matter [17,21]. Ladner [21] noted that the decrease in the yield of tar was
accompanied by an increase in the yield of char. Suuberg et al. [17], and Ladner [21]
have reported that the total yield of the hydrocarbon gases increased with increasing
pressure, which has been supported by Gokhale et al. [22]. Further investigation into
the nature of the hydrocarbon gases produced at various pressures suggests that a
significant amount of additional gases is produced at the higher pressures, which can
be attributed to the increase in methane formation [21,22]. This suggests that the
devolatilization mechanism at the high pressures is controlled by the Stages 3 and 4
(primary), and Phase 2 (secondary) decomposition reactions. It should be noted that
Phase 2 has been suggested because the increase in the total yield of char indicates
that the process is in the phase of char formation.
Increase in the external pressure results in a decrease in the differential pressure
existing between the pores and the external particle surface during devolatilization.
This suggests that the driving force for the transport of the products out of the particle
is reduced, resulting in a longer residence time in the pore structure. This is further
enhanced by the decrease in the molecular diffusivity of the product species arising
from the increased pressures. Ultimately, the slowdown of the transport processes
within the particle extends the contact time of the products with the coal structure, and
exposes them to a greater opportunity for the secondary reactions to occur. Thermal
cracking reactions of the tar species along with condensation to form char
predominate. This leads to the reduced yield of tar, and increased yields of the
hydrocarbon gases and char. The primary species formed from the thermal
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decomposition of the initial coal structure are not significantly altered by the increase
in pressure. However, the effect of pressure is realized during the subsequent
transformations.

2.2.3.3 Effect of heating rate
To study the effect of heating rate, one must keep the other parameters constant.
Study of devolatilization can be performed in different types of reactor, but factors
such as gas phase residence time and particle size must be kept constant so that the
product yields are directly comparable. The most common technique that has been
used for the study of the effect of heating rate is the wire mesh [17] or micro sample
strip reactors [23]. Such reactors typically utilize either wire mesh grid or thin heating
elements over which the coal sample is thinly dispersed to enable easy escape of the
volatile products. Hence the secondary decomposition is reduced. In these types of
reactors, heating rates are in the range of 100–10000 K/s. The amount of sample used
in these studies is ~20 mg. Niksa et al. [23] deduced that the effect of heating rate was
not uniform and was dependent on the system pressure. It was found that the increase
in heating rate increased the total volatile yield in vacuo, and the magnitude of
increase was in the range of 10–20% when the heating rate was increased from
100−1000 K/s. At higher pressures, the effect of the heating rate is less apparent and
can be considered negligible. This suggests that at high pressure, diffusion processes
become dominant and limit the rates of the subsequent chemical steps (viz. the Stages
3 and 4 of primary decomposition). Suuberg et al. [17] deduced that the heating rate
has a negligible effect on the yields of the products. Ladner [21] reported that increase
in heating rate resulted in an increase in oil and tar yields, and a decrease in the yield
of char. Similar results have been reported by Peters and Bertling [24]. Their work
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was carried out in a fixed bed reactor, and it is possible that the secondary reactions
related to the interaction of volatiles with the adjacent char particles occurred in such
a reactor. These results highlight the need for careful selection of the experimental
arrangement employed.
Loison and Chauvin [25], Jones et al. [26], Eddinger et al. [27], Rau and
Robertson [28], Mentser et al. [29], and Anthony et al. [30] have reported increase in
volatile yield with increase in the rate of heating. The heating rate employed in these
experiments were in the range of 600−50000 K/s. However, this is not feasible for the
particle size used in a commercial fluidized bed combustor. Moreover, a single
heating rate cannot represent the heating rate for all particles involved in a fluidized
bed combustor or gasifier.
Gavalas [31] has compared the results obtained for fixed bed and fluidized bed
devolatilization of coals. He found that the yield of tar increased significantly in the
fluidized bed rig in comparison to the fixed bed rig. Higher heating rates are expected
in a fluidized bed rig suggesting that such heating rates favor tar evolution and limit
the secondary reactions. It is likely that the increased heating rate induces a more
rapid release of volatiles from the particles, and accordingly there is a greater internal
pressure build-up within the pore structure. This pressure build-up causes the products
to be expelled from the particles more rapidly and reduces their residence time in the
pore structure. This in turn limits secondary tar cracking and condensation reactions,
which can explain these results. Stubington and Sasongko [32] have reported the
heating rates for 2−20 mm diameter coal particles in industrial fluidized bed
combustors at 150 K/s. They calculated the average heating rate from the time of
entry of the particle to the bed up to the time of 95% devolatilization (i.e., 95% of the
ultimate mass loss).

TH-948_03610703

35

In an oxidizing atmosphere, there can be a large enhancement of heating rate
because of combustion of volatile matter at the surface of the particle, which increases
the surface temperature and hence the heating rate. Increase in heating rate induces a
more rapid release of volatile matter. A rapid release of volatile matter limits the
secondary reactions, thereby increasing the yield of volatiles beyond the proximate
volatile content of the coal. It has been reported in the literature [33] that the rapid
increase in temperature at the high heating rates decreases the residence time of
volatile material. It reduces the influence of cracking and more tarry liquid is
produced. However, the yield of the light hydrocarbon gases remains nearly constant.
It has also been reported in the literature [33] that the increase in tar yield with
increasing heating rate is greater for the low-volatile coals than for the high-volatile
coals.
Ross et al. [34] measured the time required for the center of the particle to
reach the bed temperature in a fluidized bed in nitrogen and air. The average heating
rate was calculated. Figure 2.8 shows the variation of the average heating rate (in air
at 1123 K) in fluidized bed with particle diameter. It can be observed from this figure
that the average heating rate decreased with the increase in the particle diameter. The
reason for this variation is that the coal is not a good conductor of heat and there
exists a temperature gradient from the surface of the particle to its center. As the
particle diameter increases, the distance between the surface and the center increases.
Hence the heat has to travel a longer distance for large particles. Therefore, the
heating rate decreases with particle diameter. With the increase in heating rate, more
rapid release of volatile matter from the coal particles takes place. As a consequence,
an internal pressure builds up within the pore structure.
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Fig. 2.8 Variation of average heating rate with particle diameter [34] (adapted by
permission from Elsevier Ltd., 2000).
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This pressure causes rapid expulsion of the products from the particles, and reduces
their residence time in the pores. There may be fissures on the surface of the particles
and hence, they may fragment into smaller size.

2.2.3.4 Effect of particle size

It is difficult to characterize the influence of particle size on devolatilization of
coal. For the large particles, a number of factors overlap with the devolatilization
process. According to Smoot and Smith [35], larger particles do not heat rapidly or
uniformly, so that a single temperature cannot be used to characterize the entire
particle. The internal char-surface provides a site where secondary reactions occur.
The pyrolysis products generated near the center of a particle must migrate outside to
escape. During this migration, they may crack, condense, or polymerize, with some
carbon deposition taking place. The amount of deposition increases with the increase
in the size of the particle, and hence the yield of volatile matter decreases.

It is difficult to isolate the primary and secondary decomposition reactions for
the devolatilization of large particles, because there is a tendency for secondary
reactions to occur within the pore structure. Morris [36] investigated the effect of
particle size on the total yield of volatile matter for particle size in the range of
0.038−2.36 mm. These findings support the fact that the volatile yield decreases with
increasing particle size, which is in accordance with the findings of Gokhale et al.
[22]. The study of Morris [36] was performed under mild rates of heating (i.e., 0.16–
0.5 K/s up to 1173 K). The trend in the total yield of various gaseous species was
monitored as a function of particle size for a sub-bituminous coal. The results indicate
that there was a slight increase in the tar yield with increasing particle size while the
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yields of H2O, CO, CH4, H2 and CO2 decreased. This can account for the observed
decrease in the total yield of volatile matter. Morris [37] has studied devolatilization
under similar reaction conditions for high rank coals, but at a higher final temperature.
They obtained slightly different results. At temperatures of 1273 K, 1373 K and 1473
K, the methane-yield was found to increase as well as the hydrogen yield. However,
the yields of CO and CO2 were found to decrease with particle size at 1373 K and
1473K, but increased with particle size at 1273 K. This seems to suggest that the
effect of particle size is dependent upon the temperature and the coal type, and a
transition in the dominating mechanism may occur at ~1273 K for these coals.
Griffin et al. [38] have highlighted the effect of particle size on the tar yield.
They used particles having diameter in the range of 0.063−0.075 mm, and
0.106−0.125 mm. At the heating rate of 10 K/s, the tar yield decreased by ~0.5% (by
wt.) with the increase in particle size (starting from 0.063−0.075 mm to 0.106−0.125
mm). Higher heating rates (viz., 1000 K/s and 2000 K/s) resulted in a corresponding
decrease in the tar yield of 3−4 % and 5−6% (by wt.), respectively. The large particles
induce competition between intraparticle transport and secondary reactions within the
pore structure [38]. Griffin et al. [38] proposed that the heating rate may modify the
effect of particle size via any of the following reasons.
(i)

Larger heating rates may increase the driving force for internal mass
transfer by intraparticle concentration gradients.

(ii)

Changes in heating rate may change the coal morphology and hence the
accessibility, surface area, and the chemistry of the reactive interfaces,
as well as the characteristic length scales for physical transport.
Softening and volatile-generation may temporarily transform the
relatively porous coal into a molten material consisting of bubbles,
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mineral matter, and unsoftened macerals dispersed in liquid continuum,
which, before resolidification, may swell into a cenosphere or other
shape, which is drastically different from that of the original coal. The
resultant effect can be a major decrease in the distance which the tar
must travel to escape the substrate internals.
(iii)

The tar yield can vary significantly when the generation and depletion
of tar involve significantly different activation energies.

It can be summarized from the above discussion that the devolatilization of large
coal particles is a complicated process because no single parameter such as
temperature, heating rate or pressure can explain the trends observed in the evolution
of volatile matter. Hence, further investigation into the devolatilization process will
require careful selection of parameters.

2.2.3.5 Effect of gas velocity

There is no report in the literature on the devolatilization time of coal in a
fluidized bed in an inert atmosphere and in air at a high fluidizing velocity. However,
there are reports on devolatilization time at low velocities [34, 39−43]. Table 2.2
shows some of the results reported at different fluidization velocities. Several
correlations are plotted in Figure 2.9 for the same range of particle size. Comparing
these results with Table 2.2, it is observed that the devolatilization time decreases
with the increase in velocity. In some works, however, increase in devolatilization
rate with increasing superficial velocity has been reported [44]. This has been
attributed to the greater convective heat transfer due to the turbulence created by the
higher superficial velocity. Similar trends can be observed in air also, which are
shown in Figure 2.10.
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Table 2.2 Comparison of devolatilization time at different superficial velocities
in nitrogen and in air

Measurement
technique
Temperature
response [34]
Volatile
evolution [40]
Volatile
evolution [39]
Temperature
response [34]
Flame extinction
time [34]
Flame extinction
time [41]
Flame extinction
time [42]
CO2 profile [43]
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Correlation,

Superficial
velocity

Temperature

tv = Ad n

Atmosphere

(K)

(m/s)

A (s mm )

n

0.138

8.96

0.99

1123

4.15

1.03

1145

9.77

1.08

4.61

1.48

5.18

1.23

0.138

4.43

1.16

0.138

1.65

1.52

1.84

1.50

0.312

1.35

1.61

N/A

1.48

1.72

0.330

−n

Nitrogen

0.217

0.100
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Figure 2.9 Comparison of devolatilization time at different fluidization velocities in
nitrogen atmosphere.
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Figure 2.10 Comparison of devolatilization time at different fluidization
velocities in air.
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in Figures 2.11 and 2.12. The parameter A decreases with the increase in superficial
velocity. However, the parameter n increases with the increase in superficial velocity,
and then decreases beyond a certain velocity.

2.2.3.6 Oxygen content

Stubington et al. [45] have studied devolatilization of single coal particles
having diameter in the range of 1–5 mm in a thermogravimetric apparatus. The
particle was inserted into an already-hot furnace, and the flow rate of gas (viz.
nitrogen and air) was maintained at 0−100 cm3 per minute. They observed a decrease
in devolatilization time with increase in temperature and oxygen concentration. This
provides further evidence that the presence of oxygen in the gaseous medium helps to
reduce the devolatilization time. Because the combustion of volatile matter
contributes 50% (or higher) of the total energy evolved during the combustion of a
high-volatile coal, it is beneficial if the entire volatile matter evolved from the coal
particles burns inside the fluidized bed. However for large particles, the
devolatilization time is longer. Therefore, a major fraction of the volatile matter burns
in the freeboard section. The energy evolved in the freeboard is transferred by
convection. Therefore, the high heat transfer coefficient of fluidized bed (which is a
major advantage) cannot be utilized appropriately. If the particle size and oxygen
concentration can be optimized, then it may be possible to get higher heat output (i.e.,
higher boiler efficiency). There is hardly any report in the literature on
devolatilization time in oxygen-enriched air. There are some reports at lower oxygen
concentrations [46,47], which are presented in Table 2.3 and Figure 2.13. It can be
inferred from these results that the devolatilization time decreases with the increase in
oxygen concentration.
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Figure 2.11 Effect of superficial velocity on parameters A and n in inert
atmosphere.
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Figure 2.12 Effect of superficial velocity on the parameters A and n in air.
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Table 2.3 Correlations for the devolatilization time at different oxygen concentrations

Oxygen
Particle

Bed

diameter

temp.

Colliery/
Coal type
(mm)

Evans/Bituminous [46]

(K)

mole
fraction

( xo )
0.21

6.7−25.5

Highvale/Bituminous
[46]

Correlation* for

velocity
tv (s)
(m/s)

0.3−0.6

1.31d 1.6

0.3−0.7

0.91d 1.6 xo−0.086

0.01−
8.2−34.8

Lignite/Lignite [46]

Fluidizing

0.14

2.36d 1.26

10.2−36.1
0.21

Lingan/Bituminous [46]

1.35d 1.6

8.1−33.0
1123

Lingan/Bituminous [46]

0.0–

0.3−0.6
1.32d 1.6 xo−0.029

8.1−33.0
0.14

Minto/ Bituminous [46]

6.0–19.9

0.21

1.29d 1.6

0.03

21.01d 0.75

Thorsby/Bituminous [47]
9.0–16.3

0.01

0.435

0.21

*

5.17d 1.3
2.59d 1.36

xo represents the mole fraction of oxygen in the fluidizing gas, d represents the

diameter of the coal particle, and tv represents the devolatilization time.
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Figure 2.13 Comparison of devolatilization time at different concentrations of oxygen
in the fluidizing gas [47].
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2.2.3.7 Specific heat

The specific heat of coal has a direct relationship with its volatile content [48]. It
can be observed from Figure 2.14 and Table 2.4 that the specific heat increases with
increase in the volatile content. Specific heat can be a significant factor in the
devolatilization of coal because it plays an important role in the rate of heating of
coal. Increase in the heating rate induces a more rapid release of the volatile matter.
The secondary reactions are reduced when there is rapid release of volatile matter.
This increases the volatile yield beyond the proximate volatile content. There can be
variation in the yield of volatile matter during devolatilization depending on the
volatile content of the coal.

2.2.4 Implications of devolatilization for fluidized bed pyrolysis, gasification and
combustion

A fluidized bed consists of a collection of particles suspended in a gas stream
flowing upward at such a velocity that the particles are not carried out of the vessel
but continue to circulate vigorously within the vessel. Cavities (called “bubbles”)
move through the suspended mass. These facilitate the vigorous circulation of the bed
material. Because the bed offers resistance to flow, the drag forces, as given by the
pressure drop across the bed, are sufficient to support the weight of the bed. The bed
has a pseudo density and has many attributes of a liquid [49].

In combustion applications, fuel is continuously fed to a fluidized bed
consisting of non-combustible particles. For solid fuels such as coal, the carbon
content of the bed is no more than a few percent.
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Specific heat (kJ kg-1 K-1)
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Figure 2.14 Specific heat of enriched coals having different volatile content [48]
(adapted by permission from Elsevier Ltd.,  1996).

TH-948_03610703

50

Table 2.4 Analysis (% by wt.) of coals [48] (adapted by permission from Elsevier
Ltd.,  1996)
Raw*

Enriched (by washing)*

Coal
Ad (%)

Ad (%)

Vdaf (%)

Cdaf (%)

H daf (%)

Odaf (%)

Czeczot

32.2

3.9

41.0

69.8

4.6

22.9

Boleslaw Smialy

29.1

3.2

39.2

80.5

5.9

11.1

Rydultowy

32.5

7.2

36.0

77.2

4.8

15.1

Wawel

20.1

4.5

33.4

85.2

5.2

7.6

Gliwice

13.0

5.2

20.1

86.6

4.5

4.1

Anthracite

−

4.7

7.9

93.6

3.0

1.0

*

Ad = ash content on dry basis; Vdaf = volatile matter content on dry ash free basis;

Cdaf = carbon content on dry ash free basis; H daf = hydrogen content on dry ash
free basis; Odaf = oxygen content on dry ash free basis.
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The hot bed particles act as a heat reservoir and stabilize combustion, making the
fluidized bed a very desirable device for burning low-grade coals and waste materials.
The bed material consists of coal ash, limestone or sand of ~1 mm diameter.
The superficial velocity through the bed is ~2−3 m/s depending on the size of the bed
material and the turbulence requirement. The bed temperature is usually kept between
1000 and 1300 K. Lumped coal having a top size of 10−20 mm is fed by a screw or a
spreader above the bed. Crushed coal with a top size of 6 mm is fired pneumatically
under the bed. Heat is extracted through the heat exchange surfaces placed within and
above the bed. The hot gases leaving the combustor contain considerable sensible
heat, which can be recovered in various passes through the boiler.

Coal passes through several interactive stages before and during the burning
process. These processes are: drying (with or without shrinkage), devolatilization
(with or without swelling and fragmentation), combustion of volatile matter,
combustion of residual char, and attrition of coal particles. Fluidized bed combustion
technology offers a flexible method for coping with the solid fuels of variable quality.
One of the advantages of fluidized bed combustion is that large particles can be used,
which saves the cost of washing, crushing, drying and grinding. Fluidized bed
combustion can handle coals having high amounts of sulfur and ash as well as the
rejects from the coal washeries.

When a high-volatile coal is introduced into a fluidized bed combustor, the coal
particles mix with the bed material, and they start to devolatilize simultaneously
[50,51]. Coal particles undergo two overlapping stages of reaction in the fluidized
bed, viz., devolatilization and char combustion. The volatile fraction of the coal
contributes a significant proportion to the total amount of heat released during
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combustion. The rate of heat released from the volatile combustion is determined by
the rate at which they can escape from the particles and combine with the oxygen in
the gas phase. Therefore, it is important to understand where and how the volatiles are
released from the coal. The importance of volatile matter in the fluidized bed
combustion of coals has been discussed by La Nauze [49]. Stubington et al. [41] noted
that the combustion of volatiles in a fluidized bed combustor influences the design
and operation via several means. It affects (i) the distribution of oxygen across the
bed, (ii) the spacing of the feed points of the coal particles, (iii) the split in heat
release and hence the heat transfer between the bed and the freeboard, and (iv) the
release of nitrous oxide from the bed. Stubington and Linjewile [52], and Stubington
et al. [45] have noted that inefficient in-bed combustion of volatile matter resulted in
undesirably-high freeboard temperatures, and hence facilitated the need for larger heat
transfer surfaces in the freeboard region. The evolution of volatiles within the bed is
dependant upon the mixing of the coal particles [41,53]. These factors also determine
the split between the volatile matter released in the bed and in the freeboard.

Borghi et al. [54] noted that the oxygen and temperature profiles in the bed were
dependant on the release of volatile matter because the evolution of concentrated
volatile matter in certain regions of the bed can result in areas of oxygen depletion,
and possibly cause hot spots within the bed.

From the foregoing discussion, it is evident that the volatile matter should burn
inside the bed so that maximum heat transfer can occur within the bed (which is the
main advantage of fluidized bed combustion), and not in the freeboard region. In
addition to combustion and heat transfer, evolution of polluting volatiles from the
devolatilization of coal is also important from the environmental perspective. Based
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on their pilot plant and laboratory-scale studies, Borghi et al. [54] reported that a
major portion of the CO emission from fluidized bed is related to the release of
volatile matter, and that most of the NO formed originated from the oxidation of
nitrogenous groups present in the volatile matter. Borah et al. [55] have also reported
high release of CO in a pilot plant study, which was reduced by the introduction of
secondary air for combustion in the freeboard. Agarwal and Wildegger-Gaissmaier
[56] have suggested that the volatile products contribute significantly to the release of
CO and NO in the fluidized beds. The relation between the volatile matter present in
coal and the emission of NO x has been supported by Stubington and Chan [57].
Johnson [58] emphasized this by stating that the secondary reactions are quite
different for the nitrogen present in the char and the nitrogen present in the volatile
matter. Garcia-Labiano et al. [59] noted that a large part of the sulfur present in the
parent coal is released during devolatilization. The forms of sulfur present in the coal
and the atmosphere during pyrolysis dictate the volatile matter evolved during
devolatilization. Hence it is apparent that the optimal design of fluidized bed
combustor and development of pollution control strategy depend upon the proper
understanding of the mechanism of devolatilization in fluidized bed.

2.2.5 Devolatilization experiments in inert conditions

Several investigators have examined devolatilization of large coal particles in an
inert atmosphere. Zhang et al. [42] studied devolatilization and combustion of single
coal particles having size in the range of 5−50 mm in a laboratory-scale fluidized bed
reactor. They employed the minimum fluidization velocity corresponding to 0.5 mm
diameter sand particles. Nitrogen and air were used as the gaseous media. They
concluded that devolatilization of large coal particles is a strongly non-isothermal
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process. The total mass-loss during devolatilization differed significantly from the
proximate volatile content of the original coal. They also observed that the entire
volatile matter present in the coal did not release during devolatilization.

Peeler and Poynton [60] studied devolatilization of single coal particles of size
in the range of 1.4 to 29 mm under simulated fluidized bed conditions at 1173 K in
nitrogen atmosphere. The superficial gas velocity was maintained at 0.25 m/s. They
studied

nine coals

ranging from

sub-bituminous

to

semi-anthracite.

The

devolatilization rate was represented by a reaction having order in the range of
0.4−0.6.

Stubington and Sumaryono [39] showed that the ratio of the extent of
devolatilization/proximate volatile content varied between 0.95 and 1.15 for 3−11
mm diameter coal particles. They studied three Australian coals of volatile matter
ranging from 19.4 to 43.5% (by weight) in nitrogen atmosphere at 1023, 1123 and
1223K. Zhang et al. [61] have reported similar results regarding the yield of volatile
matter at 1123 K in a fluidized bed for 5−28 mm diameter Canadian coals.

From the survey of literature presented in this section, it is evident that the yield
of volatile matter for the large particles is higher than the proximate volatile content
of the coal. To determine the devolatilization time, it is necessary to consider the total
loss of volatile matter of each particle (after deduction of the moisture content of the
coal), and the time taken for the loss.

2.2.6 Devolatilization experiments in combustion conditions

Saito et al. [62] studied devolatilization of single coal particles of diameter
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ranging from 2 to 4 mm in inert and combustion atmospheres in a porcelain tubefurnace at temperatures between 1123 and 1373 K. They found that the rate of
evolution of volatile matter in air was nearly double of that in nitrogen. In addition,
the final loss of mass due to the release of volatile matter was much greater in air than
in nitrogen. The reason proposed by them was that in combustion condition, the coal
particle is closely surrounded by a cloud of volatile matter that burns in oxygen.
Therefore, the coal particle is additionally heated by the surrounding flame, and the
resulting higher heating rate causes increase in the amount of volatile matter released.
Stubington et al. [45] studied devolatilization of single coal particles of size in the
range of 1 to 5 mm in a thermogravimetric apparatus. The particle was inserted into a
preheated furnace, and the flow rate of the nitrogen gas was maintained at 0–100 cm3
per minute. These results show that the devolatilization time decreases with increase
in the oxygen concentration.

Winter et al. [44] studied devolatilization and combustion of two subbituminous coals in three different laboratory-scale fluidized bed combustors. The
particle size was 10 mm. The temperature was varied between 973 and 1223 K, the
partial pressure of oxygen was varied between 0 and 10 kPa, and the fluidizing
velocity was varied from 0.3 to 0.9 m/s. They have reported that the release volatile
matter during devolatilization was slightly higher at the higher superficial velocities.
Also, more carbon was lost with increasing fluidization velocity during
devolatilization and the combustion of char was faster. These observations have been
explained by the fact that at the higher fluidization velocities, there is more convective
heat transfer. High oxygen concentration slightly increases the ultimate yield of
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volatile matter as well as the rate of devolatilization, due to the high temperature in
the volatile flame surrounding the particle. Higher fluidization velocity is likely to
increase the rate of mass transfer by rapidly regenerating the film surrounding the
particle. At a high fluidization velocity, the bulk concentration of volatile matter can
be assumed to be equal to zero, and the concentration (of volatile matter) is equal to
the concentration at the surface, which signifies more mass transfer. From the
foregoing discussion, it is evident that the devolatilization time in fluidized bed is
dependant on temperature, fluidization velocity, oxygen concentration and particle
size.

2.2.7 Definition of devolatilization time and the different methods employed for its
evaluation

Devolatilization is a general term that means removal of volatile matter from the
coal matrix. No distinction is made regarding the nature of the gaseous surroundings,
i.e., inert (pyrolysis) or oxidizing (combustion) atmosphere. Even under oxidizing
conditions pyrolysis-like condition prevails at the initial stage when the
devolatilization rate is much higher than the oxidation of the char particle. Hence this
period can be called devolatilization. The time taken for devolatilization in a fluidized
bed combustor is very significant. The devolatilization time must be compared with
the particle mixing time in order to decide the appropriateness of the various models
proposed for combustion of volatile matter [50]. Most of the workers have inferred
devolatilization time from the occurrence of a volatile diffusion flame around the
individual particles [63−66]. However, these methods underestimate the total
devolatilization time because devolatilization may still occur after the extinction of
the flame. Devolatilization time has also been measured from the concentration
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profiles of the evolved gases [40]. But there exists a time lag between the volatile
evolution and its measurement. Also, the trace amounts of volatile matter during the
end of devolatilization may be undetected due to the dilution affect. Since direct
measurements of weight cannot be made if the particle is surrounded by the inert
particles, thermogravimetric techniques have been applied to the stationary particles
[42,56,62]. From these data, the devolatilization time has been defined in different
ways (e.g., as the time for 90% devolatilization [45], or the time for 95%
devolatilization [60].

Earlier works on the determination of devolatilization time may be divided into
two categories depending upon the mobility of the particles in the reactor. In the first
category of works, the particles were injected into a hot fluidized bed and allowed to
move freely within the bed. Therefore, their immediate environment was similar to
the environment in a fluidized bed combustor. In the second category, the particles
were dropped into a hot reactor, and the particle either remained stationary in the hot
zone on a fixed support, or was suspended in a hot gas stream. Therefore, there were
no fluidized particles in contact with the devolatilizing coal particle. In the works
belonging to the first category in inert atmosphere, intermittent quenching and
removal of coal particles from the bed and determination of volatile matter have been
employed [40]. In this procedure, the devolatilization continues during quenching till
its temperature comes down significantly. In air, the flame extinction time was taken
into consideration. It is defined as the time counted from the injection of the particle
into the bed up to the moment a visible volatile flame is extinguished above the bed.
The flame extinction time is possible only at the lower gas velocities. At the high gas
velocities, the diffusion flame may not be visible. Moreover, the end point may not be
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visible as the evolution of volatile matter considerably reduces during the end of
devolatilization.

2.3 Models of coal devolatilization

There are two types of model which are employed to describe coal
devolatilization, viz. “empirical” and “structural” models. In the literature, the
empirical models have been extensively developed for both pulverized and large coal
particles. An empirical model is generally useful in predicting the rate of volatile
evolution and the composition of the devolatilization products for the coals for which
it has been developed. On the other hand, the structural models are based upon the
thermal decomposition process. These models deal with the structure of the parent
coal, and require the knowledge of the functional groups present in the coal and their
nature. The structural models are generally complex, because they depend on the
chemical structure of the parent coal.

2.3.1 Structural models for coal devolatilization

A number of structural models have been developed such as the “Chemical
Percolation Devolatilization (CPD) model” [67−69] and “Functional GroupDepolymerization, Vaporization and Cross-linking (FG-DVC) model” [3,70,71].

2.3.1.1 Chemical Percolation Devolatilization (CPD) model

The CPD model describes the coal conversion behavior based on the chemical
structure of the parent coal [67]. Using the structure as the starting point, percolation
lattice statistics is employed to estimate the yield and mass distribution of the
devolatilization products evolved from the break-up of the macromolecular coal
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network. The model requires three groups of input parameters: (i) coal-independent
kinetic parameters, which are the rate parameters, (ii) coal-dependent parameters,
which are used to define the chemical structure of the parent coal, and (iii) an
elemental analysis of the parent coal. The kinetic parameters in the model are
assumed to be identical for all coals, and the variation in the devolatilization behavior
for different coals is dependant on the structural parameters [68,69].

The kinetic rate parameters for the CPD model are derived from experimental
techniques such as TG-FTIR and GC-MS, and from thermochemical kinetics. Coal
structure parameters are derived directly from the NMR data, except for the initial
fraction of char bridges, which is assumed to be zero for high-rank coals, and
determined empirically for low-rank coals by comparing the CPD model predictions
with experimental tar yields [69]. In order to simulate the breakdown of the coal
structure, bonds are randomly broken within the coal macromolecule depending upon
the thermal treatment of the coal and the corresponding probability of the given bond
being ruptured. In this manner, the formation of loose aromatic ring clusters, which
lead to tars, and light gases from the labile bridges and side chains, which result in the
formation of light gas can be predicted [71].

2.3.1.2 Functional Group-Depolymerization, Vaporization and Cross-linking (FGDVC) model

The FG-DVC model starts with the parent coal structure as in the CPD model,
but the tar formation and the behavior of the char produced during devolatilization are
more extensively treated. In the FG-DVC model, linear oligomers of aromatic ring
clusters (having a molecular weight distribution defined by an average and a standard
deviation) are linked by cross-links per monomer. Cross links are defined as the
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points at which more than two attachments connect one cluster to another. During
thermal decomposition, bridges are broken and the cross-links are formed. The
molecular weight of the resultant oligomers is calculated by randomly distributing
these changes [71].

The devolatilization products as per the FG-DVC and CPD models differ. The
CPD model assumes that all molecules which are not attached to the macromolecular
network are essentially evolved as tars. In the FG-DVC model, mass transport
equations have been included. It has been assumed that the molecular weightdependent vapor pressure controls whether the molecules are released into the gas
phase or not. These gases escape by convective transport from the coal particle. Thus,
the tar fraction comprises of aromatic ring clusters, which are released during
decomposition, and this belongs to the lower molecular weight region with
sufficiently high vapor pressures. The remaining fraction is trapped within the coal as
either solvent-extractable material or as liquids.

2.3.1.3 Advantages and disadvantages of structural models

Structural models such as the CPD and FG-DVC models are useful in
predicting the production of tar, char and evolution of light gas during the
devolatilization of coal [3,4,68,69,71]. The FG-DVC model is able to predict behavior
such as cross-linking, hydrogen utilization and fragmentation during devolatilization
[3,4,71]. It can also predict the swelling and solubility of coals, and can distinguish
between the evolved tars and solvent-extractable liquid products generated during
devolatilization with reasonable success [3,4,71]. Both of these models utilize data
generated by instrumental analysis. The quantity of data required is significant and
these are highly coal specific. This restricts the scope of the model to a unique type of
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coal, which corresponds to the input data. The major success of these models is in the
prediction of the trends of tar and char production with operating conditions. This is
due to their ability to consider the structural aspects of coal. With the inclusion of
mass transfer process, the FG-DVC model has become more complex. The CPD
model is computationally more efficient than the FG-DVC model in its treatment of
coal structure [71], and it is also less complex.

2.3.2 Empirical models for coal devolatilization

Empirical models adopt a less sophisticated approach than the structural models.
They refer to a global approach to the modeling of devolatilization. Empirical models
were originally developed to model the devolatilization of pulverized bituminous coal
particles. A general review of the empirical modeling approaches is given in the
following sections.

2.3.2.1 Single first-order Arrhenius models

Since the complex chemical reactions and transport processes occurring within
the coal particle are not well understood, a number of simple first-order Arrheniustype models have been developed. Such models have been used by van Krevelin et al.
[72], Stone et al. [73], Howard and Essenhigh [74], Wiser et al. [75], Badzioch and
Hawksley [76], Anthony et al. [30], Kobayashi et al. [77], Maloney and Jenkins [78],
Niksa et al. [23], Sandhu and Hashemi [79], Gokhale et al. [22], Fu et al. [80], and
Sharma et al. [81] for coals ranging from bituminous to brown types. The general
form of the model can be represented by the following equation.

dV
= k (V * − V )
dt
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(2.1)

where V * is the ultimate yield of volatile matter (kg/kg dry coal). V → V * as t → ∞ .
The kinetic rate constant k varies with temperature following the Arrhenius equation,

k = k0 exp(− E RT )

(2.2)

Experimental support for these models has been presented in a number of works. The
kinetic parameters of these models are extremely sensitive to the operating conditions,
and vary significantly to produce a reasonably good fit. These models are therefore
limited in their application to the conditions at which supporting experimental data are
available.
2.3.2.2 Models with mth-order kinetics
The mth-order reaction models use the following devolatilization equation.

dV
= k (V * − V )m
dt

(2.3)

According to Peeler and Poynton [60], the mth-order model is extremely useful in
predicting the mass-loss data for particles in the size range of 1.4 to 29 mm, and
ranging from sub-bituminous to semi-anthracite coals. In their work, the data were
recorded by suspending the coal particles from a microbalance into a hot stream of
nitrogen gas, and the transient weight loss profiles were analyzed. The experiments
were conducted at 1173 K and the rate constant, k, was related to the particle size as,

k = pdˆ q
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(2.4)

where d̂ is the geometric mean coal particle diameter, and p and q are coal-dependant
parameters. The reaction-order was reported to vary between m = 0.4 and m = 0.6
depending upon the type of coal [60].

In contrast to the reaction orders reported by Peeler and Poynton [60], Li et al.

[82] have reported reaction orders between m = 1.27 and m = 4.5 . However, the
particles studied by them were small. In addition, they had used a thermogravimetric
apparatus with a varying heating rate. The lower reaction orders seems to indicate that
devolatilization of large coal particles becomes less kinetically controlled as the
particle size increases, and phenomena such as heat and mass transfer become
increasingly important.

2.3.2.3 Competing reaction models

The inability of the single first-order and m th -order reaction models to describe
the devolatilization behavior of coals over a wide range of operating conditions has
led to the use of more sophisticated reaction models such as the “competing reaction”
models. Doolan et al. [83] combined the single first-order volatile evolution model
with a similar term describing the decomposition of volatile matter according to the
following equation.

dVi
= kvi Vi* − Vi − kdiVi
dt

(

)

(2.5)

where Vi represents the yield of species i and Vi* represents the ultimate yield of the
same species. kvi denotes the rate of evolution of species i , which is proportional to
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(

)

the amount of species i remaining in the coal, i.e., Vi* − Vi . kdi refers to the
decomposition rate of species i, which is related to the amount of species i which
formed Vi . A similar approach was used by Cliff et al. [19], and Yang and Wang [84].
Jamaluddin et al. [85] have compared the effectiveness of several models. They have
reported that the competing reaction model was able to provide better predictions over
a range of heating rates. It predicted the final temperature more accurately than the
single first-order reaction model. It also performed better in predicting the yields of
various volatile species at the higher temperatures.

2.3.2.4 Multiple parallel reaction models

In multiple parallel reaction models, a particular volatile species is evolved via a
number of simultaneous, independent, first-order reactions. Each species is derived
from a number of sources within the coal structure, each of which yields the species
according to differing kinetics. Tomeczek and Kowol [86] proposed that individual
volatiles can be derived via several (e.g., four to six) simultaneous, independent, firstorder reactions. Several models have been developed in which coal devolatilization
has been described by infinite number of simultaneous, independent, first-order
reactions [31,54,87−96]. A significant amount of work has been done using the
multiple parallel reaction models for large particles. Agarwal et al. [87] concluded
that the modeling approach involving multiple parallel reactions was able to predict
both mass-loss and evolution of individual gaseous species from large coal particles
with reasonable accuracy. However, as the time increases, the computational time
necessary for calculating the volatile yield becomes increasingly larger.
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2.3.2.5 Shrinking-core model

It has been demonstrated in the literature [97] that devolatilization of coal can
be explained by the shrinking-core model assuming no change in the size of the
particles. Chern and Hayhurst [97] performed devolatilization studies with bituminous
and lignite coals in a fluidized bed in nitrogen atmosphere by withdrawing coal
particles from the hot bed before any fragmentation could occur. The particle was
then quenched in nitrogen, weighed, sectioned and examined in a microscope. Apart
from the final stages of devolatilization, these particles had a central core of virgin
coal, surrounded by the char. The boundary between these two regions was sharp,
indicating a shrinking core. The velocity of the movement of the boundary was found
to be constant. This conclusion was confirmed by the measurement of the particle’s
mass with time. They developed a model involving heat transfer from the fluidized
bed to the exterior of the coal particle, followed by heat conduction through the outer
layer of the char to provide the enthalpy required for the endothermic thermal
decomposition in the moving reaction zone. This model predicts that apart from the
very beginning and the end of devolatilization, there is an almost constant velocity of
the shrinking core of the raw coal. They concluded that it is possible to describe the
generation of volatile matter with a simple shrinking-core model, at least for the early
stages of pyrolysis. They also concluded that although their model matched and
described the observations well for bituminous and lignite coals, it is not suitable for
the anthracite coals, which chatter into many pieces soon after entering the hot
fluidized bed.

Chern and Hayhurst [97] showed that for kt

( ah ) = 0.5

(where kt is the

thermal conductivity of coal, a is the radius of the coal particle and h is the convective
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heat transfer coefficient), the ratio of the reacting core radius/initial radius varied
linearly with the ratio of time/time of devolatilization. This indicates that at

kt

( ah ) = 0.5 , the reaction front proceeds at a constant velocity, and the intercept of

the linear portion of the curve of rc a versus t tv is unity at t = 0 . For

kt

( ah ) < 0.5 , the plot gives a negative intercept at

t = 0 . For kt

( ah ) > 0.5 , the plot

gives a positive intercept at t = 0 . The swelling of coal has not been considered in
their work. Also, the sensible heat to raise the temperature of the coal particle to the
point of devolatilization was not considered because it is a rather small quantity in
comparison with the enthalpy of devolatilization.

2.3.2.6 Advantages and disadvantages of empirical models

The simplicity of the empirical coal devolatilization models is due to the
assumption that the entire process can be represented by a simplified overall reaction
rate on a global scale, rather than consideration of the breaking of individual bonds
within the coal macromolecule. The second advantage is that extensive data related to
the structure of the coal is not required in these models. The data necessary to
supplement the empirical models can be obtained with far simpler techniques than
that required for the structural models (mainly due to the type of data involved).
Empirical models have no distinct relation with the parent coal structure, which
is a limitation of these models for rigorous modeling of devolatilization. Other coal
properties related to the structural changes occurring during devolatilization (e.g.,
solvent swelling) cannot be predicted by these models. Empirical models are less
effective in predicting the yields of tar, char and volatile gases.
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2.4 Modeling of devolatilization of large coal particles
Modeling of large coal particles differs from that of the pulverized coal particles
because the temperature of the particles can no longer be assumed to be uniform
during heating. This is particularly relevant in fluidized bed systems where high heat
transfer rates deliver heat rapidly to the particle surface. Longer devolatilization time
may result due to the internal heat conduction limitation, which results in a slower
transfer of heat to the center of the particle.

2.4.1 Kinetic modeling

The most significant change in the devolatilization mechanism for large
particles relevant to fluidized bed pyrolysis is due to the secondary devolatilization
reactions. During this stage, the primary volatiles undergo cracking, condensation,
polymerization and char formation reactions while transported out of the particle. The
FG-DVC model for coal devolatilization is the most comprehensive structural model
which incorporates the transport processes into the overall model. However, it has a
major limitation because of the complexity of the model. Empirical models present
less complicated solution, and therefore, may be suitable for integration into the
devolatilization models for large particles. This has been done in several studies
[39,59,60,80,86−89,91,94,98]. These studies have shown reasonable success in
predicting the total mass-loss and evolution of individual volatile species from the
large coal particles during devolatilization. This indicates their suitability for this
application.

2.4.2 Modeling of mass transfer

Winter et al. [44] have studied devolatilization of coal at fluidization velocities
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in the range of 0.3 to 9 m/s. They reported that with increase in the fluidization
velocity, there is increase in the loss of carbon during devolatilization. This has been
attributed to the higher rate of transfer of oxygen to the surface of the particle.
Relatively few studies on mass transfer in the devolatilization of large particles have
been reported. Peters and Bertling [24] studied the pyrolysis of coking coals in the
size range of 1 to 15 mm. They pointed out that larger temperature gradients could
exist within the particle for high external heat transfer co-efficient (as would be
encountered in fluidized beds). They interpreted their results by comparing the
devolatilization process to the drying of coke, and developed a correlation for
fractional release of volatile matter by relating it with the temperature of pyrolysis and
particle size as shown by the following equation.

V
V

*

= 3 × 10−4 (Tb − 330 ) d −0.26t

(2.6)

where Tb is the temperature of the fluidized bed, d is the particle diameter, t
represents time, V is the volatile matter evolved at time t, and V * is the total volatile
matter evolved. Essenhigh [63] studied the devolatilization of particles having
diameter in the range of 0.295 to 4.76 mm in a non-fluidized combustion system. As
per this model, the volatiles form a drop, and the volatile matter transfers from the
drop surface to the outside. Assuming mass transfer as the rate-limiting step, he
proposed that the time required for devolatilization could be predicted by the
following equation.

 η
tv = σ d 
 8 Pca
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 V*  2
d

  100 

(2.7)

where P is the permeability of the char, η is the viscosity of the flowing volatiles, σ d
is the density of the drop liquid, and ca is the constant of proportionality between the
rate of transformation of liquid to vapor at the surface of the drop of volatile matter
(per unit area) and the rate of shrinkage of the drop.

La Nauze [49] has proposed a model for devolatilization assuming internal mass
transfer as the rate-controlling step. The total time for volatile evolution was shown to
follow the equation,

tv =

ρv d 2

(2.8)

24 Dc

where ρv is the molar density of volatile matter in the particle, D is the effective
diffusivity of the volatiles through the char of diameter d, and c is the mean value of
concentration of volatiles assuming a uniform distribution of potential volatile species
throughout the particle. The approach of LaNauze [49] is similar to that of Essenhigh
[63], except in the treatment of the diffusion process. Gavalas [31] has studied the
effect of mass transfer limitation on the pyrolysis of coal. Jüntgen and van Heek [99]
have presented two different models that take into account the transitions from
reaction-controlled pyrolysis (independent of particle size) to diffusion or heat
transfer-controlled pyrolysis (dependant on particle size and rate of heating). They
suggested that under fluidized bed combustion process, where the rate of heating is
~1273–10273 K/min, the process is reaction-controlled when the particle is < 0.6 mm.
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2.5 Conclusions
1. The devolatilization process is related to the structure of the coal. The influence of
various operating parameters on devolatilization can be analyzed based on the
structural and mechanistic models.
2. The trends observed in the yield and distribution of the products of
devolatilization with variation of temperature can be rationalized using the
mechanisms proposed by Solomon et al. [3], and Hesp and Waters [10].
3. Higher heating rates are expected in a fluidized bed rig, which suggests that such
heating favors tar evolution and limits the secondary reactions. It is likely that the
increased heating rate induces a more rapid release of volatile matter from the
particles, and accordingly there is a greater internal pressure build-up within the
pore structure. This pressure build-up causes the products to be expelled from the
particles more rapidly, and reduces their residence time in the pore structure. This
limits secondary tar cracking and condensation reactions.
4. There are reports in the literature on devolatilization time at the low gas velocities.
The devolatilization rate increases with the increase in superficial gas velocity. In
commercial fluidized beds, higher fluidization velocities are employed. Therefore,
this aspect needs systematic investigation.
5.

Larger particles do not heat rapidly or uniformly. Therefore, a single temperature
cannot be used to characterize the entire particle. The devolatilization of large coal
particles is a complicated process because no single parameter such as
temperature, heating rate or pressure can explain the trends observed in the
evolution of volatile matter. Hence, further investigation into the devolatilization
process will require careful selection of the parameters.
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6. The devolatilization time decreases with increase in temperature and oxygen
concentration. This provides evidence that the presence of oxygen in the gaseous
medium helps to reduce the devolatilization time. So far, devolatilization has not
been studied at oxygen concentrations higher than that is present in air. There is a
possibility of reduction in devolatilization time and increase in combustion
efficiency in presence of extra oxygen.
7. It is evident from these studies that the yield of volatile matter for large particles is
higher than the proximate volatile content of the coal. But there is no report on
how the extent of devolatilization depends on particle size and volatile matter
content.
8. The simplicity of the empirical coal devolatilization models is due to the
assumption that the entire process can be represented by a simplified overall
reaction rate on a global scale, rather than consideration of the breaking of
individual bonds within the coal macromolecule. The second advantage is that
extensive data related to the structure of the coal is not required to apply in these
models. The data necessary to supplement the empirical models can be obtained
with simpler techniques than that required for the structural models (mainly due to
the type of data involved).
9. Empirical models have no distinct relation with the parent coal structure, which is
a limitation of these models for rigorous modeling of devolatilization. Other coal
properties related to the structural changes occurring during devolatilization (e.g.,
solvent swelling) cannot be predicted by these models. Empirical models are less
effective in predicting the yields of tar, char and volatile gases.
10. The shrinking-core model predicts that apart from the very beginning and the end
of devolatilization, there is an almost constant velocity of the movement of the
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shrinking-core of the raw coal. Chern and Hayhurst [97] have concluded that
although their shrinking-core model matched and described the observations well
for bituminous and lignite coals, it was not suitable for the anthracite coals, which
chatter into many pieces soon after entering the hot fluidized bed.
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Notations

a

radius of coal particle, m

A

correlation constant, s mm−n

Ad

ash content on dry basis, %

c

mean value of concentration of volatiles assuming a uniform
distribution of potential volatile species throughout the particle,
mol/m3

ca

constant of proportionality between the rate of transformation of
liquid to vapor at the surface of the drop of volatile matter (per unit
area) to the rate of shrinkage of the drop of volatile matter, kg2 m−2
s−2

Cdaf

carbon content on dry ash free basis, %

d

diameter of the coal particle, m

d̂

geometric mean diameter of coal particle, m

D

effective diffusivity of the volatile matter, m2/s

E

activation energy, J/mol

h

convective heat transfer coefficient, W m−2 K−1

H daf

hydrogen content on dry ash free basis, %

k

rate constant, s−1

k0

frequency factor, s−1

kdi

decomposition rate of species i , s−1

kt

thermal conductivity of coal, W m−1 K−1
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kvi

rate of evolution of species i , s−1

m

reaction order

n

correlation parameter

Odaf

oxygen content on dry ash free basis, %

p

constant, s−1 m−q

P

permeability of the char, m2

q

constant

rc

radius of the unreacted core of the coal particle, m

R

universal gas constant, J mol−1 K−1

t

time, s

tv

devolatilization time, s

T

temperature, K

Tb

temperature of the fluidized bed, K

V

volatile matter content at time t, kg/kg of dry coal

V*

ultimate yield of volatile matter, kg/kg of dry coal

Vdaf

volatile matter content on dry ash free basis, %

Vi

yield of species i, kg/kg of dry coal

Vi*

ultimate yield of species i , kg/kg of dry coal

xo

mole fraction of oxygen

Greek symbols

η

viscosity of the flowing volatile matter, Pa s

σd

drop density, kg/m3
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ρv

TH-948_03610703

molar density of volatiles in the particle, mol/m3
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CHAPTER 3
_______________________________________________________
EXPERIMENTAL WORK

3.1 Introduction
Devolatilization is an important step in the fluidized bed combustion and
gasification of coal. A practical knowledge of the behavior of high-volatile coals
during devolatilization is essential for improving the efficiency of the process as well
as to gain control of the gaseous emission from the process. In this section, the
experimental procedure employed for the devolatilization of five high-volatile coals
of northeastern India is described. Gaseous atmospheres of argon, air and enriched air
have been used to analyze the behavior of high-volatile coals during devolatilization
in purely pyrolysis, combustion, and in enhanced combustion conditions. The third
situation is rather unexplored, and there is hardly any literature on it. The coals have
been chosen in such a way that their volatile content is high and it varies over a wide
range. This enabled us to record and analyze the devolatilization characteristics easily.
There are reports of experimental studies for total devolatilization time, 95%
devolatilization time and 90% devolatilization time in inert atmosphere and in air in
various equipment such as thermogravimetric apparatus, convective tube and
fluidized bed [1−19]. However, very little emphasis has been given to the mass-loss
characteristics during devolatilization, which is important for the optimization of
particle size and bed height. Devolatilization time provides an estimate of the time
required for a particle to devolatilize. It, however, does not provide any information
regarding the extent of devolatilization at a particular time after the particle enters the
bed. Therefore, it is not possible to ascertain the total amount of volatile matter
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processed by the equipment at a particular time. It has been reported in the literature
that the volatile matter can burn in the freeboard [20], which reduces the extent of
heat transfer from the bed. In addition, unburned volatile matter creates air pollution.
There is discrepancy in the literature on the effect of gas velocity on the rate of
devolatilization. Some authors claim that there is hardly any effect of gas velocity on
devolatilization rate [10,11,14,16]. However, a few authors claim that the
devolatilization rate increases with increasing velocity [21]. Therefore, the role of
superficial gas velocity on the rate of devolatilization is to be explored. It is difficult
to measure the mass-loss of a coal particle in a fluidized bed because the particle is in
contact with the inert particles. At a higher velocity, the “flame extinction time”
method cannot be employed because the diffusion flame is not visible. In the gas
monitoring method, the dilution ratio of gas is large at the higher velocity, and the
inaccuracy due to dilution is large. There is no other method for the measurement of
mass-loss at a high velocity. Therefore, the purpose of this section is to develop a
thermogravimetric set-up for collecting the mass-loss data continuously and
accurately during devolatilization of a coal particle under the fluidized bed conditions.
In this method, the mass-loss measurement will be carried out continuously by a
sensitive and accurate microbalance during the time the sample is exposed to
turbulent conditions in the freeboard of a hot fluidized bed.
The experimental set-up used in this study will be described in the Section
3.2.1. The use of this set-up for collection of data on devolatilization in inert
atmosphere, air and enriched air will be described. Next, the procedure applied for the
measurement of size of the particles will be explained. Calibration of the temperature
measurement system will be described. The procedure adopted for the experimental
determination of minimum fluidization velocity will be explained. Thereafter, the
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proximate and ultimate analyses of the coals will be described and the properties of
the coals will be analyzed.

3.2 Experimental studies on coal devolatilization
3.2.1 Experimental set-up
The devolatilization set-up used to carry out the experiments was similar to the
apparatus reported in literature [22]. It is shown in Figure 3.1. Instead of a gas preheater, the fluidized bed was used to raise the temperature of the fluidizing media to
the desired temperature, as described by Zabrodsky [23]. The fluidized bed consisted
of a cylindrical tube made of sillimanite having 2.5 cm internal diameter and 60 cm
length. It was housed inside a mild-steel casing, which was packed with insulating
brick. The casing had 20 cm diameter and was 60 cm long. The total resistance of the
heating element [Kanthal (UK)] was 55 Ω, which delivered a maximum of 1 kW
power. The furnace had provisions for heating up to 1523 K. A digital temperature
controller [Max-Thermo (Taiwan)] was used for recording and controlling the
temperature of the furnace. A steel tube of 1.9 cm diameter and 10.16 cm height
having perforations of 2 mm diameter at its periphery (~3% open area) was used as
the gas distributor at the bottom of the cylindrical sillimanite tube. Calcined lime
particles of ~0.72 mm diameter were used as the bed material for fluidization. The
minimum fluidization velocity of the bed material was 53 cm/s. High-purity moisturefree argon, oxygen and air were used in the present study. High-purity moisture-free
air and oxygen were mixed in the case of oxygen-enriched air such that the oxygen
concentration in the mixed air was 30%. The air and oxygen were supplied to the
system after mixing the two gases from the two gas cylinders. The flow rates of the
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Figure 3.1 The experimental set-up.
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gases were measured by rotameters. An online zirconia oxygen gas analyzer [Fuji
Electric Co. (Japan)] having a response time of 10 s was used to monitor the oxygen
concentration of air. A water manometer was connected to the gas line to measure the
pressure drop across the rotameter.

3.2.2 Temperature measurement
In this study, the measurement of temperature was carried out using 1 mm
diameter K-type chromel–alumel thermocouples. This thermocouple is capable of
withstanding temperatures up to 1523 K, which makes it suitable for the present work.
The thermocouple was connected to the digital temperature controller, which was
connected to the personnel computer via RS-232 interface. The signal from the
controller was recorded by the data-capturing software installed in the computer. The
chromel−alumel thermocouple and the temperature controller assembly were
calibrated with the help of a standard voltage measurement system. The
chromel−alumel thermocouple was placed inside the freeboard section of the bed to
measure and control the temperature. It was put into such a depth that it was
positioned just above the expanded bed.

3.2.3 Minimum fluidization velocity
To determine the minimum fluidization velocity, a plot was made of the
pressure drop across the bed versus the superficial gas velocity (Figure 3.2). The two
linear parts of the plot were extended until they intersected. The minimum fluidization
velocity is defined as the velocity at the point of intersection of two straight lines. The
part on the left corresponding to low superficial velocities refers to the fully-fluidized
zone, and the part on the right corresponds to a fully-static condition [24]. Pressure
drop across the bed was measured with the help of water manometers. Superficial
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velocity was computed from the volumetric flow rate of the fluidizing gas. Size
analysis of the bed material is given in Table 3.1. The analysis of the major
constituents of the bed material is given in Table 3.2.

3.2.4 Determination of particle diameter

A selection of particle mass (e.g., 0.145−0.155 g) was chosen for each of the
coal samples to calculate the mass-equivalent-volumetric diameter

( dv ) .

In each

selection, about 20 coal particles were present. The diameters of the particles studied
in this work were between 4 and 9 mm. The density was determined by calculating
the volume of water displaced, following the procedure described in ASTM C693-93
[25]. A clean piece of coal was weighed accurately in air using a balance. The same
coal sample was weighed while suspended in water. Deducting the mass of the
suspension wire from the weight in water, the volume of the coal was calculated from
the effect of displacement by water of known density (i.e., Archimedean principle).
While calculating the volume of the displaced water, the density adjustments
corresponding to the room temperature were taken into account.

About fifty coal particles for each size selection were collected and dried in an
electric oven in nitrogen atmosphere for 1 hour at 378 K. The oven-dried coal
particles were preserved in sealed bottles for future analysis so that the particles were
not oxidized by air. The mass-equivalent volumetric diameter (assuming the coal
particles to be spherical) was calculated following the procedure given by Stubington
et al. [3]. Mass of the near-spherical particle was divided by the density of the coal to
obtain the apparent volume of the coal particle.
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Figure 3.2 Determination of minimum fluidization velocity.

TH-948_03610703

91

1.4

Table 3.1 Size analysis of the bed material used in the fluidized bed

Particulars of the B. S. sieve

Average size (mm)

Mass fraction retained

−4, +7

3.550

0.0862

−7, +14

1.770

0.0845

−14, +25

0.890

0.0908

−25, +36

0.510

0.0955

−52, +52

0.256

0.4285

−72

0.106

0.2145
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Table 3.2 Analysis of the bed material
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Constituent

Composition (%)

Calcium sulfate

48.6

Calcium oxide

37.4

Undecomposed CaCO3

9.5

Unburnt carbon

0.6

Mixed oxide (e.g., MgO and FeO)

3.9
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From the volume of the coal particle, the radius of the coal particle calculated,
assuming it to be spherical. A typical calculation of mass-equivalent radius is given in
Appendix 3.1. The mass-equivalent volumetric diameter was plotted against the
average mass of the particles for all five coal samples, as shown in Figure 3.3. The
data were fitted by the following polynomial equation.

dv = 37.51M 3 − 46.35M 2 + 25.10 M + 3.43

(3.1)

where M is the mass of the coal particle. Equation (3.1) fitted the data well
(coefficient of determination, R 2 = 0.99 ). The 95% confidence intervals for 37.1,
−46.35, 25.1 and 3.43 are (14.12, 60.91), (−66.94, −25.76), (20.21, 29.98), (3.14,
3.72), respectively.

3.2.5 Mass-loss measurement procedure
In all the experiments performed in this work, the mass of the particle was
recorded before it was placed inside the hot furnace. As the response time of the
balance was 0.3 s, the mass of the coal particle was recorded every 0.3 s throughout
the time span of the experiment with the help of the data-logging software, until the
mass of the particle reached a constant value. The weight of the empty sample basket
and the suspension system was determined at the test conditions.
The effect of gas flow rate was taken into consideration to allow for any
possible flow-induced drag on the basket. For each particle size, duplicate
devolatilization experiments have been carried out. The variation of devolatilization
time from one experiment to another was less than 5%.
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Figure 3.3 The variation of mass-equivalent volumetric diameter ( dv ) with the mass
of the particle ( M ) for the five coals.
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3.2.6 Experimental procedure
The coal particle under investigation was held in a basket of 1.2 cm diameter
and 2 cm height. It was made of a platinum−rhodium net, and was suspended with the
help of a platinum wire from the hook of a microbalance [AND (Japan)]. The
response time of the microbalance was 0.3 s. The microbalance was connected to a
desktop computer via the RS-232 data interface. The data-capturing software enabled
us to record the weight measured by the balance in a continuous manner. The position
of the suspended basket was such that when the vertical furnace was lifted with the
help of the lifting device, the coal particle in the basket was placed just above the
fluidized bed, and it experienced the conditions of the hot furnace instantly, as a
particle would experience in a typical fluidized bed.

Initially, the power input to the electric coil was adjusted to give a uniform
temperature (1123 K) inside the furnace. After this, purging of the gas (argon, air or
air−oxygen mixture) was commenced. The flow was adjusted such that the velocity of
the fluidizing gas was 1 m/s. This velocity is well below the elutriation velocity of the
particles of the fluidized bed. The elutriation of particles occurs when the terminal
velocity exceeds the settling velocity of the bed material. The ratio of superficial
velocity to the minimum fluidization velocity is >8.7 under the elutriation condition
[26]. The minimum fluidization velocity of a 0.72 mm diameter bed particle is 0.38
m/s. The superficial velocity employed in our work was 1 m/s, which is far below the
terminal velocity of the bed material (viz. 4.62 m/s). Therefore, there is no possibility
of elutriation of the bed material under the conditions in which we conducted the
experiments.
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Once the velocity of the gas and the temperature were stabilized, the empty
basket with the platinum wire was suspended from the balance hook and the furnace
assembly was lifted with the help of the lifting device as described earlier in this
section. The empty run was recorded and the furnace was lowered. As soon as the
empty basket and the platinum wire assembly cooled down to room temperature, the
pre-weighed coal sample was put into the basket. The furnace assembly was lifted
with the help of the lever and the system was locked at that position. The weight was
recorded continuously. The time versus weight data were analyzed subsequently.

3.2.7 Measurement of devolatilization time
It has been reported in the literature that the methods by which the end of
devolatilization in a fluidized bed is determined can affect the results [26]. Some of
these approaches and the sources of inaccuracy are explained below.

•

The flame extinction time is measured from the time the particle comes in
contact with the bed until the extinction of any visible flame at the surface of
the bed. Visual detection of a visible flame around the coal particles and its
disappearance at the bed surface may be erroneous because, towards the end
of devolatilization, the concentration of volatile matter is very small, which
may not develop a visible flame. Moreover, visual detection is possible only
at a low fluidization velocity. At the high fluidization velocities, the
diffusion flame is not visible.

•

In another approach, the fluidized bed in inert atmosphere is quenched
instantly after a certain period of time, and the volatile matter of the
removed particles is determined. The process continues with different
intervals for the same particle size until the volatile content of the char is
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zero. The time required to remove 95% of the volatile matter is taken as the
devolatilization time. The measurement of mass of the particle by
interrupting the process can lead to erroneous results because the
devolatilization process continues up to the moment of the actual
measurement.
•

In the carbon dioxide evolution time approach, the coal particle is introduced
into a hot bed and the carbon dioxide in the flue gas is monitored by the gas
analyzer. The devolatilization time is taken as the time when the CO2
concentration in the flue gas reaches the minimum. When the evolved
volatile gases are monitored, there can be errors due to the time lag in the
gas evolution in the fluidized bed, and detection in the gas analyzer. The
error can be more severe at the high fluidization velocities.

Direct measurement of the mass of a coal particle cannot be made because the coal
particle is surrounded by inert particles in a fluidized bed. Thermogravimetric
techniques have been extensively used to study devolatilization [8,10,22]. From these
results, the devolatilization time has been defined in various ways depending upon the
atmosphere. In case of air as the fluidizing medium, the devolatilization time is
defined as the point of intersection of the two linear portions of the mass versus time
curve [10]. This gives the time for ~90% devolatilization. This procedure was adopted
in this work for the determination of devolatilization time in air and in oxygenenriched air. A typical example has been shown in Figure 3.4. In the inert atmosphere,
the rate of devolatilization slows down towards the end. Therefore, the time required
for 95% of the ultimate mass loss was taken as the devolatilization time [22]. In this
work, total as well as 95% devolatilization time were considered.
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Figure 3.4 Determination of devolatilization time in air from the experimental data
for a Baragolai coal particle of 9 mm diameter.
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3.2.8 Error

The root mean square error (RMSE) is a measure of the difference between
the values predicted by the model and the values observed experimentally. It is
defined as,

 ( Experimental data − Predicted data ) 2 
Error = RMSE = 

Total number of observations



12

(3.2)

The RMSE has been used to optimize the correlations developed in this work. A
typical error calculation has been given in Appendix 3.2.

3.3 Characterization of coal
Coal combustion is a complex process which cannot be characterized by a set
of simple principles because of the wide variety of the physical and chemical
properties of coal. As a consequence, it must be considered in those terms which
relate to the overall system design. The user is interested not only in the amount of
energy generated by burning the coal, but he must also address other related aspects
such as fuel handling, ash removal, emissions, and the environmental control
techniques. The properties of coal can provide an indication of its performance during
burning under specific conditions.
The analysis of coal is therefore very important for its use. The data obtained
from the various analyses establish the value of the coal. In commercial operations,
the price of coal not only reflects the quantity of the coal, but also reflects the
relationship of a desirable property (or a combination of properties) to the
performance of the coal under service conditions. Measurements of the desired
properties are usually grouped together under the general title “specifications”. The
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accuracy of these measurements is of utmost importance. Inaccurate data may have
serious scientific, economic and quality-related consequences.
There are many problems associated with the analysis of coal. One of these
problems is the heterogeneous nature of coal. Other problems include the tendency of
coal to gain or lose moisture, and to undergo oxidation when exposed to the
atmosphere [27]. Many of the test methods applied to coal analysis are empirical in
nature, and strict adherence to the procedural guidelines is necessary to obtain
reproducible results. The type of analysis requested by the coal industry may be either
a proximate analysis or an ultimate analysis, or sometimes both. Proximate and
ultimate analyses are the important quality control parameters for coal.
The proximate analysis covers the determination of moisture, volatile matter,
fixed carbon and ash in coals. It is often used to establish the rank of coals, and to
show the ratio of combustible to incombustible constituents. The ultimate analysis of
coal involves the determination of carbon, sulfur, hydrogen, nitrogen and oxygen
(usually calculated by difference). Trace elements which occur in coal are often
included in the ultimate analysis. The determination of carbon includes the carbon
present as organic carbon occurring in the coal substance, and any carbon present as
mineral carbonate. The determination of hydrogen includes hydrogen present in the
organic materials as well as the hydrogen in all forms of water associated with the
coal. All the nitrogen is assumed to occur within the organic matrix of coal. On the
other hand, sulfur occurs in three forms in coal: organic sulfur compounds, inorganic
sulfides (e.g., iron sulfide pyrite and marcasite), and as inorganic sulfates (e.g.,
sodium sulfate and calcium sulfate). The amount of sulfur reported in the ultimate
analysis may include inorganic as well as organic sulfur.
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A very important task in the testing of coal is the need for obtaining a
representative sample, which is a difficult task. Generally, the entire quantity of
material is incrementally sampled such that equal portions comprise the gross sample.
Equal amount of sample from each increment is collected. The number of increment
will depend upon the total amount of coal available.
This section presents sample collection and preparation methods, and the
proximate and ultimate analyses of the coal samples. It also describes the storage of
the samples so that they do not oxidize.

3.3.1 Sample collection and preparation
The samples were collected from five collieries of northeastern India, and
thereafter processed in the laboratory for characterization, following the procedures
given in IS 436 (Part I)-1964 [28].

3.3.1.1. Sample collection
Samples collected from the collieries are called “gross samples”. They are
defined as the samples as collected from a “sub-lot” (i.e., the quantity of coal obtained
by aggregating together all the increments of equal proportions drawn from the same
sub-lot). A “lot” is the quantity of coal available for disposal at one time. It is divided
into a number of sub-lots for sampling, depending upon the quantity in the lot. For up
to 5 ×105 kg of coal, the number of sub-lots will be two and therefore, the number of
gross sample will be two.
The Indian coals are divided into three size groups as described in Table 3.3
[28]. The minimum amount of gross sample was 350 kg [28]. For our work, the
amount was reduced to 40 kg by applying the coning and quartering method
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(described in Section 3.2.2). This amount was divided further into two equal parts.
From one part, different size fractions of coal were separated by sieving. Each
fraction was preserved under sealed conditions. The other part was processed for the
preparation of sample for characterization, as described in Section 3.3.1.2.

3.3.1.2 Sample preparation for the characterization of coal
A gross sample of 20 kg of coal was crushed to 5 cm by mechanical method.
The crushed portion was mixed thoroughly and quartered. Two opposite quarters were
retained and the rest were rejected as explained in Figure 3.5. The retained material
was further mixed together, and the process was repeated until one quarter of the
original mass was retained and the rest was rejected. The material so obtained was
crushed to 12.5 mm by a jaw crusher, and then to 3.35 mm by a roll crusher. The
crushed material was reduced by coning and quartering. The procedure adopted for
coning and quartering was as follows. The material that was crushed to 3.35 mm was
heaped into the shape of a cone by pouring scoopfuls of the material one after another
at the apex of a cone until the entire sample was transformed into a conical form. The
material was allowed to slide down the sides of the cone under the influence of
gravity. Then the cone was flattened evenly so that it formed a low circular pile. The
pile was cut into four quarters along two diameters, which intersected at right angles.
Opposite quarters were retained and the other was rejected. The process was repeated
until 1.25 kg of sample was prepared.
The sample was ground to pass through a 212 µm sieve. The particle size
range of the ground coal is given in Table 3.4. Grinding to ultra-fine particles was
avoided.
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Table 3.3 Divisions of Indian coals into different size groups
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Name

Nominal size

Run-of-mine (ROM) coal

23 to 0 cm

Coal, large

23 to 5 cm

Coal, small

5 to 0 cm
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Figure 3.5 Reduction of the gross sample.
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Table 3.4 Particle size distribution of a ground coal sample used for characterization

Size range

Weight %

Passing 212 µm sieve, and retained on 125 µm sieve

35

Passing 125 µm sieve, and retained on 63 µm sieve

30 to 35

Passing 63 µm sieve

Remainder
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3.3.2 Proximate and ultimate analyses of the coal samples
The proximate analysis of the coal samples was carried out by the method
outlined in IS: 1350 (Part I) [29]. The ultimate analysis of the coal samples was
carried out by the methods outlined in IS: 1350 (Part IV/Section 1) [30] for
determination of carbon and hydrogen, IS: 1350 (Part IV/Section 2) [31] for
determination of nitrogen, and IS: 1350 (Part III) [32] for determination of sulfur.

3.3.2.1. Proximate analysis
Coals, especially those of low-rank, are hygroscopic in nature. They absorb or
lose moisture according to the humidity and temperature to which they are exposed.
The results of proximate analysis are generally recorded as a percentage of the airdried material. The ash may be expressed on the dry basis. Volatile matter and fixed
carbon may be expressed on a dry basis, dry-ash-free (daf) basis or dry-mineralmatter-free (dmf) basis. Such figures are arrived at by calculation from the results on
an air-dried basis.
Gross samples collected from the colliery were air-dried inside a room by
laying in a single layer, stirring from time to time for approximately 24 hours, or until
the sample attained a constant weight. The results of the proximate analysis are
presented in Table 3.5.

3.3.2.1.1 Determination of moisture
Water expelled in its various forms when tested under the specific conditions
is expressed as the moisture content of the coal. The moisture present in the coal
sample is important both in the proximate analysis and in calculating other analysis
results. Coal that has been exposed to water in the seam, in washery, or wetted by
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rain, may carry free or visible water. The total of this water and the moisture within
the material is expressed as total moisture.
At the beginning, a moisture crucible made of silica having 10 cm2 area with
ground edges and fitted with ground covers, was heated at 378 ± 2 K for 1 hour. It was
weighed after cooling for 20 minutes in a desiccator. Then 1.5 g of crushed coal
(which passed through a 212 µm sieve) was taken into the crucible and spread in a
manner such that there was not more than 150 mg of the material per cm2 area. It was
weighed again. The cover of the crucible was removed in the drying oven and heated
at 378 ± 2 K until no further loss in mass took place. This normally took 1−1.5 hours.
Then the cover was replaced, the crucible was cooled in a desiccator for 20 minutes,
and weighed.
The results of duplicate determinations agreed within the limits given in Table
3.6. The loss in mass was expressed as the percentage moisture in the sample. The
calculation procedure is given in Appendix 3.3. The moisture contents of the five
coals are given in Table 3.5.

3.3.2.1.2 Determination of volatile matter
The volatile content of a coal is the loss in mass, less the loss due to moisture,
when the coal is heated under standard conditions. The test is empirical and in order
to ensure accurate results, it is essential that the rate of heating, the final temperature,
and the overall duration of the test should be carefully controlled. It is also essential to
exclude air from the crucible during heating to prevent oxidation. Therefore, the fit of
the lid of the crucible is critical. The moisture content of the sample should be
determined at the same time as the volatile matter so that appropriate corrections can
be made.
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Table 3.5 Proximate analysis of the coal samples

Colliery
Parameter (%)
Baragolai

Ledo

Tikak

Baragolai A

Tirap

Volatile matter

31.20

40.80

37.8

35.4

38.10

Fixed carbon

36.50

46.90

43.8

43.0

45.60

Ash

28.80

10.10

16.7

19.3

14.40

Moisture

3.50

2.20

1.7

2.3

1.90
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A standard crucible (used for volatile matter test) made of silica having 25 mm
diameter and 38 mm depth, and provided with a fitting lid of same material was
heated at 1173 ± 10 K, cooled for 5 minutes by keeping it on a metal plate, and then
placed in a desiccator for 10 minutes. Then 1.00−1.01 g of sample was taken into the
empty crucible. The crucible was tapped on a clean hard surface so that the sample
formed a layer of uniform thickness. The crucible with sample (including the lid) was
placed in the furnace and kept for 7 minutes. Then it was taken out, cooled and
weighed as described for the empty crucible. The difference in weight after the
deduction of moisture content gave the volatile matter content of the coal. The results
of duplicate determinations agreed within the limits given in Table 3.7.
The calculation procedure involved in the determination of volatile matter is
described in Appendix 3.4. The volatile contents of the five coals are given in Table
3.5.

3.3.2.1.3 Determination of ash
The ash content of coal is defined as the inorganic residue left when coal is
burnt in air under specified conditions to constant weight. The following procedure
was adopted for the determination of ash content.
An empty dish (made of silica), 15 mm deep and 45 mm diameter with a lid
was weighed. One gram of the thoroughly-mixed coal powder was taken into the dish.
Then the powder was spread so that it did not exceed 150 mg per square centimeter
area. Then the dish was uncovered and put into the muffle furnace at room
temperature. Thereafter, it was heated to 773 K in 30 minutes, and further to 1088±10
K in 30 minutes. It was kept at this temperature for 60 minutes. Then the dish was
removed from the muffle furnace and allowed to cool on a cold metal slab for ten
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Table 3.6 Precision in the moisture-determination experiments

Precision
Moisture (%)

Upto 3.0

Repeatability

Reproducibility

0.1 units

0.2 units

3.0% of the arithmetic mean of

6.0% of the arithmetic mean of

the duplicate values

the duplicate values

Over 3.0
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Table 3.7 Precision in the experiments for the determination of volatile matter

Precision
Repeatability

Reproducibility

1.0% of the arithmetic mean of the

1.5% of the arithmetic mean of the

duplicate values

duplicate determinations
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minutes, and finally placed in a desiccator. The weight of the dish was taken after
keeping it in the desiccator for 15 minutes. Then the ash was brushed out of the dish
and the weight of the empty dish was recorded. The mass of ash was calculated by the
difference. The computation procedure for the determination of ash is given in
Appendix 3.5. The results of duplicate determinations agreed within the limits given
in Table 3.8. The ash contents of the five coals are given in Table 3.5.

3.3.2.1.4 Reporting of results
The results of analysis are reported on the air-dried basis as explained below.
Let M 0 be the percentage of moisture in the sample, A be the percentage of ash in
the sample, Vm be the percentage of volatile matter in the sample, and F be the
percentage of fixed carbon in the sample. It has been noted in Section 3.3.2.1.2 that
the volatile matter ( Vm ) is the total loss recorded during the determination of volatile
matter, less the moisture given off upon drying the coal sample. The amount of fixed
carbon ( F ) is calculated after deducting the sum of moisture, ash and volatile matter
from 100 percent. Therefore,

F = 100 − ( M 0 + A + Vm )

(3.3)

3.3.2.2 Ultimate analysis of coal

The ultimate analysis of coal comprised of the determination of the constituent
elements, viz. carbon, hydrogen, nitrogen and sulfur. The ultimate analyses of the five
coals used in this work are summarized in Table 3.9.
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Table 3.8 Precision in the experiments for ash determination

Precision
Ash (%)

Up to 10.0

Repeatability

Reproducibility

0.2 units

0.4 units

2.0% of the arithmetic mean of

3.0% of the arithmetic mean of

the duplicate values

the duplicate values

Over 10.0
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3.3.2.2.1 Determination of carbon and hydrogen [30]
For determining the amounts of carbon and hydrogen, the coal sample was
burnt in a current of oxygen. All hydrogen was converted to water and all carbon was
converted to carbon dioxide. These products were absorbed by suitable reagents and
determined gravimetrically. Sulfur products were captured by lead chromate and
chlorine by silver gauge. The results comprise of the carbon that may be obtained
from the carbonates, and the hydrogen in the moisture and in the water of hydration of
silicates, which are found to be associated with coals. The estimation procedure is
described in Appendix 3.6. The percentages of carbon and hydrogen present in the
five coals are given in Table 3.9.

3.3.2.2.2 Determination of nitrogen
The amount of nitrogen in coal was determined by the Kjeldahl method [31].
The coal powder was treated with concentrated sulphuric acid in presence of a
suitable catalyst (viz. 10 g of potassium sulfate +0.2 g of the selenium powder) to
convert the nitrogen into ammonium sulfate. The ammonia gas released by distillation
with sodium hydroxide was absorbed in boric acid and then titrated with standard
sulphuric acid. The calculation procedure is described in Appendix 3.7. The nitrogen
contents of the five coals are given in Table 3.9.

3.3.2.2.3 Determination of sulfur
The amount of sulfur in coal was determined by the Eschka’s method [32].
The coal sample was heated in intimate contact with the Eschka’s mixture in an
oxidizing atmosphere to remove the combustible matter, and to convert the sulfur into
sulfate. It was then extracted and determined by gravimetric method in which barium
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Table 3.9 Ultimate analysis of the coal samples

Colliery
Parameter (%)
Baragolai

Ledo

Tikak

Baragolai A

Tirap

Carbon

81.00

79.90

81.0

80.4

81.60

Hydrogen

5.70

5.70

5.8

6.0

5.30

Nitrogen

1.50

1.40

1.1

1.3

1.30

Sulfur

4.00

4.60

3.5

5.4

4.90

Oxygen (by difference)

7.80

8.40

8.6

6.9

6.90
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sulfate was precipitated.
The weight of sample required for the determination of total sulfur varied
according to the expected sulfur content of the coal. It is described in Table 3.10. The
Eschka’s mixture was prepared by mixing two parts by weight of light calcined
magnesia with one part of anhydrous sodium carbonate. The mixture entirely passed
through the 212 µm sieve and its bulk density was less than 0.5 g/cm3. A blank
determination with only Eschka’s mixture under the same condition was carried out
without the coal sample. The results of duplicate determinations agreed with the limits
given in Table 3.11. The procedure of calculation of the amount of sulfur is given in
Appendix 3.8. The sulfur contents of the five coals are given in Table 3.9.

3.3.2.2.4 Oxygen in coal
The percentage of oxygen was determined by subtracting the sum of the
percentages of moisture, mineral matter, carbon, hydrogen, nitrogen and sulfur (total)
from 100. The oxygen contents of the five coals are given in Table 3.9.

3.3.2.3 Calorific value of coal
The calorific values of the coals were determined by using the methods
prescribed in IS: 1350 (Part II) [33]. In the determination of gross calorific value, airdried powdered coal sample was burnt in a bomb calorimeter of known heat capacity.
The principal parameter was the rise in temperature which, when rectified for the
inaccuracies of the thermometer and multiplied by the effective heat capacity at the
mean temperature of the chief period (defined as the period from the instant of firing
until the time after which the rate of change of temperature becomes constant), gave
the heat release. In addition, allowance was necessary for, (a) the cooling loss, (b) the
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Table 3.10 Requirement of the amount of sample based on the expected sulfur
content of the coal sample

TH-948_03610703

Expected sulfur content (%)

Quantity of sample (g)

0.1 and up to and including 5

1

Above 5 and up to and including 10

0.5
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Table 3.11 Precision in the sulfur determination experiments

TH-948_03610703

Sulfur content (%)

Tolerance

Up to 2

±0.02

2 to 10

±0.04
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heat gain due to the heat released by the ignition system, and (c) the heat of formation
of sulfuric and nitric acids from sulfur dioxide and nitrogen. The results of duplicate
determinations agreed within 125.6 J/g. The calculation of gross calorific value of
coal and the corrections are described in Appendix 3.9. The values of gross calorific
values of the five coals are given in Table 3.12.
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Table 3.12 Gross calorific values of the five coals

Colliery
Parameter (MJ/kg)

Gross specific energy

TH-948_03610703

Baragolai

Ledo

Tikak

Baragolai A

Tirap

21.39

28.97

27.3

25.6

28.07
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Appendix 3.1 Calculation of density of coal particle

Weight of (coal particle + platinum wire in air) = 0.5057 g
Weight of (coal particle + platinum wire in water) = 0.4468 g
Weight loss due to buoyancy for coal particle and platinum wire (length of the portion
immersed in water = 3 cm, and its diameter = 0.03 cm) = 0.0589 g
Density of water at 295.4 K = 0.998 g/cm3
Weight loss of the portion of platinum wire immersed
= π × ( 0.03 2 )2 × 3 × 0.998 = 2.1163 × 10−3 g
Weight loss of the coal particle = 0.0589 − 2.1163 × 10−3 = 0.0568 g

 0.0568 
3
Volume of coal particle = 
 = 0.0569 cm
0.998


13

 0.0569 × 3 
Radius of coal particle = 

4π
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= 0.239 cm = 2.39 mm
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Appendix 3.2 Calculation of error

Sample: Baragolai A coal particle of 4.9 mm diameter devolatilized in oxygenenriched air

Time (s)

Actual mass of coal particle (g)

Calculated Mass (g)

0.0

0.068

0.068

0.9

0.066

0.064

1.8

0.062

0.059

2.7

0.060

0.056

3.6

0.057

0.052

4.5

0.055

0.050

5.4

0.052

0.047

6.3

0.050

0.045

7.2

0.048

0.044

8.1

0.046

0.043

9.0

0.044

0.042

9.9

0.042

0.041

Calculated mass at any time (t ), V = V0 + (V∞ − V0 ) 1 − exp ( −ct m ) 
where,

V0 = initial mass of coal particle = 0.068 g
V0 − V∞ = total amount of volatile matter evolved
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= V0 × volatile matter content (in fraction) × p (ratio of yield to proximate volatile
matter content)
p = 66.315 × (Volatile matter content, %)−1.104 = 1.293
c = 7.38dv−2.38
d v = 4.9 mm
m = 1.1
V = 0.068 − 0.068 × 0.354 ×1.293 × 1 − exp −0.168t1.1 



(

From Eq. (3.2),
12

2

 N 
−V
Error =  V

 Expt Calc 


N = number of experimental data = 12
Error = 3.57 × 10−3
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)

Appendix 3.3 Calculation of the moisture content of coal sample on air-dried basis.

The weight percentage of moisture was calculated from the following equation [29].
Moisture (% by weight) =

100 × ( M 2 − M 3 )
M 2 − M1

(A3.3.1)

where M1 is the mass of the dish, M 2 is the mass of dish and sample before heating,
and M 3 is the mass of the dish and sample after drying.

Example:
Sample: Baragolai Coal

M1 =22.8926 g
M 2 =23.9171 g
M 3 =23.8812 g
Moisture (% by weight) = 3.5 %
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Appendix 3.4 Calculation of the volatile matter of the coal sample on air-dried basis

The volatile content of the coal was calculated from the following equation [29].

Vm =

(

100 × M 2′ − M 3′
M 2′ − M1′

) −M

(A3.4.1)

0

where Vm is the volatile matter (in wt. %), M 0 is the percentage (wt.) of moisture in
the sample on air-dried basis, M1′ is the mass of the empty crucible and lid, M 2′ is
the mass of the crucible with lid and the sample before heating, and M 3′ is the mass
of the crucible with lid and the residue after heating.

Example:
Sample: Baragolai coal
M1′ = 10.8092 g
M 2′ = 11.8102 g
M 3′ = 11.4629 g

Given: M 0 = 3.5%
∴

Vm = 31.2%

TH-948_03610703

126

Appendix 3.5 Calculation of the ash of the coal sample on air-dried basis

The ash content of the coal was calculated from the following equation [29].

Ash (% by mass) =

(

100 × M 3′′ − M1′′

)

(A3.5.1)

M 2′′ − M1′′

where M1′′ is the mass of the dish, M 2′′ is the mass of the dish and sample before
heating, and M 3′′ is the mass of the dish and ash.

Example:
Sample: Baragolai coal
M1′′ =15.6988 g
M 2′′ =16.6998 g
M 3′′ =15.9871 g

Ash (% by mass) = 28.8 %
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Appendix 3.6 Determination of the percentages of carbon and hydrogen

The weight percentage of carbon in coal is given by [30],
 X − X1 
Carbon (% by weight) = 27.29 ×  2

 W


(A3.6.1)

where X 2 is the weight of the carbon dioxide absorption unit after combustion, X1 is
the weight of the carbon dioxide absorption unit before combustion, and W is the
weight of the material taken for the test.
The weight percentage of hydrogen in coal is given by [30],
 Y −Y 
Hydrogen (% by weight) = 11.2 ×  2 1 
 W 

(A3.6.2)

where Y2 is the weight of the water absorption unit after combustion, Y1 is the weight
of the water absorption unit before combustion, and W is the weight of the material
taken for the test.

Example:
Sample: Baragolai coal
X 2 = 66.9761 g
X1 = 65.5965 g
W = 0.4648 g

Carbon = 81.0 % (by weight)
Y2 = 61.6715 g
Y1 = 61.4350 g
W = 0.4648 g

Hydrogen = 5.7 % (by weight)
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Appendix 3.7 Determination of nitrogen in coal

The nitrogen in coal was calculated by the following equation [31].
Nitrogen (% by weight) =

28.57 × ( B − VN ) N N
W

(A3.7.1)

where B is the volume of standard sulfuric acid used in the test, VN is the volume of
sulfuric acid used in the blank, N N is the concentration of the standard sulfuric acid,
and W is the weight of the material taken for the test.

Example
Sample: Baragolai coal
B = 16.74 cm3
VN = 0.02 cm3
N N = 13 mol/m3
W = 0.4057 g

Nitrogen = 1.5 % (by weight)
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Appendix 3.8 Determination of sulfur in coal

The weight percentage of sulfur in coal was calculated by the following equation [32].
Sulfur (% by weight) = 13.74 ×

( As − Bs + 0.008 )
W

(A3.8.1)

where As is the weight of barium sulfate found in the determination, Bs is the weight
of barium sulfate found in the blank determination, and W is the weight of the coal
taken for the test.

Example:
Sample: Baragolai coal
As = 0.1685 g
Bs = 0.0309 g
W = 0.5 g

Sulfur = 4.0% (by weight)
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Appendix 3.9 Calculation of gross calorific value [33]

The following method was used for the calculation of the gross calorific value. Let us
define the following quantities. Let W1 be the weight of the crucible and thread, W2
be the weight of crucible, thread and the coal sample, H1 be the effective heat
capacity of the calorimeter at T1 , T2 be the room temperature, Tn be the final
temperature (to which the calorimeter temperature has risen because of combustion of
coal sample), and T be the thermometer correction. Therefore,
Weight of air-dried coal = W2 − W1

(A3.9.1)

Uncorrected temperature rise = Tn − T2

(A3.9.2)

Corrected temperature rise = Tn − T2 + T

(A3.9.3)

Heat liberated = H1 (Tn − T2 + T )

(A3.9.4)

Let H 2 be the correction for heat of ignition of thread. Therefore,
Heat liberated = H1 (Tn − T2 + T ) − H 2
Calorific value of coal =

(A3.9.5)

H1 (Tn − T2 + T ) − H 2
W2 − W1

Example:
Sample: Baragolai coal
W2 − W1 = 0.6770 g
Tn − T2 = 1.12 K
Tn − T2 + T = 1.12 + 0.014 = 1.134 K
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(A3.9.6)

H1 = 12828 J/K

H 2 = 65.2 J
Calorific value of coal = 21.39 MJ/kg
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Notations
A

ash content of coal, %

As

mass of the barium sulfate found in the determination of sulfur in coal, kg

B

volume of standard sulfuric acid solution used in the blank determination of
nitrogen in coal, cm3

Bs

mass of the barium sulfate found in the determination of sulfur in the blank
Eschka’s mixture, kg

c

constant in mass loss correlation, s − m

dv

mass-equivalent volumetric diameter, m

F

fixed carbon content of coal, %

H1

effective heat capacity of Bomb calorimeter, J/K

H2

correction for heat evolution from combustion of thread, J

M

mass of coal particle, kg

M0

moisture content of coal, %

M1

mass of dish used for moisture content determination with lid, kg

M2

mass of dish used for moisture content determination with lid and coal
sample before heating, kg

M3

mass of dish used for moisture content determination with lid and coal
sample after moisture removal, kg

M1′

mass of crucible used for volatile matter determination with lid, kg

M 2′

mass of crucible used for volatile matter determination with lid and coal
sample before heating, kg

M 3′

mass of crucible used for volatile matter determination with lid and residue
after removal of volatile from coal sample, kg
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M1′′

mass of dish used for ash content determination, kg

M 2′′

mass of dish used for ash content determination and coal sample before
combustion, kg

M 3′′

mass of dish used for ash content determination and residue after combustion,
kg

M

constant in mass loss correlation

N

number of experimental data

NN

normality of standard sulfuric acid, mol/m3

p

ratio of yield of volatile matter to proximate volatile content of coal

R

correlation coefficient

T1

reference temperature for effective heat capacity of bomb calorimeter, 298 K

T2

room temperature, K

Tn

final temperature of the bomb calorimeter after combustion, K

T

correction for thermometer reading of bomb calorimeter, K

t

time, s

V

mass of coal particle at any time t, kg

V0

mass of coal particle at the beginning, kg

V∞

mass of coal particle after devolatilization, kg

VExpt

experimental data on mass of coal particle at any time t , kg

VCalc

calculated value of mass of coal particle at any time t, kg

Vm

volatile matter content of coal, %

VN

volume of standard sulfuric acid used in blank of nitrogen determination of
coal, cm3

W

mass of coal sample, kg

W1

mass of crucible and thread in the bomb calorimeter, kg
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W2

mass of crucible, thread and coal sample in the bomb calorimeter, kg

X1

mass of carbon dioxide absorption unit before combustion, kg

X2

mass of carbon dioxide absorption unit after combustion, kg

Y1

mass of water absorption unit before combustion, kg

Y2

mass of water absorption unit after combustion, kg
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CHAPTER 4
_______________________________________________________
DEVOLATILIZATION OF COAL SAMPLES IN ARGON
ATMOSPHERE UNDER FLUIDIZED BED CONDITIONS

4.1 Introduction

Reactions in coal particles are very important aspects in all coal conversion
processes. Often these reactions are the rate-limiting steps which control the nature
and magnitude of coal conversion processes. In addition, these reactions have a direct
effect on the formation of fine particulates, nitrogen and sulfur-containing species,
and other pollutants. Coal reactions are generally divided into two distinct
components: (i) devolatilization of raw coal, and (ii) oxidation of the residual char [1].
The devolatilization reactions take place as the raw coal is heated in an inert
(or an oxidizing) environment. The particle can soften (i.e., become plastic) and
sustain internal transformation. Moisture present in the coal evolves early as the
temperature rises. As the temperature continues to increase, gases and heavy tarry
substances are emanated. The degree of pyrolysis can vary from a few percent up to
70–80% of the total weight of the particle. It can take place in a few milliseconds or
over several minutes, depending upon the size and type of coal, and on the
environment surrounding the coal particle. The residual mass rich in carbon and
depleted in oxygen, hydrogen, nitrogen and sulfur is referred to as ‘char’. The char
particle often retains the shape of the original coal particle. It has many cracks or
holes in it, which are made by the escaping gases. It may swell to a size which is
larger than that of the particle, and become porous internally. The nature of the char
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depends upon the type of the coal, and also on the conditions of pyrolysis. The
residual char particles can be oxidized or burned-out by direct contact with oxygen at
a sufficiently high temperature.
The volatile material released during devolatilization can account for up to
half of the coal’s heating value [2]. The yield of volatile matter can be determined by
pyrolysis, which gives the proportion of coal volatilized during the devolatilization
step. The release of volatiles and their subsequent mixing with oxygen for combustion
is important for the design of fluidized bed combustion and gasification units. The
rate of devolatilization of coal in a fluidized bed combustor depends on several
variables such as particle size, atmosphere, fluidization velocity, bed temperature,
coal type, and the amount of volatile matter. The small particles are likely to release
the volatile matter fast. However, the large particles can release volatile matter above
the bed because they are heated at a slower rate than the smaller particles [3]. This
causes non-uniformities in the composition in the gas. For a particular design of the
bed, this non-uniformity can retard the conversion of the gaseous components and
shift the conversion to the downstream region of the furnace, which can influence
burn-up and cause undesirable emissions. In some cases, extra air has to be introduced
in the freeboard to reduce the emission levels [4]. Hence, it is important to determine
the amount of volatile matter released by a single coal particle over time after its
injection into the bed.

In this chapter, devolatilization studies of coal samples collected from five
collieries of northeastern India in argon atmosphere are reported. The data on massloss of coal particles with time are recorded. The effect of particle size on
devolatilization time is investigated and a correlation is developed based on these
data. A correlation for 95% devolatilization time is also developed. The parameters of
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these correlations are found to vary with the superficial gas velocity. These variations
are expressed by exponential and polynomial equations. Correlations for the variation
of fractional loss of volatile matter with time are developed. The performance of these
correlations for single coal particles, and for a batch of coal particles is investigated.

4.2 Analysis of the data on devolatilization in argon atmosphere

4.2.1 Correlation between devolatilization time and particle diameter
The total devolatilization time (i.e. the total time required for a single coal
particle to remove all the volatile matter under the given conditions such as
temperature, superficial velocity and inert atmosphere)

(tv ) was correlated with the

( v ) as, tv = Advn , where A and n are constants. Regressing the

particle diameter d

data from all coal samples, it was found that A = 0.74 s mm − n and n = 2.01
( R 2 = 0.87) . The 95% confidence intervals of A and n are

(1.69, 2.33) ,

( 0.40, 1.35)

and

respectively. Figure 4.1 depicts the variation of total devolatilization

time with the particle diameter. This value of n is in agreement with results reported
in the literature [5,6]. The exponent n in the correlation, tv = Advn usually varies in
the range 0.5–2 [7–9,10]. From the results reported in the literature [10], it appears
that an exponent value of 1.3 corresponds to the case when the control process is heat
transfer from the fluidized bed to the coal particle. In the range of n = 1.3 − 2 , both
external and internal heat transfer processes can be important.
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Figure 4.1 Correlation between total devolatilization time ( tv ) and particle
diameter ( dv ) : tv = 0.74dv2.01 .
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Therefore the dominant processes are heat transfer between particle and bed,
and heat conduction through the particle[10]. It can be observed from Figure 4.1 that
the accuracy of the correlation is decreased for the large coal particles. This may be
due to the fact that the heterogeneity in the composition of the coals from different
collieries caused the variations in the devolatilization times, and this effect was
significant for the large particles.
The 95% devolatilization time
diameter as, tv

0.95

(tv0.95 )

was correlated with the particle

n

= A1d v 1 , where A1 and n1 are constants. Regressing the data for all

coal samples, we obtained, A1 = 0.81 s mm − n1 and n1 = 1.81 ( R 2 = 0.91) . The 95%
confidence intervals of A1 and n1 are ( 0.53, 1.25) and (1.58, 2.04 ) , respectively.
Figure 4.2 shows the variation of 95% devolatilization time with particle diameter. It
can be observed from this figure that the accuracy of the correlation decreased with
the increase in size of the particles.
There is no report in the literature on the devolatilization time of a coal
particle in a fluidized bed in an inert atmosphere at a fluidizing velocity of 1 m/s.
However, there are reports on devolatilization time at lower gas velocities [3,11,12].
The correlations reported in the literature vary considerably. The probable reason for
this variation lies in the type of coal studied and the superficial velocity employed. A
best-fit correlation was obtained from the data reported by Stubington and Sumaryono
[11] for three bituminous coals covering a wide range of volatile matter, viz. 19−43%.
They had studied coals from the Bulli, Great Northern and Greta collieries of
Australia.
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95% devolatilization time (s)
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Figure 4.2 Correlation between 95% devolatilization time tv0.95 and particle
diameter ( dv ) : tv0.95 = 0.81dv1.81 .
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For nitrogen gas flowing at a velocity of 0.217 m/s, it was found
that, A1 = 7.46 s mm − n1 and n1 = 1.2

( R2 = 0.87 ) . The 95% confidence intervals of

A1 and n1 are ( 4.34, 12.83) and ( 0.89, 1.5) , respectively. The fit of this correlation
to the data of Stubington and Sumaryono [11] is shown in Figure 4.3. The values of

A1 and n1 obtained in the present work agree well with the values reported in the
literature [3,11,12]. It has been found from these values that A1 diminishes
exponentially with the superficial velocity ( v ) as per the following equation.

A1 = 15.08exp ( −3.92v ) ,

R 2 = 0.99

(4.1)

The 95% confidence interval for 15.08 is (8.006, 22.15) and the same for –3.92 is (–
6.281, –1.565). In addition, it has been found that n1 increases with the superficial
velocity, which can be described by the following polynomial equation.
n1 = 1.085v 2 − 0.315v + 1.037 ,

R 2 = 0.94

(4.2)

The 95% confidence intervals for 1.085, –0.315 and 1.037 are (–3.576, 5.747), (–
25.45, 24.82) and (–19.92, 22.00), respectively.
The variations of A1 and n1 with the superficial velocity of argon are depicted
in Figure 4.4. The coals used in the other studies are different in composition from the
coals used in the present study. Also, the superficial gas velocities employed in these
studies are quite different in magnitude. Therefore, these correlations can be
considered as approximate. However, based on the available data, they depict definite
trends in the variation of the correlation parameters A1 and n1 .
It is clear from Eqs. (4.1), (4.2) and Figure 4.4 that the velocity of the fluidizing
gas has an important influence on the devolatilization time. Devolatilization rates
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95% devolatilization time (s)

180
Bulli

150

Great Northern
Greta

120
90
60
30
0
3

5

7

9

11

13

Particle diameter (mm)

( )

Figure 4.3 Correlation between 95% devolatilization time tv0.95 and particle
diameter ( dv ) at 0.217 m/s superficial velocity (based on the data reported by
Stubington and Sumaryono [10]): tv0.95 = 7.46dv1.2 .
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Figure 4.4 Variations of the parameters A1 and n1 with superficial gas velocity.
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have been reported to be higher at the higher superficial velocities [13]. This is very
likely due to the greater convective heat transfer as a consequence of the turbulence
created by the higher superficial gas velocity.

4.2.2 Correlation for mass-loss with time
The change of the mass of particles with time for five coals of different size
during devolatilization is shown in Figures 4.5–4.9. From these profiles, it can be
observed that devolatilization was sluggish in the beginning and then accelerated. The
rate decreased towards the end of devolatilization. The initial slow rate is anticipated
because a large amount of heat is necessary for the depolymerization reactions. The
initial rate of mass-loss was slower for the bigger particles than that for the smaller
particles because the rate of heating of the bigger particles was slower than the same
of the smaller particles [3]. The middle portion of the curve depicts the major part of
devolatilization. The devolatilization rate during this period is dependent on particle
size and volatile matter content of the particle. The rate is smaller for the low volatile
coal.
The devolatilization rate is high for high volatile coals during this period. Also,
the rate is high for larger particles than the smaller particles with the same volatile
content. The devolatilization rate was slow towards the end because the volatile
content became small. Fragmentation of particles was not observed in any of the
experiments. For all other high volatile coals the rate of mass loss is not constant. For
large particles it is most pronounced.
The fractional loss of mass (i.e., the fractional release of volatile matter at time
t), v(t), was represented by a simple profile,
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Figure 4.5 Mass versus time profiles for Baragolai coal particles of different size in
argon atmosphere. The lines indicate fit according to the equation,
V = V0 − 1.107V0Vm 1 − exp ( −3.07 d v−2.84t1.6 )  .
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Figure 4.6 Mass versus time profiles for Ledo coal particles of different size in argon
atmosphere. The lines indicate fit according to the equation,
V = V0 − 1.107V0Vm 1 − exp ( −3.07 d v−2.84t1.6 )  .
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Figure 4.7 Mass versus time profiles for Tikak coal particles of different size in argon
atmosphere. The lines indicate fit according to the equation,
V = V0 − 1.107V0Vm 1 − exp ( −3.07 d v−2.84t1.6 )  .
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Figure 4.8 Mass versus time profiles for Baragolai A coal particles of different size in
argon atmosphere. The lines indicate fit according to the equation,
V = V0 − 1.107V0Vm 1 − exp ( −3.07 d v−2.84t1.6 )  .
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Figure 4.9 Mass versus time profiles for Tirap coal particles of different size in argon
atmosphere. The lines indicate fit according to the equation,
V = V0 − 1.107V0Vm 1 − exp ( −3.07 d v−2.84t1.6 )  .
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v (t ) =

V −V
0 = 1 − exp −ct m ,
( )
V −V
∞ 0

0 ≤ t ≤ tv

(4.3)

where c and m are constants, v(t) is the fraction devolatilized, V is the mass at any
time, and V0 and V∞ represent the total mass before and after devolatilization,
respectively. The constants c and m were obtained by fitting the experimental data for
coals from the five collieries having a broad range of particle size by minimizing the
root mean square error (RMSE) defined by Eq. (3.2) as,
12

2

 N 
∆ =  ∑ v ( t )
− v (t )
Expt
Model 
 


(4.4)

where v ( t )Expt represents the experimental value of the devolatilized fraction,
v ( t )Model represents the value calculated from Eq. (4.3) and N represents the number
of data points. The value of m was found to be constant and equal to 1.6 for the coals
used in this study. The 95% confidence interval for m is (1.58, 1.62). The parameter c
n
was correlated with d v as, c = A2 d v 2 , where A2 = 3.07 s − m mm − n2 and n2 = −2.84

( R2 = 0.96 ) . The 95% confidence interval for A

2

is (2.03, 4.64) and the same for n2

is (–3.06, –2.62). The variation of c with the particle diameter is depicted in Figure
4.10. The best fit values of c are given in Table 4.1. The 95% confidence intervals and
values of R 2 are given in Table 4.2.
The ratio of the volatile yield to the air-dried proximate volatile content varied
from 0.98 to 1.24. This is presented in Table 4.1. The mean ratio for 27 coal samples
was 1.1, which is similar to the values reported in the literature [11,14]. Equation
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Figure 4.10 Variation of c with particle diameter d v .
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Total
Size
Devolatilization
(mm)
Time (s)
4.2
10.5
5.0
18.6
Baragolai
6.3
28.8
7.2
33.0
8.3
36.6
4.3
18.3
5.3
29.4
6.7
41.1
Ledo
7.5
45.9
8.0
43.5
9.1
65.4
4.1
7.8
5.0
18.9
Tikak
6.5
39.9
7.9
66.3
8.9
76.8
4.2
12.0
5.4
19.8
Baragolai A 6.7
34.8
8.1
39.3
9.0
56.7
4.4
16.5
5.1
21.6
6.3
30.0
Tirap
7.2
45.0
7.8
48.3
9.3
45.6

Colliery

Yield of
Devolatilization
(%)
33.3
35.6
35.3
36.4
37.6
50.0
44.8
41.8
46.1
48.1
40.1
41.4
41.2
46.9
41.1
40.6
35.5
37.1
37.3
39.0
39.0
40.5
44.6
41.7
44.3
43.0
39.8
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Proximate
Ratio of Volatile Matter
95%
Volatile Matter
Yield to Proximate
Devolatilization
(%)
Volatile Matter
Time (s)
1.07
9.9
1.14
15.9
31.2
1.13
24.0
1.17
27.3
1.21
31.2
1.23
13.5
1.10
16.8
1.02
28.2
40.8
1.13
31.5
1.18
29.1
0.98
42.6
1.09
7.5
1.09
14.7
37.8
1.24
26.7
1.09
41.4
1.07
50.4
1.00
12.0
1.05
15.6
35.4
1.05
29.1
1.10
33.9
1.10
45.0
1.06
9.3
1.17
21.6
1.10
24.9
38.1
1.16
29.4
1.13
30.0
1.04
37.2

Table 4.1 Summary of experimental results on devolatilization in Argon

∆
0.0008
0.0017
0.0019
0.0027
0.0117
0.0018
0.0009
0.0039
0.0046
0.0186
0.0134
0.0012
0.0019
0.0056
0.0089
0.0180
0.0014
0.0010
0.0033
0.0036
0.0054
0.0011
0.0023
0.0035
0.0056
0.0085
0.0073

( )

0.0554
0.0208
0.0104
0.0083
0.0071
0.0518
0.0284
0.0145
0.0105
0.0087
0.0060
0.0594
0.0336
0.0158
0.0091
0.0064
0.0554
0.0269
0.0145
0.0084
0.0062
0.0485
0.0317
0.0173
0.0118
0.0094
0.0057

c s−m

Table 4.2 Summary of 95% confidence interval for the parameter c and R 2

Colliery

Baragolai

Ledo

Tikak

Baragolai A

Tirap

TH-948_03610703

Size

R2

c s−m

( )

95% confidence

4.2

1.00

0.0554

–

5.0

0.98

0.0208

0.0198–0.0218

6.3

0.98

0.0104

0.0100–0.0107

7.2

0.98

0.0083

0.0081–0.0085

8.3

0.99

0.0071

0.0069–0.0072

4.3

1.00

0.0518

–

5.3

1.00

0.0284

–

6.7

1.00

0.0145

–

7.5

1.00

0.0105

–

8.0

1.00

0.0087

–

9.1

1.00

0.0060

–

4.1

1.00

0.0594

–

5.0

1.00

0.0336

–

6.5

1.00

0.0158

–

7.9

1.00

0.0091

–

8.9

1.00

0.0064

–

4.2

1.00

0.0554

–

5.4

1.00

0.0269

–

6.7

1.00

0.0145

–

8.1

1.00

0.0084

–

9.0

1.00

0.0062

–

4.4

1.00

0.0485

–

5.1

1.00

0.0317

–

6.3

1.00

0.0173

–

7.2

1.00

0.0118

–

7.8

1.00

0.0094

–

9.3

1.00

0.0057

–

(mm)
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interval

(4.3) can be used to compute the mass of a single coal particle at any until
devolatilization is complete.

(

)

The total yield of volatile matter V0 − V∞ can be taken as 1.107 times the
proximate volatile content of the coal. The mass of coal samples was computed by
using Eq. (4.3) putting m = 1.6 . The value of c was computed from the correlation:
c = 3.07 dv −2.84 . The variation of mass predicted by Eq. (4.3) is indicated by the lines
in Figures 4.5–4.9. The root mean square error ( ∆ ) for each particle is given in Table
4.1. A sample calculation is given in the Appendix 4.1.

4.2.3 Variation of the yield of volatile matter with the volatile content of coals
The ratio of the yield of volatile matter to the proximate volatile content
(shown in Table 4.1, column 7) was found to decrease with the increasing volatile
content, and an increasing trend was observed with the increasing ash content
(however, Baragolai A coal was an exception). Similar observations can be made
from the results reported in the literature [8,15,16]. This is probably because of the
variation in the specific heat of the coals with the variation in their volatile content.
The specific heat of a coal of low volatile content is smaller than that of a highvolatile coal [17].
The rate of increase in temperature for a low-volatile coal is higher than that
for a high-volatile coal. It has been reported in the literature [18] that the rapid
increase in temperature at the high heating rates reduces the residence time of volatile
material. It reduces the effect of cracking of tarry matters inside the particle and hence
more tarry liquid is produced. However, the yield of the light hydrocarbon gases
remains nearly constant. It has also been reported in the literature [18] that the gain in
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tar yield with increasing heating rate is higher for the low-volatile coals than that for
the high-volatile coals. This also supports the fact that the low-volatile coals are
heated more quickly than the high-volatile coals. Therefore, the residence time of
volatile matter is less for the low-volatile coals than that for the high-volatile coals.
Therefore, the ratio of the volatile yield to the proximate volatile content diminished
with the increasing volatile content of the coals.

4.2.4 Devolatilization in multi-particle system
To study the validity of the correlations developed in this chapter for the
single coal particles in multi-particle systems, the variation of mass with time for a
batch of four particles of Ledo coal was studied. The agreement between the
experimental data and Eq. (4.3) was good, as depicted in Figure 4.11. Therefore, it is
confirmed that the correlations developed in this study can be used to predict
devolatilization of a group of coal particles. The values of c and error

(∆)

are

reported in Table 4.3.

4.2.5 Visual observation of the coal particles at different times of pyrolysis
The cross-sections of the particles of Baragolai A coal were examined under a
microscope after the particles were pyrolyzed at 1123 K for a certain amount of time
in the fluidized bed at a fluidizing velocity of 1 m/s. The photographs are shown in
Figure 4.12. Two types of particles were observed, viz. partially pyrolyzed and
completely pyrolyzed. For the partially pyrolyzed particles, the core was very dull
gray, but the outer layer was shiny, porous and black.
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Figure 4.11 Mass versus time profiles for a batch of four particles of Ledo coal in
argon atmosphere, and comparison with the model. The average diameters of the
particles are shown in the figure.
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Table 4.3 Values of c and errors in multi-particle experiments
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Particle size (mm)

c s− m

( )

∆

4.64

0.0391

0.0120

4.71

0.0374

4.56

0.0410

4.77

0.0362

6.43

0.0155

6.28

0.0166

5.99

0.0189

5.81

0.0207

8.30

0.0075

7.51

0.0099

7.73

0.0092

6.15

0.0175

8.47

0.0071

8.34

0.0074

10.28

0.0041

6.66

0.0139

161

0.0331

0.0702

0.0774

(a)

(b)

(c)

Figure 4.12 Cross-sectional views of Baragolai A coal particles at different stages of
devolatilization: (a) before pyrolysis, (b) after being pyrolyzed for 50 s in argon
atmosphere, and (c) after being pyrolyzed for 60 s in argon atmosphere. Magnification
= 15×.
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The central regions of the partially pyrolyzed coal particles had obviously not reacted,
and looked like the original coal. The boundary between these two areas was sharp
and distinct. The shrinking-core pattern of devolatilization was clearly discernible.

4.2.6 Mechanism of devolatilization
It has been proposed in the literature [3] that coal devolatilization is controlled
by three main factors: (i) heat transfer to and within the particle, (ii) chemical kinetics
of pyrolysis, and (iii) mass transfer of volatile products within the particle. A number
of models have been developed based on the hypothesis that either internal mass
transfer or heat transfer (both to and through the particle) is the rate controlling
mechanism. The work of Agarwal et al. [19] reveals that chemical reaction kinetics
controls the devolatilization time for particles having diameter less than 0.1 mm. As
the particle size increases, the rate-limiting step shifts to a mixed regime between
chemical reaction and heat transfer control. For particles larger than 1 mm, it has been
found that the rate is controlled by heat transfer, and the devolatilization time varies
with the square of the particle diameter. Juntgen and van Heek [20] have reported that
chemical kinetics controls the devolatilization rate for particles having diameter below
0.6 mm. Measurements of the center temperature of coal particles of size ranging
between 6.4 and 20 mm in fluidized beds have shown that a time lag is exhibited
(which is proportional to the size of the particles) before the center of the particles
attains the bed temperature [21,22]. This also supports the fact that devolatilization
time for large particles is controlled by heat transfer.
It has been shown in the literature [23] that devolatilization of coal can be
interpreted by the shrinking-core model with no change in the size of the particle. To
analyze the experimental data, a shrinking-core model was used. In this model, it was
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assumed that devolatilization was driven by the enthalpy provided by heat transfer
through the surface by convection and inside the particles by conduction. The thermal
decomposition takes place endothermally at the temperature of the moving (and
possibly molten) reaction zone. The char offers no resistance to the gases and vapors
leaving the thin reaction zone (where coal undergoes thermal decomposition) due to
its relatively high porosity. The following equation has been given by Chern and
Hayhurst [23] for the devolatilization time, tv .

2
3
3  rc  
k   rc 
−
1
−


t
2 a 
ah   a 
= 1−   
tv
 k 1
 + 
 ah 2 

(4.5)

where a is the radius of the particle, rc is the radius of the reaction front (i.e., the
coal kernel), h is the convective heat transfer coefficient and k is the thermal
conductivity of the coal material. From the shrinking-core model, we know that at any
instant t , the volumetric ratio of unconverted core to the original coal is given by [23],
3

V − V∞
 rc 
 a  = V −V
 
0
∞

(4.6)

The ratio, rc a at any time can be calculated using Eq. (4.6) using the experimental
data. The values of k ( ah ) for different particle size were calculated from Eq. (4.5)
by the regression of the experimental data. The RMSE (∆) was calculated by the
following equation.

∑ ( t tv )Expt − ( t tv )Model 


∆=
N

2
(4.7)

The values of the Biot number  Bi = ha ( 3k )  for the coal particles have been
presented in Table 4.4.
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Table 4.4 Biot numbers for devolatilization in argon atmosphere

Colliery and proximate volatile matter (%)

Baragolai (31.2)

Diameter (mm)

Bi

∆

4.2

0.055

0.055

5.0

0.368

0.038

6.3

0.340

0.022

7.2

0.254

0.034

8.3

0.254

0.016

4.3

0.017

0.055

5.3

0.203

0.047

6.7

0.296

0.024

7.5

0.308

0.020

8.0

0.193

0.028

9.1

0.398

0.021

4.1

0.055

0.052

5.0

0.393

0.026

6.5

0.485

0.056

7.9

0.286

0.047

8.9

0.110

0.023

4.2

0.055

0.055

5.4

0.111

0.054

6.7

0.314

0.026

Ledo (40.8)

Tikak (37.8)

Baragolai A (35.4)
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8.1

0.031

0.034

9.0

0.101

0.014

4.4

0.094

0.015

5.1

0.312

0.021

6.3

0.094

0.033

7.2

0.246

0.024

7.8

0.128

0.008

9.3

0.042

0.018

Tirap (38.1)
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Chern and Hayhurst [23] have reported the Biot numbers corresponding to their
data in the range of 0.067 < Bi < 3.33 . In this region, ( rc a ) varies with ( t tv ) linearly.
They have also shown that at Bi = 0.66 , Eq. (4.5) shows a prolonged linearity. It can be
observed from Table 4.4 that the Biot numbers for devolatilization in argon atmosphere
lie between 0.017 and 0.485. A sample calculation has been given in the Appendix 4.2
of this chapter. Biot numbers smaller than 0.1 suggest that the heat conduction
resistance inside the particle is much lower than the heat transfer resistance at the
surface. It also suggests that the temperature is constant inside the particles. The
lumped-capacitance model of transient heat transfer is applicable for Biot numbers less
than 0.1 [24]. From Table 4.4, it can be observed that for coal particles having diameter
of ~4 mm, this condition is satisfied. Hence, it can be concluded that the internal
resistance to conduction is significantly smaller than the external resistance to
convection for particles of ~4 mm diameter. For 0.1 < Bi < 1 , the temperature inside the
particle cannot be assumed to be constant. For Biot numbers greater than unity, the
internal heat transfer resistance is higher than external heat transfer resistance. The coal
samples studied in this work belong to the second category. The Biot numbers of the
particles ( ≥ 5 mm ) used in our study fall in the same range as that reported by Chern
and Hayhurst [23]. For coal particles of size > 4 mm, it can be observed from the results
presented in Table 4.4 that the Biot number decreases with the increase in particle size.
The apparent decrease in Biot number is a consequence of the reduction in the heat
transfer co-efficient with the increase in particle size. The large amount of volatile
matter released from the large coal particles forms a thick film around the particles.
This increases the resistance to heat transfer. Consequently, the external heat transfer by
convection decreases.
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Appendix 4.1 Calculation of root mean square error (RMSE)

Sample: Baragolai A coal particle of 8.1 mm diameter

Time

Actual mass of coal particle (g)

0.0

0.323

1.2

0.320

2.1

0.317

3.0

0.315

3.9

0.312

4.8

0.306

6.0

0.301

6.9

0.298

7.8

0.294

8.7

0.290

9.0

0.289

9.9

0.285

10.8

0.281

12.0

0.277

13.2

0.272

14.1

0.268

15.6

0.261

16.5

0.258

17.4

0.254

18.6

0.252

19.5

0.246

20.4

0.243

21.6

0.239

22.5

0.235

23.1

0.233

24.3

0.228
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Calculated mass (g)
0.323
0.322
0.320
0.317
0.314
0.311
0.306
0.302
0.298
0.294
0.292
0.288
0.284
0.278
0.272
0.268
0.261
0.257
0.254
0.249
0.245
0.242
0.238
0.235
0.233
0.229
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25.2

0.226

26.1

0.222

27.0

0.218

29.4

0.214

30.3

0.211

31.2

0.209

32.1

0.207

33.0

0.205

33.9

0.203

35.1

0.201

36.0

0.200

37.8

0.198

39.3

0.197

0.227
0.224
0.222
0.219
0.217
0.215
0.213
0.212
0.211
0.209
0.208
0.207
0.205

Calculated mass at any time = V = V0 + (V∞ − V0 ) 1 − exp −ct m 



(

)

where,
V0 = initial mass of coal particle = 0.323 g
V0 − V∞ = total amount of volatile matter evolved
= V0 × volatile matter content × average ratio of the yield of volatile matter
c = 3.07 dv −2.84
d v = 8.1 mm
m = 1 .6
V = 0.323 − 0.323 × 0.354 × 1.107 × 1 − exp −0.0075t1.6 



(

From Eq. (4.4),
12

2



Error =  V
−V
N

 Expt Model 
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)

where, N = Number of experimental data = 40
Therefore, Error = 3.584 × 10−3
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Appendix 4.2 Sample calculation for the determination of Biot number

Sample: 5.1 mm diameter Tirap coal

1.000

Experimental value of
t tv
0.000

Calculated value of
t tv
0.000

0.072

0.978

0.059

0.044

1.8

0.070

0.955

0.118

0.090

2.7

0.066

0.905

0.176

0.184

3.6

0.064

0.878

0.235

0.232

4.5

0.063

0.864

0.294

0.258

5.4

0.06

0.819

0.353

0.335

6.3

0.057

0.767

0.412

0.417

7.2

0.055

0.729

0.471

0.475

8.1

0.053

0.686

0.529

0.536

9.0

0.051

0.637

0.588

0.601

9.9

0.049

0.578

0.647

0.671

10.8

0.048

0.544

0.706

0.710

11.7

0.046

0.459

0.765

0.794

12.6

0.045

0.401

0.824

0.843

13.5

0.045

0.401

0.882

0.843

14.4

0.044

0.318

0.941

0.902

15.3

0.043

0.000

1.000

1.000

Time

Mass

rc a

0.0

0.074

0.9

Let us calculate t tv from Eq. (4.7),

2
3
k  r 
r  
1.5  c  − 1 −   c 
t
a
ah   a 
= 1−   
k
tv


 + 0.5 
 ah

13

rc  V − V∞ 
=

a  V0 − V∞ 
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tv = devolatilization time = 15.3 s
rc = radius of unreacted core, mm

a = radius of the coal particle = 5.1 mm
k = thermal conductivity of coal, W K −1 m −1
h = convective heat transfer coefficient, W K −1 m −2

 k 
The value of   is determined by minimizing the error, as described by Chern and
 ah 

Hayhurst [22].
V = total mass at any time t, kg
V0 = value of V at t → 0 = 0.074 g
V∞ = value of V at t → ∞ = 0.043 g
Bi =

ha
1
=
= 0.312
3k 3 ×1.0676

From Eq. (4.7),
2

Error =

( t t )
− ( t tv )Calc 
 v Expt
 = 0.021
N

where N = Number of experimental data = 18
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Notations

a

radius of the coal particle, m

A

constant in the power law correlation for total devolatilization time,
s mm − n

A1

constant in the power law correlation for 95% devolatilization time,
s mm − n1

A2

constant in the power law correlation for parameter c, s − m mm − n2

c

constant in mass-loss correlation, s − m

dv

mass-equivalent volumetric diameter, m

h

convective heat transfer coefficient, W K −1 m −2

k

thermal conductivity, W K −1 m −1

m

constant in mass-loss correlation

n

constant in power law correlation for total devolatilization time

n1

constant in power law correlation for 95% devolatilization time

n2

constant in power law correlation for parameter c

N

number of experimental data points

rc

radius of the central core, m

R2

coefficient of determination

t

time, s

tv

total devolatilization time, s

v(t )

fraction devolatilized

v(t )Expt

experimental value of the fraction devolatilized

v(t )Model

value of the fraction devolatilized predicted by the correlation
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V

total mass at any time t, kg

V0

value of V at t → 0

V∞

value of V at t → ∞

Greek letters
∆

TH-948_03610703

root mean square error (RMSE)
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CHAPTER 5
_______________________________________________________
DEVOLATILIZATION OF COAL SAMPLES IN AIR UNDER
FLUIDIZED BED CONDITIONS

5.1 Introduction

Combustion of coal in fluidized beds is a complex process. Numerous parallel
reactions take place from the time the coal particle enters a fluidized bed until it is
burnt out completely. It is difficult to infer on the various processes that occur during
combustion, from a single experiment or a set of experiments. Parameters have to be
selected and investigated independently to acquire knowledge on the effect of
different environments.
It has been mentioned in Section 4.1 that the coal reactions can be divided into
two distinct components, viz. devolatilization of raw coal, and oxidation of the
residual char [1]. Devolatilization is the first step in any coal conversion process in
which the volatile matter is released. Devolatilization can be accomplished in a few
milliseconds or it can occur over a period of several minutes, depending upon the size
and type of coal. It also depends on the environment surrounding the coal particle.
The remaining solid matrix is called char. The nature of the char depends on the type
of the coal, and also on the conditions of pyrolysis. In fact, coal combustion in
fluidized bed can be regarded as combustion of two fuels, viz. combustion of volatile
matter (homogeneous), and combustion of char (heterogeneous). In reality, mutual
influences exist between these two processes, and they take place simultaneously.
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From the discussion in Section 4.1, it is evident that knowledge on the extent of
devolatilization of coal particles of different size with respect to time in a fluidized
bed is essential to optimize the particle size and the height of the bed. There are
several reports in the literature [2,3–5] on the devolatilization times of coal particles
in presence of air. However, these works have not reported the mass-loss of single
particles with time. Thunman and Lackner [6] have studied the devolatilization of a
batch of coal particles in air, and developed an empirical correlation for the change of
mass with time. For practical purposes, it would be better to examine a batch of coal
particles, but it has been reported in the literature [7] that the coal particles having
caking properties fuse together during pyrolysis, and grow into a single large particle.
Therefore, care has to be taken for studying devolatilization of a batch of coal
particles. Moreover, there is no report in the literature on the devolatilization time of
coals in a fluidized bed in the presence of air at high fluidizing velocities (e.g., 1 m/s).

In this chapter, devolatilization studies of coal samples from five collieries of
northeastern India in air are reported. The data on mass-loss of coal particles with
time are analyzed as discussed in Section 4.1.

5.2 Analysis of the data on devolatilization in air
5.2.1 Correlation between devolatilization time and particle diameter
The devolatilization time ( tv ) was correlated with the particle diameter ( dv )
as, tv = Advn , where A and n are constants. Regressing the data for all coal samples, it
was found that A = 0.60s mm − n and n = 1.92 . The 95% confidence intervals for A and

(

)

n are ( 0.38, 0.94 ) and (1.67, 2.16 ) , respectively R 2 = 0.92 . Figure 5.1 shows the
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Devolatilization time (s)

50
Baragolai
Ledo
Tikak
Baragolai A
Tirap

40
30
20
10
0
3

5

7

9

11

Particle diameter (mm)

Figure 5.1 Correlation between devolatilization time ( tv ) and particle
diameter ( dv ) : tv = 0.60dv1.92 .
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variation of devolatilization time with the particle diameter. These results are in
agreement with the results reported in the literature [3,5,6]. If we compare the
devolatilization time (reported in terms of the flame extinction time) correlations
given in the literature [3,5,6] with our correlation, it is found that our experimental
data follow the trend of the results reported in the literature (Figure 5.2). It has also
been reported in the literature that the devolatilization time decreases as the
superficial velocity increases [10]. This is depicted in Figure 5.2.

5.2.2 Correlation of parameters of devolatilization time with superficial velocity
There is no report in the literature on the devolatilization time of a coal
particle in a fluidized bed in air at a fluidizing velocity of 1 m/s. However, there are
reports on devolatilization time at lower velocities [2,3,4]. The effect of superficial air
velocity on devolatilization time has been shown in Figure 5.2. It is observed from
this figure that the devolatilization time decreased as the superficial velocity was
increased. The correlation parameters A and n varied with the superficial gas
velocity in a manner similar to that observed for the devolatilization in the argon
atmosphere (Chapter 4). It was observed that A exponentially decreased with the
increase in the superficial velocity ( v ) , which can be described by the correlation,

A = 2.02 exp ( −1.24v ) , R 2 = 0.99

(5.1)

The 95% confidence interval for 2.02 is (1.77, 2.27 ) and the same for 1.24 is

( −1.70, − 0.78) . The parameter

n increased with the increase in superficial velocity

following the correlation,

n = −0.0762v 2 + 0.5506v + 1.446 , R 2 = 1

(5.2)

The 95% confidence intervals of −0.0762, 0.5506 and 1.446 are (−0.0946, −0.0578),
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60
Devolatilization time (s)

u=0.1 m/s [3]

50

u=0.138 m/s [2]
u=0.312 m/s [4]

40

u=1.0 m/s (our data)

30
20
10
0
3

4

5

6

7

8

9

10

Particle diameter (mm)

Figure 5.2 Comparison of correlations for the variation of devolatilization time with
particle diameter.
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( 0.5295, 0.5717 )

and (1.442, 1.449 ) , respectively. The variations of A and n with

the superficial velocity of air are depicted in Figure 5.3. It is evident from Eqs. (5.1)
and (5.2) that the velocity of the fluidizing gas has a significant effect on the
devolatilization time. It has been reported in the literature that the devolatilization rate
increases with the increase in the superficial velocity [8]. This is probably due to the
greater convective heat transfer as a consequence of the turbulence created by the
higher gas velocity.

5.2.3 Correlation for mass-loss with time
The variation of the mass of the particles with time for five coals of different
size during devolatilization is presented in Figures 5.4–5.8. From these profiles, it can
be observed that the curves consist of two distinct linear segments. The first segment
represents devolatilization and the second segment represents the combustion of char.
In this work, only the devolatilization segments were examined. It can be seen from
these figures that the point of intersection of the two linear segments is not sharp. This
reflects that in this region, both devolatilization and char combustion processes are
prevalent. To mark the end of devolatilization, two straight lines are drawn for both
the segments, and the point of intersection of these two lines is taken as the
devolatilization time. This has been illustrated in Figure 3.4. Fragmentation of the
particles was not observed in any of the experiments. It can be observed from Figures
5.4−5.8 that the devolatilization time increased with the increase in the particle
diameter. The slope of the devolatilization line increased as the particle diameter
increased, which indicates that the devolatilization rate increased with the increase in
particle diameter. The amount of volatile matter evolved increased as the particle
diameter increased. Since all the particles were exposed to the same atmosphere, it is
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2.5

1.6

2

1.2

1.5
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-n

A (s mm )

2

Data from reference [3]
Data from reference [2]
Data from reference [4]
Data from present work
Data from reference [3]
Data from reference [2]
Data from reference [4]
Data from present work

0.8
0.4

1
0.5

0

0
0

0.2

0.4

0.6

0.8

1

1.2

Velocity (m/s)

Figure 5.3 Variations of A and n with the superficial gas velocity.
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0.5
4.14 mm
5.18 mm
7.16 mm
8.20 mm
9 mm
Model

Mass (g)

0.4
0.3
0.2
0.1
0
0

100

200

300

Time (s)

Figure 5.4 Mass versus time profiles for Baragolai coal particles of different size in
air. The lines indicate fit according to the equation,
V = V0 − 1.48V0 Vm 1 − exp ( −6.64d v−2.78t 1.4 )  .
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Mass (g)
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0.4
0.3
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0.1
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Time (s)

250

300

Figure 5.5 Mass versus time profiles for Ledo coal particles of different size in air.
The lines indicate fit according to the equation,
V = V0 − 1.103V0 Vm 1 − exp ( −6.64d v−2.78t1.4 )  .
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Figure 5.6 Mass versus time profiles for Tikak coal particles of different size in air.
The lines indicate fit according to the equation,
V = V0 − 1.199 V0 Vm 1 − exp ( −6.64d v−2.78t1.4 )  .

TH-948_03610703

186

0.6
4.19 mm
5.38 mm
6.39 mm
7.12 mm
9.54 mm
Model

0.5
Mass (g)

0.4
0.3
0.2
0.1
0
0

50

100

150

200

250

300

350

Time (s)

Figure 5.7 Mass versus time profiles for Baragolai A coal particles of different size in
air. The lines indicate fit according to the equation,
V = V0 − 1.29 V0 Vm 1 − exp ( −6.64d v−2.78t1.4 )  .
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Figure 5.8 Mass versus time profiles for Tirap coal particles of different size in air.
The lines indicate fit according to the equation,
V = V0 − 1.19 V0 Vm 1 − exp ( −6.64d v−2.78t1.4 )  .
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obvious that the loss of volatile matter with respect to time increased as the amount of
devolatilization increased with the increase in volatile content. This apparently is the
reason for the decrease in overall rate of heating as the particle diameter increased.
The fractional loss of mass (i.e., the fractional release of volatile matter) at
time t, v(t), was represented by a simple profile as given by Eq. (4.3). However the
values of c and m have been found to be different from that in the inert atmosphere.
The value of m was found to be 1.4 for the coals used in this study. The 95%
confidence interval for m is (1.35, 1.45 ) . The values of c are given in Table 5.1. The
parameter c was correlated with d v as, c = A2 d v 2 , where A2 = 6.64 s − m mm − n2 and
n

(

)

n2 = −2.78 R 2 = 0.93 . The 95% confidence interval for A2 is (3.536, 12.491) and

the same for n2 is (–3.120, –2.450). The variation of c with the particle diameter is
depicted in Figure 5.9. The values of 95% confidence intervals of c and coefficient of

( )

determination R 2 are given in Table 5.2.
The ratio of the yield of volatile matter to that of the proximate volatile matter
varied between 1.03 and 1.60 (see Table 5.1). The average ratio for 25 coal samples
was 1.25. These results agree well with the data reported by Peeler and Poynton [9].
The ratio of the total yield of volatile matter to the proximate volatile matter
decreased with the increase in particle diameter (see Table 5.1). This agrees with the
results reported in the literature [1,10]. The reason for this variation is that the heating
rate is greater for the smaller particles and the release of volatile matter is faster,
which reduces the possibility of cracking of the volatiles inside the particles. This
increases the total yield of volatile matter, and the opposite phenomenon occurs for
the larger particles. Equation (4.3) can be used to compute the mass of a single coal
particle at any time until the devolatilization is complete.
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Figure 5.9 Variation of c with particle diameter.
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Ledo
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12.3

47.1

9.5

4.4

31.5

17.1

5.3

8.0

9.0

4.2

18.0

39.6

9.0

6.7

32.4

8.2

10.5

5.2

25.8

9.6

4.1

7.2

(s)

Devolatilization Time

(mm)

Size

51.0

45.0

42.0

44.0

47.0

49.0

45.0

45.0

47.0

46.0

50.0

Devolatilization (%)

Yield of
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37.8

40.8

31.2

Matter (%)

Proximate Volatile

1.35

1.10

1.03

1.08

1.15

1.20

1.44

1.44

1.51

1.47

1.60

Volatile Matter

Matter to Proximate

Ratio of Yield of Volatile

Table 5.1 Summary of experimental results on devolatilization in air

0.0748

0.0129

0.0209

0.0378

0.0472

0.1335

0.0158

0.0166

0.0309

0.1181

0.1229

c (s−m)

0.0023

0.0208

0.0050

0.0047

0.0033

0.0016

0.0119

0.0145

0.0034

0.0049

0.0014

∆
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Tirap

Baragolai A

31.5

38.7

7.9

9.1

14.0

5.4

25.0

8.4

4.3

7.0

42.0

12.6

5.4

9.5

8.5

4.4

26.4

39.6

8.9

7.1

31.2

7.8

24.6

30.0

6.6

6.4

22.0

5.3

47.0

45.0

46.0

41.0

48.0

44.0

44.0

44.0

45.0

49.0

42.0

46.0

41.0

44.0
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38.1

35.4

1.23

1.18

1.21

1.08

1.26

1.24

1.24

1.24

1.27

1.38

1.11

1.27

1.08

1.16

0.0130

0.0180

0.0309

0.0647

0.1216

0.0133

0.0296

0.0335

0.0835

0.1351

0.0162

0.0216

0.0280

0.0384

0.0180

0.0110

0.0025

0.0022

0.0014

0.0109

0.0036

0.0030

0.0078

0.0026

0.0051

0.0097

0.0051

0.0044

Table 5.2 Summary of 95% confidence interval for the parameter c and R 2

Size
R2

c (s−m)

95% confidence interval

4.1

0.99

0.1229

0.1102–0.1357

5.2

0.99

0.1181

0.1123–0.1239

7.2

0.99

0.0309

0.0303–0.0314

8.2

0.97

0.0166

0.0152–0.0180

9.0

0.99

0.0158

0.0151–0.0164

4.2

0.98

0.1335

0.1184–0.1486

5.3

0.97

0.0472

0.0433–0.0511

6.7

0.96

0.0378

0.0339–0.0417

8.0

0.99

0.0209

0.0201–0.0218

9.5

0.99

0.0129

0.0123–0.0134

4.4

0.97

0.0748

0.0640–0.0855

5.3

0.99

0.0384

0.0361–0.0407

6.6

0.99

0.0280

0.0262–0.0297

7.8

0.98

0.0216

0.0202–0.0231

8.9

0.99

0.0162

0.0155–0.0169

4.4

0.95

0.1351

0.1003–0.1699

5.4

0.97

0.0835

0.0790–0.0880

6.4

0.99

0.0335

0.0323–0.0346

7.1

0.99

0.0296

0.0291–0.0301

Colliery
(mm)

Baragolai

Ledo

Tikak

Baragolai A
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Tirap
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9.5

0.98

0.0133

0.0126–0.0141

4.3

0.98

0.1216

0.1004–0.1428

5.4

0.97

0.0647

0.0562–0.0733

7.0

0.99

0.0309

0.0299–0.0319

7.9

0.96

0.0180

0.0172–0.0189

9.1

0.94

0.0130

0.0121–0.0139
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To determine total yield of volatile matter in air, (V0 − V∞ ) , let us denote the
ratio of the total yield of volatile matter to that of the proximate volatile content of
coal as p . The total yield of volatile matter, (V0 − V∞ ) , can therefore be represented
as p times the proximate volatile matter in the particle. As the amount of heat
required for volatile content of the coal. The mass of coal samples was calculated by
using Eq. (4.3) with m = 1.4 and c calculated from the correlation: c = 6.64d v−2.78 .
The mass versus time profiles have been shown by the lines in Figures 5.4–5.8. The
RMSE ( ∆ ) for each sample is given in Table 5.1.

5.2.4 Variation of the yield of volatile matter with the volatile content of the coals
The ratio of the yield of volatile matter to the proximate volatile content
(Table 5.1, column 6) was found to decrease with the increase in volatile content, and
an increasing trend was observed with the increase in ash content (however, the
Baragolai A coal was an exception). Similar observations can be made from the
results reported in the literature [9−11]. This is probably due to the variation of the
specific heat of the coals with the variation in their volatile content. The specific heat
of a coal of low volatile content is lower than that of a high-volatile coal [12]. The
rate of increase in temperature for a low-volatile coal is higher than that for a highvolatile coal. It has been reported in the literature [13] that the rapid increase in
temperature at the high heating rates decreases the residence time of the volatile
material. It reduces the influence of cracking and more tarry liquid is produced.
However, the yield of the light hydrocarbon gases remains nearly constant. It has also
been reported in the literature [13] that the increase in tar yield with increase in
heating rate is greater for the low-volatile coals than that for the high-volatile coals,
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which also supports the fact that the low-volatile coals are heated more rapidly than
the high-volatile coals. Therefore, the residence time of volatile matter is lower for the
low-volatile coals than that for the high-volatile coals, which is reflected in the higher
volatile yield for the former. Therefore, the ratio decreased with increasing volatilecontent of the coals, which is depicted in Figure 5.10. The ratio (p) has a power law
correlation with the proximate volatile matter content (Vm ) of coal as,
p = 64.58Vm−1.1, R 2 = 0.99
The 95% confidence interval for 64.58 is

( 37.15, 112.28)

(5.7)
and the same for 1.1

is ( 0.94, 1.25 ) .

5.2.5 Devolatilization in multi-particle system
To study the validity of the correlations developed for the single coal particles
in multi-particle systems, the variation of mass with time for a batch of four particles
of Baragolai A coal was studied. The agreement between the experimental data and
Eq. (4.3) was good, as shown in Figure 5.11. Thus, it was confirmed that the
correlations developed in this study can be used to predict the devolatilization time of
a batch of coal particles as well. The values of c and error ( ∆ ) are reported in Table
5.3.

5.2.6 Visual observation of the coal particles at different times of pyrolysis
The cross-sections of the Baragolai A coal particles were analyzed under a
microscope after the particles were pyrolyzed at 1123 K for 40 s and 60 s in the
fluidized bed at a fluidizing velocity of 1 m/s. The photographs are shown in Figure
5.12. Two types of particles were observed, viz. partially pyrolyzed and completely
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Figure 5.10 Correlation of ratio of volatile yield in air to proximate volatile matter

( p)

TH-948_03610703

with the proximate volatile content of coal.

197

2
8.9 mm
7.4 mm
6.3 mm
4.7 mm
Model

Mass (g)

1.6
1.2
0.8
0.4
0
0

20

40

60
Time (s)

80

100

120

Figure 5.11 Mass versus time profiles for a batch of four particles of Baragolai A coal
in air, and comparison with the correlation. The average diameters of the particles are
shown in the figure.
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Table 4.3 Values of c and error in multi-particle experiments

TH-948_03610703

Particle size (mm)

c s− m

( )

∆

4.68

0.0909

0.0313

4.73

0.0882

4.82

0.0835

4.70

0.0899

6.14

0.0428

6.20

0.0417

6.41

0.0379

6.41

0.0379

7.53

0.0242

7.35

0.0258

7.53

0.0242

7.53

0.0242

8.85

0.0154

8.97

0.0149

9.03

0.0146

8.82

0.0156
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0.0587

0.1014

0.0818

(a)

(b)

(c)

Figure 5.12 Cross-sectional views of Baragolai A coal particles at different stages of
devolatilization: (a) before pyrolysis, (b) after being pyrolyzed for 40 s in air, and (c)
after being pyrolyzed for 60 s in air. Magnification = 15×.
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pyrolyzed. For the partially pyrolyzed particles, the core was very dull gray, but the
outer layer was shiny, porous and black. The central regions of the partially pyrolyzed
coal particles had clearly not reacted, and resembled the original coal. The boundary
between these two regions was sharp and distinguishable. The shrinking-core pattern
was clearly discernible. For the completely pyrolyzed particles, the entire crosssection of the coal particle was shiny, porous and black.
It can be observed from this figure that pyrolysis in air was more intense than
the pyrolysis in argon atmosphere (described in Chapter 4), and there were several
cracks in the particles [see Figures 5.12(b) and (c)]. In presence of air, oxidation of
volatile matter occurs at the surface of the coal particles, which intensifies the rate of
heating of the particles. Consequently the release of volatile matter is faster. The
possible reason for the higher release of volatile matter is the increase of the thermal
stress and the increase in the pressure inside the particles due to the enhanced rate of
release of volatile matter.

5.2.6 Mechanism of devolatilization
In Chapter 4, the mechanism of devolatilization in inert atmosphere has been
elaborated in detail. The same model is expected to be applicable for devolatilization
in air. The values of the Biot number  Bi = ha ( 3k )  obtained by the procedure
described in Chapter 4 have been presented in Table 5.4.
It can be observed from Table 5.4 that the Biot numbers obtained from our
experimental data on devolatilization in air are in the range of 0.033 to 0.536. Hence, all
coal particles studied in the present work fall in the category in which the resistance to
external heat transfer is higher than the resistance for internal heat transfer.
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The values of Bi for devolatilization in argon and air are comparable, except for
the particles having ~4 mm diameter. The results for these particles would suggest that
the external heat transfer coefficient h increased in air due to the combustion of
volatiles at the surface of the coal particles. However, for many other coal particles, the
values of Bi were lower than those in argon, which would suggest a decrease in h in air.
Therefore, it seems that the shrinking-core model of Chern and Hayhurst [14] does not
explain the devolatilization in air accurately. This model was developed for
devolatilization in inert atmosphere. Several assumptions were made in its
development, which were discussed in Section 4.2.6. It is likely that some of these
assumptions (e.g., no change in the size of the particles, and no resistance offered by the
char to the gases and vapors leaving the thin reaction zone) are not valid when
oxidation of the volatile film surrounding the coal particles takes place.
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Table 5.4 Biot numbers for devolatilization in air

Colliery and proximate volatile
matter (%)

Diameter (mm)

Bi

∆

4.1

0.220

0.015

5.2

0.536

0.023

7.2

0.485

0.012

8.2

0.254

0.034

9.0

0.090

0.030

4.2

0.467

0.048

5.3

0.028

0.038

6.7

0.043

0.033

8.0

0.254

0.023

9.5

0.111

0.015

4.4

0.101

0.046

5.3

0.046

0.023

6.6

0.044

0.047

7.8

0.087

0.035

9.0

0.091

0.016

4.4

0.243

0.052

5.4

0.094

0.032

6.4

0.260

0.017

7.1

0.233

0.022

9.5

0.112

0.040

4.3

0.075

0.027

5.4

0.093

0.025

7.1

0.203

0.014

7.9

0.040

0.042

9.1

0.033

0.067

Baragolai (31.2)

Ledo (40.8)

Tikak (37.8)

Baragolai A (35.4)

Tirap (38.1)
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Notations

a

radius of the coal particle, m

A1

constant in the power law correlation for devolatilization time, s mm − n1

A2

constant in the power law correlation for the parameter c, s − m mm − n2

c

constant in mass loss correlation, s − m

dv

mass-equivalent volumetric diameter, m

h

convective heat transfer coefficient, W K −1 m −2

k

thermal conductivity, W K −1 m −1

m

constant in mass loss correlation

n1

constant in power law correlation for devolatilization time

n2

constant in power law correlation for the parameter c

N

number of experimental data points

p

ratio of yield of volatile matter to the proximate volatile content of coal

R2

coefficient of determination

rc

radius of the central core, m

t

time, s

tv

devolatilization time, s

v

velocity, m/s

v(t )

fraction devolatilized

v(t )Expt

experimental value of the fraction devolatilized

v(t )Model

value of the fraction devolatilized predicted by the correlation

V

total mass at any time t, kg
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V0

value of V at t → 0

V∞

value of V at t → ∞

Vm

volatile matter content of coal

Greek letters
∆
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root mean square error (RMSE)
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CHAPTER 6
_______________________________________________________
DEVOLATILIZATION OF COAL SAMPLES IN OXYGENENRICHED AIR UNDER FLUIDIZED BED CONDITIONS

6.1 Introduction

Among the fluidized bed technologies, atmospheric fluidized bed combustion
(AFBC) is an uncomplicated and low-cost process because it can use particles of large
size. Expensive preparation of fuel such as crushing of coal is not mandatory. It offers
high fuel flexibility in the size, rank, and type of coal used. It involves a high heat
transfer coefficient, low combustion temperature, and utilization of low-grade fuels
(e.g., fuels with moisture content up to 60%, or ash up to 70 %) is possible.
Atmospheric fluidized bed combustion boilers are capable of using biomass and waste
fuels as well. Even though the other types of fluidized bed, viz. pressurized and
circulating fluidized beds are more efficient in combustion as well as sulfur-capture
on account of lower particle size, higher recirculation rate, and presence of the higher
amount of air, still the costs of production are comparatively higher than that of the
AFBC.
Every technology or engineering design is, however, associated with some
shortcomings. This is also true for the atmospheric fluidized bed combustion boilers.
The disadvantages of AFBC are: (i) relatively small quantity of heat generated per
unit area of the furnace cross-section when high-volatile fuels are burnt, (ii)
difficulties associated with the design of high-capacity units because of the
requirement of a large number of fuel feeding points, (iii) small turn down ratio, (iv)
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relatively high SO2 and NOx emission levels, (v) relatively inadequate fuel flexibility,
(vi) relatively low combustion efficiency, and (vii) erosion of the immersed heat
transfer surfaces.
By the introduction of oxygen-enriched air in AFBC, the deficiencies in
combustion and thermal efficiency can be reduced, and the performance can be made
at par with the pressurized and circulating fluidized bed combustors. In oxygenenriched environment, both devolatilization and combustion of coal particles are
distinctly quicker than that with air. Also, the combustion of volatile matter occurs
because of the presence of the extra oxygen in the combustion system, which
increases the combustion efficiency [1,2]. The thermal efficiency of the system also
increases due to the lowering of the total volume of the flue gas leaving the
combustion chamber [3]. Oxygen-enriched combustion method is an effective method
for producing a flue gas rich in carbon dioxide, which can be separated easily [4,5],
and sequestered [6]. It is also recognized that the use of oxygen-enriched air and
recycle of char help a gasifier to increase the heating value of the product gas and cold
gas efficiency. The ratio of conversion of carbon to CO2 and CO boosts with the
increase of oxygen concentration in the combustion chamber [7]. Air enriched with
oxygen can curtail the emission of carbon monoxide in the flue gas of a fluidized bed
combustor. In some plants, secondary air is injected for combustion of volatiles in the
free-board to bring the emission of carbon monoxide below the pollution limits [8].
The quantity of unburned carbon in the flue gas is considerably reduced in the
presence of extra oxygen. However, the cost for oxygen enrichment is higher, owing
to the cost involved in the liquefaction of air [9].
Research on combustion of pulverized coal with oxygen-enriched air has
shown that there is an increase in the flux of oxygen molecules from the bulk towards
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the particles. As a result, the temperature of the surface of the particles becomes
higher. This enhances the pyrolysis rate, Stefan flow and oxidation in the boundary
layer [10]. There is no work reported in the literature on devolatilization of large coal
particles under fluidized bed conditions in presence of oxygen-enriched air. There is a
difference between the higher oxygen concentration in the fluidizing gas and
introduction of excess air. The latter process leads to a higher fluidization velocity. At
higher fluidization velocities, the rate of release of volatile matter is slightly higher
because of the better convective heat transfer to the particle [11]. As the inert gas does
not participate in combustion, the volume of nitrogen is quite high at the higher
fluidization velocities, and the sensible heat is lost, which is carried away by the
excess nitrogen.
During the heating of the coal particles in fluidized bed, the average heating
rate of the individual coal particles depends on their size. From the data reported in
the literature [12], it is observed that the average heating rate of large particles is
lower than the average heating rate of small particles. It is also reported that the
differences in temperature history of the center of the coal particles are mostly
influenced by the type of coal and the particle size [13].
Heat transferred from the fluidized bed medium to the coal particle is utilized
in the drying of the coal particle as well as in the endothermic reactions leading to the
formation of the volatile matter. Exothermic reactions on the surface of the char
increase the temperature of the coal particle. Increase in particle temperature increases
the rate of drying and devolatilization of coal. In the presence of excess oxygen,
exothermic reactions release sensible heat from the combustion of volatile matter and
char. This can accelerate drying and formation of volatiles. Hence it is important to
study devolatilization of coals of different particle size in oxygen-enriched air.
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The characteristics of devolatilization significantly differ in inert atmosphere,
air, and air enriched with oxygen. In this chapter, we describe devolatilization in
oxygen-enriched air. We have studied coals having a wide range of volatile content
collected from five collieries located in the northeastern India. Particles having
diameter between 4 mm and 9 mm were studied. The uninterrupted variation of mass
with time was measured in a gas medium constituted of 30% oxygen (the rest is
nitrogen) under fluidized bed conditions. A correlation of devolatilization time with
particle size was developed. The total yields of volatile matter in these three
atmospheres were compared.

6.2 Analysis of data on devolatilization in oxygen-enriched air
6.2.1 Correlation between devolatilization time and particle diameter
The devolatilization time tv was correlated with the particle diameter d v as,
tv = Advn , where A and n are constants. Regressing the data from all coal samples, it

was found that A = 0.34s mm − n and n = 2.16 ( R 2 = 0.90 ) . The 95% confidence
interval for A is ( 0.18, 0.63) and the same for n is (1.84, 2.48 ) . Figure 6.1 shows the
variation of devolatilization time with particle diameter.

6.2.2 Correlation for variation of mass with time
The variation of the mass of the particles with time for the five coals of
different size during devolatilization is shown in Figures 6.2–6.6. From these profiles,
it can be observed that the curves consist of two distinct linear segments, as discussed
in Chapters 3 and 5. The first segment pertains to devolatilization and the second
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Figure 6.1 Correlation between the devolatilization time ( tv ) and particle diameter

( dv ) in oxygen-enriched air: tv = 0.34dv2.16 .
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Figure 6.2 Mass versus time profiles for Baragolai coal particles of different size in
oxygen-enriched air. The lines indicate fit according to the equation,
V = V0 − 1.49V0Vm 1 − exp ( −7.38d v−2.38t1.1 )  .
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Figure 6.3 Mass versus time profiles for Ledo coal particles of different size in
oxygen-enriched air. The lines indicate fit according to the equation,
V = V0 − 1.105V0Vm 1 − exp ( −7.38d v−2.38t1.1 )  .
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Figure 6.4 Mass versus time profiles for Tikak coal particles of different size in
oxygen-enriched air. The lines indicate fit according to the equation,
V = V0 − 1.202V0Vm 1 − exp ( −7.38d v−2.38t1.1 )  .
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Figure 6.5 Mass versus time profiles for Baragolai A coal particles of different size in
oxygen-enriched air. The lines indicate fit according to the equation,
V = V0 − 1.293V0Vm 1 − exp ( −7.38d v−2.38t1.1 )  .
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Figure 6.6 Mass versus time profiles for Tirap coal particles of different size in
oxygen-enriched air. The lines indicate fit according to the equation,
V = V0 − 1.192 V0 Vm 1 − exp ( −7.38d v−2.38t 1.1 )  .
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segment pertains to the combustion of char. In this work, only the devolatilization
segments of these curves were analyzed. It can be observed from these figures that the
point of intersection is not sharp. This means that both devolatilization and char
combustion occur simultaneously in these systems.
To mark the end of devolatilization, two straight lines are drawn for each part,
and the point of intersection of these two lines is taken as the devolatilization time (as
described in the Chapter 3). It is evident that the devolatilization time increases as the
particle diameter increases. Furthermore, the slope of the devolatilization line
increases as the particle diameter increases, which signifies that the devolatilization
rate increases with the increase in particle diameter. As the particle diameter
increases, the amount of volatile matter increases. Since all the particles are subjected
to identical experimental conditions, therefore, the loss of volatile matter with respect
to time increases as the amount of volatile matter increases. Because the heat
requirement for devolatilization also increases with the increase in volatile content, a
decrease in overall rate of heating is observed as the particle diameter increases.
Fragmentation of the particles was not observed in any of the experiments.
The fractional loss of mass (i.e., the fractional release of volatile matter at time
t), v(t), was represented by a simple profile as given by Eq. (4.3). However the values
of constants c and m have been found to be different from that in the inert atmosphere.
The value of m was found to be 1.1 for the coals used in this study. The 95%
confidence interval for m is (1.05, 1.15 ) . The parameter c was correlated with
particle

diameter,

(

dv ,

as,

n

c = A1d v 1 ,

where

A1 = 7.38 s − m mm − n1

)

and

n1 = −2.38 R 2 = 0.94 . The values of c are given in Table 6.1. The 95% confidence

interval for A1 is ( 4.393, 12.404 ) and the same for n1 is ( −2.660, − 2.111) . The
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Tirap

Baragolai A

Tikak

Ledo

Baragolai

Colliery

Total Devolatilization
Time (s)
9.3
16.8
19.5
35.4
38.7
7.2
19.2
22.2
23.1
55.8
7.8
16.1
19.8
35.7
39.0
6.3
9.9
15.6
30.9
29.4
17.7
17.1
29.4

Size
(mm)

4.2
6.2
6.9
8.0
8.6
4.8
6.1
6.8
7.8
9.3
4.2
5.0
6.3
8.0
9.1
4.0
4.9
6.9
8.0
8.6
6.1
6.8
7.8

58.2
43.5
44.2
49.7
43.7
50.0
34.0
49.8
37.2
49.3
44.1
60.3
49.3
50.0
44.0
46.2
38.2
35.5
47.0
38.3
45.0
44.9
49.2

Yield of
Devolatilization (%)

219

Ratio of Yield of Volatile
Proximate Volatile
Matter to Proximate Volatile
Matter (%)
Matter
1.86
1.39
31.2
1.42
1.59
1.40
1.23
0.83
40.8
1.22
0.91
1.21
1.19
1.59
37.8
1.31
1.32
1.16
1.30
1.08
35.4
1.00
1.33
1.08
1.18
38.1
1.18
1.29

Table 6.1 Summary of experimental results on devolatilization in oxygen-enriched air

0.1545
0.0998
0.0723
0.0469
0.0391
0.2393
0.0961
0.0757
0.0660
0.0291
0.2692
0.1379
0.0958
0.0466
0.0391
0.2721
0.1590
0.0952
0.0508
0.0446
0.1130
0.0829
0.0551

( )

c s−m

0.0068
0.0037
0.0061
0.0202
0.0182
0.0033
0.0041
0.0096
0.0121
0.0196
0.0009
0.0076
0.0074
0.0143
0.0131
0.0012
0.0035
0.0054
0.0119
0.0195
0.0026
0.0099
0.0147

∆

variation of c with the particle diameter is depicted in Figure 6.7. The 95%
confidence interval for c and the values of R 2 are given in Table 6.2.
The ratio of the yield of volatile matter to the proximate volatile matter has
been found to vary between 0.83 and 1.86. These are presented in Table 6.1. The
average ratio for 23 coal samples is 1.264. Using Eq. (4.3) and the correlation,
c = 7.38dv −2.38 , the mass of a single coal particle at any instant was computed until
the completion of devolatilization.

(

)

The total yield of volatile matter, V0 − V∞ , can be expressed as p (viz. the
ratio of total yield of volatiles to that of the proximate volatile content of the coal)
times the proximate volatile content of the coal. The mass of coal particle, calculated
by Eq. (4.3), is shown by the lines in Figures 6.2–6.6. The root mean square error
(RMSE) for each particle is presented in Table 6.1.

6.2.3 Variation of the yield of volatile matter with the volatile content of the coals
The ratio of the yield of volatile matter to proximate volatile matter (Table 6.1,
column 6) decreased with the increase in the volatile content of the coals. The average
values of the ratio for the coal samples of one colliery have been plotted against the
volatile content of the coals in Figure 6.8. It can be observed from this figure that the
ratio showed a decreasing trend with the increase in volatile content. Similar
observations can be made from the results reported in the literature [15−17]. This is
likely due to the difference in specific heat of the coals having different volatile
matter. The specific heat of the low-volatile coals is lower than the specific heat of the
high-volatile coals [18]. The rate of increase of temperature of the low-volatile coals
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Figure 6.7 Variation of the parameter c with particle diameter.
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Table 6.2 Summary of 95% confidence interval for the parameter c and R 2

Colliery

Baragolai

Ledo

Tikak

Baragolai A

Tirap

TH-948_03610703

Size (mm)

R2

c s− m

( )

95% confidence

4.2

0.91

0.1545

0.1252–0.1839

6.2

0.96

0.0998

0.0892–0.1103

6.9

0.95

0.0723

0.0650–0.0796

8.0

0.96

0.0469

0.0436–0.0501

8.6

0.95

0.0391

0.0361–0.0422

4.8

0.97

0.2393

0.2030–0.2757

6.1

0.98

0.0961

0.0890–0.1032

6.8

0.96

0.0757

0.0690–0.0824

7.8

0.95

0.0660

0.0593–0.0727

9.3

0.97

0.0291

0.0276–0.0305

4.2

0.97

0.2692

0.2208–0.3176

5.0

0.97

0.1379

0.1251–0.1507

6.3

0.97

0.0958

0.0884–0.1033

8.0

0.96

0.0466

0.0434–0.0498

9.1

0.95

0.0391

0.0361–0.0422

4.0

0.92

0.2721

0.1825–0.3618

4.9

0.96

0.1590

0.1367–0.1812

6.9

0.94

0.0952

0.0827–0.1077

8.0

0.95

0.0508

0.0464–0.0552

8.6

0.93

0.0446

0.0401–0.0491

6.1

0.99

0.1130

0.1076–0.1185

6.8

0.90

0.0829

0.0680–0.0978

7.8

0.96

0.0551

0.0506–0.0596
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Ratio (p )

1.7
1.4
1.1
0.8
0.5
30

32

34

36

38
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42

Volatile matter content (%)

Figure 6.8 Variation of the ratio of volatile yield (in oxygen-enriched air) to
proximate volatile matter ( p ) with the proximate volatile content of coal.
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is higher than that of the high-volatile coals. In our experiments, the effective rate of
heating was quite high due to the presence of oxygen. It has been reported in the
literature [19] that the rapid increase of temperature during the high heating rate
decreases the residence time of volatile matter, diminishes the influence of cracking,
and more tarry liquid is produced. The yield of light hydrocarbon gases, however,
remains nearly constant. It has also been reported in literature [19] that the increase in
the yield of tar with the increase in heating rate is higher for the low-volatile coals
than that for the high-volatile coals, which also supports the fact that the low-volatile
coals are heated more rapidly than the high-volatile coals. Therefore, the residence
time of volatile matter of the low-volatile coals is lower than that of the high-volatile
coals, which is reflected in the higher yield of volatile matter for the low-volatile
coals. Therefore, the ratio decreased with the increase in volatile-content of the coals.
The ratio, p, has a power law correlation with the volatile matter of coal (Vm )
as shown below.
p = 66.315Vm −1.104 , R 2 = 0.70

(6.1)

The 95% confidence interval for 66.315 is ( 0.532, 8266.777 ) and the same for 1.104
is ( −2.445, 0.237 ) . The variation of p with Vm has been shown in Figure 6.8.

6.2.4 Devolatilization in multi-particle system
The variation of mass with time for a batch of four particles of Baragolai A
coal was studied. The agreement between the experimental data and Eq. (4.3) was
good, as shown in Figure 6.9. Thus, it was confirmed that the correlations developed
in this study can be used to predict the devolatilization of a batch of coal particles.
The errors of the model in the multi-particle system are given in Table 6.3.
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2.5
9.55 mm
6.98 mm
6.00 mm
4.90 mm
Model

Mass (g)

2.0
1.5
1.0
0.5
0.0
0

200

400

600

800

1000

Time (s)

Figure 6.9 Mass versus time profiles of a batch of four particles of Baragolai A coal
in oxygen-enriched air, and comparison with the model. The average diameters of
the particles are shown in the figure.
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Table 6.3 Values of c and errors in multi-particle experiments

TH-948_03610703

Particle size (mm)

c s− m

( )

∆

4.96

0.1627

0.0281

4.93

0.1656

4.50

0.2052

5.22

0.1443

5.95

0.1056

6.01

0.1029

6.02

0.1026

6.01

0.1029

7.08

0.0699

6.99

0.0719

6.95

0.0730

6.91

0.0741

9.56

0.0341

9.49

0.0348

9.55

0.0342

9.61

0.0337
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0.0754

0.0944

0.2201

6.2.5 Mechanism of devolatilization
In Chapter 4, the mechanism of devolatilization in inert atmosphere has been
discussed in detail. The same model is expected to be valid for devolatilization in
oxygen-enriched air. Chern and Hayhurst [20] have found Biot numbers in the range
of 0.067 to 3.33 corresponding to their data. In this region, ( rc a ) varies with ( t tv )
almost linearly. The Biot numbers calculated from our experimental data lie between
0.029 and 0.828 (see Table 6.4). The values of Bi for devolatilization in argon, air,
and oxygen-enriched air are comparable, except for the particles having ~4 mm
diameter. The results for these small particles would suggest that the external heat
transfer coefficient h increased in oxygen-enriched air due to the combustion of
volatiles at the surface of the coal particles. However, for many other coal particles,
the values of Bi were lower than those in argon, which would suggest a decrease in h
in oxygen-enriched air. Therefore, it seems that the shrinking-core model of Chern
and Hayhurst [20] does not explain the devolatilization in oxygen-enriched air
accurately. The reason for these anomalies has been discussed in Section 5.2.6 and the
same is applicable for oxygen-enriched air atmosphere also.

6.3 Comparison of devolatilization in argon, air, and oxygen-enriched air
6.3.1 Comparison of devolatilization time
The devolatilization time decreased with the increase in the concentration of
oxygen in the fluidizing gas. This is depicted in Figure 6.10. The intensity of surfaceoxidation increased with the increase in oxygen concentration in the gas. This
increased the rate of heat transfer and hence, increased the rate of release of volatile
matter. The parameters A and n of the correlation, tv = Advn , vary with the
concentration of oxygen in the fluidizing gas. Comparing the devolatilization times
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Table 6.4 Biot numbers for devolatilization in oxygen-enriched air

Colliery and proximate volatile matter
(%)

Devolatilization in oxygen-enriched air
Size (mm)

Bi

∆

4.2

0.033

0.048

6.2

0.261

0.014

6.9

0.076

0.016

8.0

0.282

0.026

8.6

0.111

0.054

4.8

0.146

0.038

6.1

0.348

0.017

6.8

0.301

0.017

7.8

0.185

0.019

9.3

0.244

0.018

4.8

0.146

0.038

4.2

0.310

0.024

5.0

0.828

0.038

6.3

0.507

0.017

8.0

0.358

0.022

9.1

0.230

0.024

4.0

0.066

0.047

4.9

0.090

0.015

6.9

0.107

0.014

8.0

0.251

0.022

Baragolai (31.2)

Baragolai (40.8)

Tikak (37.8)

Baragolai A (35.4)
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Tirap (38.1)
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8.6

0.029

0.028

6.1

0.511

0.024

6.8

0.092

0.055

7.8

0.269

0.021

Devolatilization time (s)

80
Argon
Air
Oxygen-enriched air

60

40

20

0
2

4

6
8
Particle diameter (mm)

10

Figure 6.10 Comparison of the devolatilization times in inert atmosphere, air and
oxygen-enriched air as predicted by the correlations.
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in argon, air and oxygen-enriched air, it can be observed that the value of n increased,
but the parameter A decreased with the increase in oxygen concentration in the
fluidizing gas (see Figure 6.11 and Table 6.5). The devolatilization time in oxygenenriched air is lower than that in air, which is lower than the devolatilization time in
argon atmosphere. The constant A varies with the oxygen concentration following a
second-order polynomial as shown below.

( )

A = −0.0006 cO2

2

+ 0.0032cO2 + 0.81 ,

R2 = 1

(6.2)

The correlation parameter n varies with the oxygen concentration following the
equation given below.

(

)

n = 1.801 + 0.009 exp 0.1227co2 , R 2 = 1

(6.3)

6.3.2 Variation of c and m in the equation, v ( t ) = 1 − exp ( − ct m ) , with oxygen
concentration

The constant c increased, whereas, the constant m decreased with the increase
in the oxygen concentration. These variations are depicted in Figures 6.12 and 6.13,
respectively. The overall effect was such that the fractional loss of volatile matter
increased with the increase in oxygen content of the fluidizing gas. The parameters A1
and n1 of the correlation, c = A1dvn1 , also varied with the concentration of oxygen in
the fluidizing gas. Both the parameters increased with the increase in oxygen
concentration in the gas, as shown in Figure 6.14. The overall value of c increased
with the increase in oxygen concentration in the fluidizing gas. The parameter A1
varies with the oxygen concentration of the fluidizing gas as described by the
polynomial,
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Figure 6.11 Variation of parameters A and n with the oxygen concentration in the
fluidizing gas.
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Table 6.5 Comparison of devolatilization in argon, air, and oxygen-enriched air

Correlation and/or

Devolatilization

Devolatilization

Devolatilization in

parameter

in argon

in air

oxygen-enriched air

A

0.81

0.60

0.34

n

1.81

1.92

2.16

A1

3.39

6.64

7.38

n1

−2.87

–2.78

−2.38

1.6

1.4

1.1

1.11

1.25

1.26

tv = Advn

c = A1d v

n1

m
Yield of volatile
matter/proximate
volatile matter
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Figure 6.12 Variation of c with oxygen concentration in the fluidizing gas.
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Figure 6.13 Variation of m with oxygen concentration in the fluidizing gas.
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Figure 6.14 Variation of parameters A1 and n1 with oxygen concentration in the
fluidizing gas.
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( )

A1 = −0.0011 cO2

2

+ 0.1674cO2 + 3.39 ,

R2 = 1

(6.4)

The parameter n1 varies with the oxygen concentration in the fluidizing gas as
described by the following equation,

n1 =

−2.871
1 + exp  co2 − 37.72 / 4.896 



(

)

,

R2 = 1

(6.5)

The constant m varies with oxygen concentration as shown below.

( )

m = −0.0008 cO2

2

+ 0.0071 cO2 + 1.6 , R 2 = 1

(6.6)

6.3.3 Mechanism of devolatilization
It has been discussed in Section 4.2.6 that the values of Biot number for
devolatilization in argon follow the model of Chern and Hayhurst [20]. For ~4 mm
coal particles in argon atmosphere, the average value of Biot number of all five coals
is less than 0.1, and therefore, it can be concluded that the internal resistance to
conduction is significantly smaller than the external resistance to convective heat
transfer.
It seems that the shrinking-core model of Chern and Hayhurst [20] does not
explain accurately the devolatilization in air and oxygen-enriched air. This model was
developed for devolatilization in inert atmosphere. Several assumptions were made in
its development. It is likely that some of these assumptions (e.g., no change in the size
of the particles, and no resistance offered by the char to the gases and vapors leaving
the thin reaction zone) are not valid when oxidation of the volatile film surrounding
the coal particles takes place.
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Notations

a

radius of the coal particle, m

A

constant in power law correlation for devolatilization time, s mm − n

A1

constant in power law correlation for constant c, s − m mm − n1

Bi

Biot number

c

constant in mass loss correlation, s − m

dv

mass-equivalent volumetric diameter, m

h

convective heat transfer coefficient, W K −1 m −2

k

thermal conductivity, W K −1 m −1

m

constant in mass-loss correlation

n

constant in power law correlation for devolatilization time

n1

constant in power law correlation for constant c

N

number of experimental data points

p

ratio of yield of volatile matter to the proximate volatile content of coal

rc

radius of the central core in the shrinking-core model, m

R2

coefficient of determination

t

time, s

tv

devolatilization time, s

v(t )

fraction devolatilized

v(t )Expt

experimental value of the fraction devolatilized

v(t )Model

value of the fraction devolatilized predicted by the correlation

V

total mass at any time t, kg

V0

value of V at t → 0 , kg

V∞

value of V at t → ∞ , kg
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Vm

volatile matter content of coal, kg

Greek letters
∆

TH-948_03610703

root mean square error (RMSE)
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CHAPTER 7
_________________________________________
CONCLUSIONS AND SCOPE FOR FUTURE RESEARCH
7.1 Conclusions
This section presents the major conclusions drawn from the research work
reported in this thesis. Devolatilization of five coals of northeastern India in argon, air
and oxygen-enriched air was studied in this work under fluidized bed conditions.
These coals have a wide range of volatile matter, which varies between 31 and 41%.
The diameter of the coal particles varies between 4 mm and 9.5 mm. The major
conclusions are as follows.
1.

A prototype fluidized bed combustor was designed, fabricated and installed. All
necessary calibrations for temperature using thermocouples, pressure corrections,
and buoyancy corrections were made. A personal computer with data- logging
software was installed to continuously record the mass of coal particle during
devolatilization.

2.

Thermogravimetric data for single coal particles (4–9 mm diameter) were
generated in argon atmosphere at 1123 K at 1 m/s superficial velocity at 101.325
kPa. Mass versus time profiles were obtained for the coal sample. A correlation
was developed to describe these profiles. The calculated profiles have been
found to fit reasonably well with the experimental data. The correlation
developed for a single particle was found to predict the profiles for a batch of
four particles. Therefore, this correlation can be used to predict the evolution of
volatile matter of single and multiple coal particles with respect to time in inert
atmosphere under similar experimental conditions. A similar procedure can be
adopted for other conditions.

TH-948_03610703

242

3.

Thermogravimetric data for single coal particles (4–9 mm particle diameter)
were obtained in air at 1123K and 1 m/s superficial velocity at 101.325 kPa
under the fluidized bed conditions. A mass versus time correlation was
developed similar to the same in argon atmosphere. The calculated profile has
been found to fit reasonably well with the experimental data. The correlation
developed for a single particle has been found to predict the devolatilization
profile reasonably well for multiple particles. Therefore, this correlation can be
used to predict the evolution of volatile matter of single and multiple coal
particles with respect to time in air under identical experimental conditions.

4.

Thermogravimetric data for single coal particles (4–9 mm particle diameter)
were generated in oxygen-enriched air containing 30% oxygen at 1123 K and 1
m/s superficial velocity at 101.325 kPa. A correlation for the variation of mass
with time was developed. The calculated profile based on this correlation has
been found to fit reasonably well with experimental data. Furthermore, the
correlation developed for a single particle has been found to predict
devolatilization reasonably well for multiple particles. Therefore, the correlation
can be used to predict devolatilization in oxygen-enriched air under similar
experimental conditions.

5.

The parameters of the correlations for the three systems mentioned above have
been found to vary with the oxygen content of the fluidizing gas. Correlations
have been developed to depict these variations.

6.

Correlations between devolatilization time and particle diameter have been
developed. In argon atmosphere, correlations for total and 95% devolatilization
time have been developed. The correlation for 95% devolatilization time with
particle diameter was compared with the data reported in the literature at 1123 K,
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but at different superficial velocities. It has been found that the superficial
velocity has a significant role in devolatilization. The correlation parameters
have been correlated with the superficial velocity of the fluidizing gas.
7.

Correlation for the variation of devolatilization time with particle diameter has
been developed for devolatilization in air. The correlation predicts reasonable
values, which compare well with the data reported in the literature. It has been
observed that the superficial velocity has a significant role in devolatilization
time. The correlation parameters have been correlated with the superficial
velocity of the fluidizing gas.

8.

Correlation for devolatilization time with particle diameter has been developed
for devolatilization in oxygen-enriched air. There is no data available in the
literature on devolatilization of large coal particles in the oxygen-enriched air
under fluidized bed conditions. The correlation and the experimental data will be
useful for predicting devolatilization of coal in oxygen-enriched air.

9.

The parameters of these correlations have been found to vary with the oxygen
content of the fluidizing gas. Correlations were developed for these variations. In
presence of oxygen, oxidation of volatile matter at the surface of the coal particle
occurs, which facilitates the heat transfer at the surface of the particle. This
augments devolatilization rate.

10. The ratio of the total yield of volatile matter to the proximate volatile matter in
air and oxygen-enriched air decreases with the increase in proximate volatile
content of the coals. The probable reason for this variation is that the specific
heat of low-volatile coal is less than the specific heat of high-volatile coal. So,
coals having low volatile matter are heated more rapidly than the high-volatile
coals. Some volatile matter of the low-volatile coal may escape without getting
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cracked inside the particle. This is the likely reason for the increase in the total
yield of volatile matter. Therefore, the values of the ratio for the low-volatile
coals are higher.
11. Devolatilization in argon is found to follow the shrinking-core model. For these
coal particles, the value of the Biot number is less than 0.1. Therefore, it has
been concluded that the internal resistance to conduction is significantly smaller
than the external resistance to convective heat transfer. It seems that the
shrinking-core model does not explain the devolatilization in the air and oxygenenriched air accurately. This model was developed for devolatilization in the
inert atmosphere. Several assumptions were made in its development. It is likely
that some of these assumptions (such as, no change in the size of the particles,
and no resistance offered by the char to the gases and vapors leaving the thin
reaction zone) are not valid when oxidation of the volatile film surrounding the
coal particles takes place.

7.2 Scope for future work
•

Oxygen concentration in the fluidizing gas needs to be optimized for best
possible results in terms of cost and efficiency.

•

Mass-loss characteristics at higher superficial velocities should to be studied as
per the requirements of the industrial fluidized bed combustors.

•

The combustion efficiency need to be investigated in pilot-plant scale to
ascertain the effect of increase of oxygen concentration in fluidizing gas.

•

Cost analysis should be performed to analyze the commercial viability of the
increase in efficiency of combustion and sulfur absorption keeping into
consideration the cost of liquefaction of air.
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•

Effect on the flue gas emission needs to be explored in oxygen-enriched
condition.

•

The shrinking-core model should be extended with the inclusion of the
enhancement in heat transfer in the presence of oxygen in the fluidizing gas.
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