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Fluidized bed combustion of coal: effect of heating
rate and particle size on activation energy
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Abstract- Coal is a heterogeneous substance and as it is not a good conductor of heat, so, in all pyrolysis and combustion
processes the reaction occurs in non-isothermal conditions. In this work the effect of heating rate and particle size of a
single coal particle during pyrolysis by thermogravimetric (TG/DTG) analysis is reported. All the experiments were

conducted at non-isothermal conditions in the temperature range of 298-1123°K in argon gas atmosphere. TG/DTG
curves have shown variation in, peak temperatures and residual values for particle sizes and heating rates. The
experimental data were evaluated by different existing kinetic model. A third order model fitted to the data very well. Kinetic
parameters were evaluated by existing non isothermal methods. Activation energy and pre-exponential factor A has been
found to vary with heating rate. As the heating rate increases the activation energy and pre-exponential factor A increases.
Correlations have been given. It has been found that extrapolated activation energy resembles data in literature.

Index terms: activation energy, Coal, fluidized bed, heating rate, Kinetic analysis, Particle size, pre-exponential factor

1.INTRODUCTION

Pyrolysis is the first step in all thermo chemical coal
conversion processes. Many investigators have considered pyrolysis
as the first step for all thermo chemical conversion [1],[2],[3], for
evaluation of kinetic data and for establishing reliable models. But,
available kinetic data are not sufficient for application and extrapolation
to different feed stocks and process conditions and, on the other hand,
the models are complicated. Thermo gravimetric analysis (TGA)
provides a rapid quantitative method to examine the overall pyrolysis,
especially under non isothermal conditions, and enables one to
estimate the effective kinetic parameters for the overall decomposition
reactions. Coal pyrolysis is a very complicated physical and chemical
process which is sensitive to many factors such as coal rank, heating
rate, heat and mass transfer effects [2], [4],[5].

Coal pyrolysis is not easily described by mathematical
models because of the complex array of thermal decomposition
reactions and because of the complicating effects of heat and mass
transport phenomena. First order single-reaction models provide
adequate description of the pyrolysis process if they are applied to
isothermal conditions [6]. A more descriptive pyrolysis model is
obtained if no specific order is assumed for the Arrhenius single-
reaction equation. The order has been found to vary from two to eight
[7].Solomon et al [4] discussed the choice of pyrolysis models that
allow extrapolation between heating rates (in their case, 0.5-333K/s).
They considered that a model with distributed activation energy would
give the best fit. However, a simple model(without activation energy
distribution) can give reasonable prediction if the reaction rates are
defined over a sufficiently large range of heating rates, provided that
the coal particles being pyrolyzed are isothermal and the temperature
measurements are correct. Burnham and Braun [8] analyzed a variety
of global kinetic models on coal pyrolysis and claimed that the best
simple model is an nth-order reaction, referring to the reaction profile,
consisting of several discrete first-order reactions with different
activation energies but the same frequency. Burnham and Braun [8]
suggest that a deviation from first-order kinetics is often either due to
the existence of a distribution of activation energies, or, to the
propagation of a decomposition front through the solid. The
propagation of decomposition front was investigated by Chern and
Hayhurst [9] and found that the devolatilization of coal can be
explained by the shrinking-core model assuming no change in the size
of the particles. Chern and Hayhurst [9] also indicated that the reaction
front proceeds at a constant velocity. Wiktorsson et al [5] studied the

range of extrapolation of discrete kinetic parameters for species
evolved in coal pyrolysis and concluded that a second order ethane
parameters shows good reliability of extrapolation to a very high
heating rate, however tar kinetic parameters of second order could be
extrapolated with reasonable accuracy in the heating range 3-16200
K min™,

The average particle sizes used in a fluidized bed are
comparatively large in comparison to pulverized coal combustion
boiler. It has been reported that in a fluidized bed different particle
sizes experiences different rate of heating [10]. There is no work
reported in literature on the study of effect of heating rate on particle
sizes relevant to fluidized bed combustion. There are two distinct
parameters which go on changing for the particle sizes in a fluidized
bed. Heating rate varies inversely to the particle size. The volatile
yields are reported to be less for large particles in comparison to small
particles in fluidized bed [11],[12]. To study whether heating rate or
particle diameter is responsible or both, one has to study one
parameter at a time keeping the other parameter constant i.e. either
diameter has to be varied keeping heating rate constant or heating
rate has to be varied keeping the diameter constant. It is difficult to
heat different particle sizes at one heating rate. In a DTA-TGA
equipment although linear rate of heating is applied, large particles will
not be heated at the same rate. Similarly if we vary the particle size in
a wide size range it will be difficult to maintain constant rate of heating.
It is only possible to make a comparative study for a narrow particle
size range keeping the linear heating rate constant and to study the
effect of heating rate, the particle size has to be kept constant. In this
report pyrolysis of coal has been studied in DTA-TGA equipment by
varying one parameter at a time and keeping the other parameter
constant. Effect on particle diameter has been studied for a very
narrow range of particle diameters keeping heating rate constant, so
that inaccuracies arising out of particle sizes of wide range being
heated at different heating rate are at the minimum. To study the effect
of heating rate, coal particle of constant particle size was heated at
three different heating rates. Kinetic parameters were evaluated in inert
atmosphere by employing non-isothermal methods.

2. EXPERIMENTAL

2.1 Analysis of the coal samples
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The proximate and ultimate analyses of the coal samples
were carried out by the methods outlined in IS: 1350 (Part |, Proximate
Analysis) [13] and IS: 1350 (Part IV/Section 1, Determination of Carbon
and Hydrogen) [14], IS: 1350 (Part IV/Section 2, Determination of
Nitrogen) [15], IS: 1350 (Part lll, Determination of Sulphur) [16]. The
calorific values were determined using the methods prescribed in IS:
1350(Part II, Determination of calorific value of coal) [17]. The results
of these analyses are presented in Table 1. Mass equivalent diameter
of the coal particles were calculated using equation given by Borah et
al. [18], assuming the particle to be spherical.

2.2 Apparatus and procedure

The TG/DTG of the coal sample were carried out in an inert
atmosphere of argon gas(purity99.99% and moisture free) and a flow
rate of 100 ml minute® in a thermo gravimetric analyzer (Model:
TGA/SDTA 851°/LF/1100; Make: Mettler-Toledo, Switzerland). The
accuracy in the measurement of temperature inside the furnace is
+0.3°K. The accuracy of measurement of mass in the balance of the
analyzer is £0.001mg. The experiments were carried out using alumina
crucible having volume of 900 pL. The analyzer is operated through a
Hewlett-Packard PC loaded with STAR® software.

3. RESULT AND DISCUSSION
3.1 Effect of particle size on pyrolysis of coal

Four coal particles of a typical north East Indian coal
(properties as given in tablel) of diameter 3.7, 3.9, 4.2 and 4.4 mm
respectively were taken for study of effect of particle sizes. The
experiments were performed at a heating rate of 20°k min~ and heated
up to 1123°K .The pyrolysis reaction is significant in the temperature
range of 623-1123°K .The fractional conversion (X ) in pyrolysis is
expressed on a normalized basis i.e. x =Y =")_where,w ,w, and

0~ Yt

w, are present, initial and final masses of the coal samples,
respectively. The variation of X with temperature (T ) is illustrated in
Fig.1. From the yield curve it is evident that up to a temperature
773-823°K the higher the particle size the lower is the value of X for
the same temperature. After 823°K the yield of higher particle sizes are
higher than the smaller size particle. This may be the effect of heat
transfer to the particles. Higher the particle size lower is the heat
transfer rate which is also could be seen from the results of Ross et al
[10]. In the temperature range of 700-1100K the yield of volatile matter
increases as the particle size increases.
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Fig.1 Conversion vs. Temperature for different particle size

3.2 TG and DTG curves of pyrolysis of coal of different size

The TG and DTG curves of pyrolysis of a typical north East
Indian coal (properties given in table 1) were obtained for particle
diameters of 3.7, 3.9, 4.2 and 4.4 mm in inert atmosphere of Argon
gas. All the thermo gravimetric curves are asymmetric, Fig.2, and
moves to higher temperature with increase in particle sizes. The peak
conversion rate and the maximum peak temperature and the
corresponding conversion can be identified from Fig.2. Higher particle
size results in higher yield, higher peak value of reaction rate and a
higher temperature for its occurrence. Values of peak temperature

dx

Ty, X max @NA [T] for particle sizes are given in table 2. It can be
max

pr ¥ max

observed that as the particle size increases the peak temperature is
shifted to higher temperature. This may be due to the differences in
heat transfer rates to the particles. Higher the size of the coal particle
lower is the heat transfer rate which is also could be seen from the
results of Ross et al [10].

TG and DTG curves of pyrolysis of coal at different heating rate

The TG and DTG curves of pyrolysis of a typical north East Indian coal
(properties given in table 1) with approximately same particle sizes

Table 1 Proximate and ultimate analyses of the coal samples

Analysis Parameter (%)
Volatile matter 38.1
Proximate Fixed carbon 45.6
analysis Ash 14.4
(air-dried) Moisture 1.9
Gross specific energy (MJ/kg) 28.1
Carbon 81.6
Ultimate Hydrogen 53
analysis Nitrogen 1.3
(daf) Sulfur 4.9
Oxygen (by difference) 6.9
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Fig.2 Mass loss rate vs. temperature for different particle size were
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dw dX o e 1 0.5
Table 2 Values of Tp,XmaX, —— | and |—| of coal particle of different particle diameter
dt max dt max 0.95 - \ 0
s T, M -
0o \
Diameter of Coal T 9K X dw dX i —— 20 degree per | | =
particle,mm pr max hdl = é 0.85 1 minute E
dt max dt max § 0.8 { | —40degree per S-’
. | 5 minute o
gmin min $ 0.75 50 degree per Z
37 742 0.28098 0.00062 0.20334 o minute
39 754 0.33756 0.00125 0.21510 0.7 1
42 758 0.35945 0.00234 021492
44 758 0.36288 0.00320 0.22914 0.65 1
btained at heating rates of 20, 40 and 50 K min*in inert atmosph o8 ‘ ‘ ‘ 0
obtained at heating rates of 20, 40 an min~tin inert atmosphere 295 495 695 295 1095

of Argon gas. The variations of X with temperature are shown in Fig.3.
From the curves it can be seen that for the same conversion X the Temperature K
temperature of occurrence is higher at higher heating rate. This may be
for the heat and mass transfer effect for which although outside
temperature has reached a higher level of temperature in less time, the
inside of the particle temperature has not experienced the same
temperature. At lower heating rate more time is allowed for the particle
to reach the same temperature and hence the conversion is higher.
Moreover, the devolatilization of coal starts only after attaining a
temperature of around 700°K. Devolatilization reaction is energy

Fig.4 Mass loss rate vs. temperature at different heating rate

aw dx , , _
Table 3 Values of Tp, Xmax, — and | — of coal particle at different heating rate
dt max max

intensive. At lower heating rate more time is being allowed and there is Heatl_ngirlate, Tp,O K X dw dX
more energy input, so, the devolatilization is more at lower Kmin E E
max max
1 = gmin™ min™*
0.5 20 746 0.338682 0.61801 0.05444
0.8 40 763 0.367586 1.54666 0.11985
] — 20 degree per 50 766 0.360415 2.08709 0.15208
0.7 -
minute
0.6 1 — 40 degree per 3.3 Kinetic studies
=< 0.5 1 minute
04 | 5Q degree per _ The rate of the pyrolysis process can be described by
minute Equation (1).
0.3 1 dX
| 1
0.2 — =k(T)f(X) (1)
0.1 - dt
0 —" . ‘ ‘
620 720 820 920 1020 1120

Where X is the extent of conversion, k(T)a temperature
Temperature K

dependent reaction rate constant and f (X ) is a dependent kinetic

Fig.3 Conversion vs. temperature at different heating rates model function. There is an Arrhenius type dependence between

temperature. At higher rate of heating similar energy will be available at K(T) and temperature according to equation (2).

higher temperature. However after reaching a temperature of

approximately 773-823K the conversion has no significant difference. k (T) — Aexp i @

The pyrolysis reaction is significant in the temperature range of 623- R

1123K. All the thermo gravimetric curves are asymmetric (Fig.4), and

moves to higher temperature with increase in heating rates. The peak

conversion rate and the maximum peak temperature and the

corresponding conversion can be identified from Fig.4. A higher Where Ais the pre-exponential factor, E the apparent activation

heating rate results in higher peak value of reaction rate and a higher energy,T , the absolute temperature and Ris the universal gas

temperature for its occurrence. Values of T, X, and [%(] at constant. For non-isothermal conditions, when the temperature varies
max

various heating rate are given in Table 3. with time with a constant heating rate /5 = E Equation (2) can be

modified as follows:

dx -E
— = Aexp| — | f(X
e Pl =7 (X) @3)

Separating the variables and on integration we get,
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J- dX

I p d Ej(.;dexp(z_x) X =
f(X) B RT BRI x

NN

Where To is the initial temperature, g(X)the integral form of the

reaction model and p(X) is the temperature integral (X = ——),

RT
ZTO, X =0, so the

lower limit of the integral on the right-hand of equation (4) can be
approximated to be equal to 0.

Model-fitting approach

Coats and Redfurn method [19],[20]

For non-isothermal experiments, model fitting involves fitting
different models to X -temperature curves and simultaneously
determining E and A [21]. There are numerous non isothermal model
fitting methods; one of the most popular is the Coats and Redfurn
method. This method utilizes the asymptotic series expansion in

which does not have analytical solution. atT

approximating p(X) producing the following equation,
9g(X) _, | AR[ (2RT\|| E
In T _In[ﬂE{l (—E ]H RT 5)

where T"is the mean of the experimental temperatures.
Plotting the left-hand side (which includes the model g(x) of equation

1
5) versus —
(5) =

gives E and A from the slope and intercept

respectively. The model that gives the best linear fit is selected as the
model of choice. The most commonly used reaction models for solid-
state processes are listed in Table 4[22].

Kennedy and Clark method [23]

The method proposed by Kennedy and Clark is based on the
expression:
T=p+T, (6)

Where T, is the initial temperature (the temperature at the start of the
reaction).The basic equation is

BI(X) E
ToT Aexp[ j @
and taking the logarithm of both sides of this equation gives:
BIX) | _ _E
In{_l___l_0 }_In(A) RT (8)

Plotting the left-hand side of this equation against Tl should give a

straight line of slopef and intercept In (A), assuming a reaction

model g(x)listed in Table 4. T, is the temperature at which the

pyrolysis process starts. The experimentally determined value of T, at

the considered heating rates is 623K. The non-isothermal kinetic data
of coal pyrolysis were fitted to each of the 19 reaction models listed in
Table 4. The values of activation energy E , pre-exponential factors In

(A) and the Pearson correlation coefficients R* for the two kinetic
models which fitted the pyrolysis data well at constant heating rates of
20, 40 and 50Kmin™ are given in Table 5.

As shown in Table 5 the third order reaction model gives the
highest Pearson correlation coefficients with Coats and Redfurn
method for all the particle diameters. It can be observed from the Table
5 and Fig. 5 that the Activation energies have been found to increase
with particle size, when the heating rate has been kept constant. The

Activation energies have been found to increase with particle size
following the equation given below

E=30d2 - 210d, +557  R*=0.99 9

Where, d, , is the particle diameter of coal particles. For the cases

where particle diameter has been kept constant and the heating rates
were varied the apparent activation energy increases as the heating
rate increases as shown in Fig. 6 and Table 6. Activation energies

Table 4
Algebric expressions of f(X)and g(X) for the reaction models considered for the present work
NO. Reaction Model f(X) g(Xx)
1 Power law 4% X1
2 Power law 3x2° X1
3 Power law le/z X1/2
4 Power law 2/3X -112 Xg/z
5 Zero-order(Polany-Winger equation) 1 X
Phase-boundary controlled
6 reactions(contracting 2(]_7X)1/2 [1—(1—X)“Z]
area,bidimensional shape)
Phase-boundary controlled
7 reactions(contracting 3(L-X)** [l’(l’ X)m]
volume,Tridimensional shape)
g First-order(Mampel) (1_)() _|n(]__X)
9 Three-halves order (17 X)m [(1 X) 12 1]
10 Second-order (l— X)z (1_ X 1.1
m Third-order (1_)()3 1/2)‘: ) -2 l:'
" Avrami-Erofeev(n=1.5) (3/2)(17 X)[*h’l(lf X)]l/:x [ In(1 X)]zls
13 Avrami-Erofeev(n=2) 2(1—X)[—In(l—X)]M [ In X)]llz
m Avrami-Erofeev(n=3) 3(17 X)[—In(l— X)]m [ ( X)]l/S
15 Avrami-Erofeev(n=4) 4(1_ X)[—In(l— X)]a/A [ In(l X)]m
16 One-dimensional diffusion 1/2X Xz
ol | diffusion(bidi |
1 particle shape) Valensi equation 1’[4”(17)()] (L= X)Inl-X)+X

Three-dimensional
18 diffusion(tridimensional particle shape) 3(17 X)“/Z[(l—
Jander equation
Three-dimensional
19 diffusion(tridimensional particle shape)
Ginstling Brounshtein

X)—ua 71]
312[(1-X)"-1]

[1_(1_ X)ua]z

(-2 13)-(1- X)*°

Table 5

Arrhenious parameters determined by Coats-Redfern and Kennedy-Clark methods (model fitting) for two kinetic models which best describe the coal pyr

for different particle size

3.7mm 3.9mm 4.2mm 4.4mm
g(a) A E R2 A E Rz A E Rz InA E Rz
(kimal™) (kimal) (kimal™) (kimal?)
CR (- ).1_1 483 118 08%96 58 126 08995 681 132 08979 717483 139  0.9097
Method a
2 0 168 101 09046 172 195 09296 185 204 09332 200 215 0.9439
U2NL-a) . -1
KC (- )71_1 961 69 0852 1L1 8L 08942 121 88 09007 13034 94 09173
Method G
v2[-a)*-1 206 143 08320 225 151 08988 238 150 0.9079 25.349 170 0.9235
have been found to increase with heating rate following the equation
given below
E =141.38% R?=0.99 (10)

The pre-exponential factor A also behave similarly (Fig.7). The pre-
exponential factor A have been found to increase with heating rate
following the equation given below
A=24,2663°% R?=0.99 (11)

M.V.Kok et al have also reported similar trend of increase in
activation energy with particle size from 400 mesh sizes to 48 mesh
sizes which have been stated as due to the ease of penetration of gas
through the particles [24].
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If we extrapolate the activation energy vs. heating rate curve
to the heating rate of fluidized bed than we find that the activation
energy to be equal to 302 KJ/mole for a particle size of 3.74 mm. The

220
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£
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>
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&
=~ 200 -
)
$ 195
£ 190
185 ‘ ‘ ‘ ‘
3.6 3.8 4 4.2 4.4 4.6

Particle diameter,d, mm

Fig.5 Activation energy vs. particle diameter

heating rate of 3.74mm particle diameter coal particle was taken from a
plot of heating rate vs. particle diameter (by extrapolation) given in

Borah et.al [25]. The value was 1980 K min~! . Activation energy used in
kinetics of devolatilization parameters in devolatilization models in
fluidized bed ranges from 142-326 KJmole™ [26]. So, the extrapolated
value seems to be quite reasonable. Also L.-P.Wiktorsson et al [5]
studied the range of extrapolation of discrete kinetic parameters for
species evolved in coal pyrolysis and concluded that a second order
ethane parameters shows good reliability of extrapolation to a very
high heating rate, however tar kinetic parameters of second order
could be extrapolated with reasonable accuracy in the heating range 3-
16200 Kmin™ . Since tar constitutes a major component of the volatile

matter hence extrapolation of activation energy and pre-exponential
factor seems to be reasonable. Pre-exponential factor A

215

210

205

200

195

Activation energy,kJmole

190

0 10 20 30 40 50 60
Rate of heating, Kmin-

Fig.6 Activation Energy vs. heating rate

Table 6
Arrhenious parameters determined by Coats-Redfern and Kennedy-Clark methods (model fitting) for two kinetic models which best describe
the coal pyrolysis at the three heating rates

20 Kiminute 40 Kiminute 50 Kiminute

9(a) A Egmy g2 ™ Ewmd) O™ Ewm) R

CR Method (l_a)—l_l 483 118 0.8996  6.81 133 0.9005  7.14 136 0.9068

(1/2)[(1_0)72_1] 16.8 191 0.9046 185 206 0.9205 188 209 0.9291

KC Method (1_11)—1_1 9.93 7 0.8421 127 89 .891 132 90 0.9063

(1/2)[(1*0)72*1] 218 144 0.8369  24.4 161 0.8807 249 162 0.8938
1.80E+08

A
1.20E+08 -
A
<
6.00E+07 |
0.00E+00
0 10 20 30 40 50 60

Rate of heating Kmin-1

Fig.7 Pre-exponential factor A vs. heating rate

has been reported to be equal t01.06x10"° at a heating rate calculated
from the table given in literature [27]. When extrapolated to a heating
rate of 1980 Kmin~ for a 3.74 mm coal particle in fluidized bed, the
pre-exponential factor A, has been found to be equal to 6.15x10" . It has

been stated that the temperature dependence of pre-exponential factor
A is negligible in normal cases compared to the temperature

RT
diffusion —limited reactions, in which case the pre-exponential factor A
is dominant and is directly observable. In the present case since the
pyrolysis of coal is dependent on heat transfer inside the particle i.e.
thermal diffusion inside the particle, so, this may be the cause of the
variation of the pre-exponential factor A with heating rate and particle
size.

dependence of the exp( E] factor, except in the case of “barrier less”,

4. CONCLUSSIONS

Effect of heating rates on single large coal particle was
studied at three different heating rates. Activation energies have been
found to increase with heating rates. Effect of particle size is also
significant. Activation energies have been found to increase with
particle size. Correlations have been given. Kinetic parameters were
evaluated using a model which best fitted the experimental data.
Nineteen different models have been fitted to the experimental data
and it has been found that coal conversion obeys a third order model.
Pre-exponential factor A has also been found to increase with heating
rates. Correlation has been given. The temperature dependence of
pre-exponential factor A is negligible in normal cases, but in present
case it seems that it is not negligible. The reason may be that for
pyrolysis of large coal particles thermal diffusion is dominant. It is
possible to extrapolate the activation energy evaluated at lower heating
rate to higher heating rate. However further work is necessary for other
particle sizes of coal.

REFERENCES

R.C.Borah, Professor, School of Engineering and Technology, The Assam Kaziranga University, Koraikhowa, Jorhat, India, 785006, Phone no.
919435351894,E-Mail:rc.borah@kazirangauniversity.in

IJSER © 2016
http://www ijser.org


http://www.ijser.org/

International Journal of Scientific & Engineering Research, Volume 7, Issue 1, January-2016 778

ISSN 2229-5518

[1] DW Van Krevelen, C Van Heerden, FJ.Huntjens,Kinetic study by

Thermogravimetry Fuel 1951; 30: 253-8.

[2] IB Howard, Chemistry of coal utilization: Second supplementary

volume ,New York: Wiley; 1981; P665.

[3] GR Gavalas, Coal pyrolysis. New York: Elsevier; 1992.

[4] PR Solomon, MA Serio, EM Suuberg, Coal Pyrolysis: Experiments,

Kinetics Rates and Mechanisms, Prog. Energy Combust. Sci. 1992;

18: 133-220.

[5] LP Wiktorsson, Wanzl W. Kinetic parameters for coal pyrolysis at

low and high heating rates a comparison of data from different

laboratory equipment, Fuel 2000; 79:701-16.

[6] GJ.Pitt The kinetics of the evolution of volatile products from coal

Fuel 1962; 41:267-74

[7IMG Skylar, VI Shustikov, IV Virozub Investigation of the kinetics of

thermal decomposition of coals Int.Chem.Eng. 1969; 9:595-602.

[8] AK Burnham, RL Braun Global Kinetic Analysis of Complex

Materials Energy &Fuels 1999; 13:1-22.

[9] JS Chern, AN Hayhurst Does a large coal particle in a hot fluidized

bed lose its volatile content according to the shrinking core model?

Combustion and Flame 2004; 139: 208-21.

[10] DP Ross, CA Heidenreich, DK Zhang Devolatilization times of coal

particles in afluidized bed Fuel 2000; 79: 873-83.

[11] LD Smoot Coal Combustion and Gasification New York: Plenum
press; 1985.

[12] RM Morris Effect of particle size and temperature on evolution rate

of volatiles from coal J. Analytical and Applied Science 1993; 2:97-107.

[13] Bureau of Indian Standards, Indian Standard Method of Test for

Proximate Analysis of Coal IS: 1350 (Part I), New Delhi, 1984

(Reaffirmed 2007).

[14] Bureau of Indian Standards Indian Standard Method of Test for

Ultimate Analysis of Coal, Determination of Carbon and Hydrogen IS:

1350 (Part IV/Section 1), New Delhi, 1974 (Reaffirmed 2005).

[15] Bureau of Indian Standards Indian Standard Method of Test for

Ultimate Analysis of Coal, Determination of Nitrogen IS: 1350 (Part

IV/Section 2), New Delhi, 1975 (Reaffirmed 2005).

[16] Bureau of Indian Standards Indian Standard Method of Test for
Ultimate Analysis of Coal, Determination of Sulfur IS: 1350 (Part Ill),
New Delhi, 1969 (Reaffirmed 2005).

[17] Bureau of Indian Standards Indian Standard Method of Test for
Determination of Calorific Value of Coal IS: 1350 (Part Il), New Delhi,
1970 (Reaffirmed 2005).

[18] RC Borah, P Ghosh, PG Rao Devolatilization of coals of North-
Eastern India under fluidized bed conditions in oxygen-enriched air
Fuel Processing Technology 2008; 89:1470-78.

[19] AW Coats, JP Redfern Kinetics parameters from
thermogravimetric data Nature 1964; 201:68-9.

[20] AW Coats, Redfern JP Kinetics parameters from
thermogravimetric data Il J. Polymer Science; Part B: Polymer Letters
1965; 3:917-30.

[21] S Vyazovkin, CA Wight Isothermal and Nonisothermal Reaction
Kinetics in Solids: In Search of Ways toward Consensus. J. Physical
Chemistry A 1997; 101:8279-84.

[22] B Jankovic, B Adnadevic, J Jovanovic Application of model-fitting
and model-free kinetics to the study of non-isothermal dehydration of
equilibrium swollen poly (acrylic acid) hydrogel: Thermogravimetric
analysis. Thermochimica Acta 2007; 452:106-115.

[23] JA Kennedy, SM Clark A new method for the analysis of non-
isothermal DSC and diffraction dataThermochim. Acta 1997; 307:27-
35.

[24] MV Kok, E Ozbas, O Karacan, C Hicylmaz Effect of Particle Size
on Coal Pyrolysis Journal of Analytical and Applied Pyrolysis 1998;
45:103-110.

[25] RC Borah, PG Rao, P Ghosh A review on devolatilization of coal in
fluidized bed Int. J. Energy Res. 2011; 35:929-63.

[26]DB Anthony, JB Howard, HC Hottel, HP Meisner Rapid
devolatilization and hydro gasification of Bituminous Coal Fuel 1976;
55: 121-128.

[27] JF Stubington, D Sasongko On the heating rate and volatile yield
for coal particles injected into fluidized bed combustors. Fuel 1998;
77:1021-1025.

R.C.Borah, Professor, School of Engineering and Technology, The Assam Kaziranga University, Koraikhowa, Jorhat, India, 785006, Phone no.
919435351894,E-Mail:rc.borah@kazirangauniversity.in

IJSER © 2016
http://www ijser.org


http://www.ijser.org/

	1.INTRODUCTION
	2. EXPERIMENTAL
	2.1 Analysis of the coal samples
	2.2 Apparatus and procedure
	3. RESULT AND DISCUSSION
	3.1 Effect of particle size on pyrolysis of coal
	3.2 TG and DTG curves of pyrolysis of coal of different size
	3.3 Kinetic studies



