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Abstract

Thermal decomposition, or devolatilization, occurs when coal is heated to clevated tempera-
tures. The moisture present evolves early and as the temperature increases, gases and heavy
tarry substances are emitted. The object of this work is to derive reaction rate constants
for coal devolatilization from data obtained in a laminar flow test reactor. These constants
will ultimately be used in a full model of coal combustion in a furnace.

The devolatilization models presented in the literature were critically evaluated and a
competitive two reaction model was selected due to its flexibility and ability to predict the
temperature variation of the ultimate yield. A finite difference model of the flow, heat
transfer, and particle motion used to predict conditions is expanded to include the effects
of particle reaction and mass transfer. The endothermic heat of pyrolysis is also added to
the particle energy balance. A procedure is developed for fitting the reaction constants of
the model to the experimental data. As a test, this routine was used to fit the reaction
constants of the two reaction model to the experimental data of Kobayashi [1). Tests for the
suitability and precision of these parameter estimates indicated that the model adequately
described the devolatilization data. The report concludes with recommendations for data
acquisition that were determined from experience with the fitting procedure.
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Nomenclature

As particle surface area, m®
AsAcs ash fraction in original coal, collected sample
B transfer number, exp(r,G/pD) — 1
B,S constants in Sutherland equation
Biot number, hr/k

‘coal kg
correction factor to asymptotic weight loss
Cd, €do drag coefficient of devolatilizing and non-devolatilizing coal particle

respectively
C; component i of coal in two component devolatilization model
S heat capacity of the gas, kJ/(kgK)

d,,d original and swelled particle diameter,m

D diffusion coefficies:t, m3/s
E;
E,
€y

F

Bi

Bm maximum volatile release rate
C

C

activation energy of reaction i, kcal/mol
exponential integral

residual, g — Y

F distribution

E!




J(E)
flz)

g(z)

Re
S5(8).5(8)

Sev

distribution function of activation energies specified in paraliel
reaction model

residual function as defined for ZXSSQ

mass flux of volatiles, kg/m?s

function defining the non-linear model in ZXSSQ

convective heat transfer coefficient of coal particle

enthalpy of escaping volatiles, kJ/kg

‘latent’ heat of pyrolysis with process treated as an evaporation
process, kJ/kg

heat of pyrolysis, kJ/kg

conductive heat transfer coefficient of particle, I¥/(mA’)
pre-exponential factor, 1/sec

adjustable parameters in velocity and temperature expressions
in Kobayashi [1] flowfield model

moisture and ash free fraction of coal particle

number of parameters to be fitted in model

ViVo-V)

heat flux to particle,W/m?

radiative heat transfer, W/m?

convective heat transfer, W/m?

Prandt] number

particle radius, m

gas constant, 1.987E-3 kecal/(molRK)

char formed in reaction i

Reynolds number

sum of squares residual at the least squares parameter estimates, and
at the parameter estimates defining the 95% confidence region
ratio of swelled particle diameter to original diameter



t time. sec

T temperature, K

™1, average particle temperature, R’

u internal epergy of coal, kJ/kg

up velocity of particle, m/sec

V.Var volatile matter or weight loss released based on original ash free coal

ve ultimate yield, daf basis

Vi volatiles formed in reaction i, daf basis

V. proximate volatile matter of original ccal, daf basis

V; particle volume, m®

Vi proximate volatile matter of char, daf basis

A terminal velocity of particle and of increased swelled diameter
particle, m/sec

z abscissa in integration method

Tn H/C ratio of volatile n

Xo fraction of volatiles not yet released

X(1),X(2) initial estimates of parameters in fitting routine

¥ ordinate in integration method

Yu observed or measured response

T value of fitted response predicted by model

Hu mean of measured response values at operating conditions u

Yo Yoo mass fraction of volatiles at particle surface and in ambient gas

Z difference between the final equilibrium temperature and the
inital temperature, K




C"QQ'Q

t‘

yield coefficient of reaction i
12k /(pepd®), 1/sec

proportionality constant between V; and R: in two component model

emissivity of coal

exp{-E/RT")

shape factor that correlates K, and A,

viscosi.ty of the ambient gas and at particle surface, kg/(m s)
density of gas, kg/m®

Stefan Boltzmann constant, 5.669E-8 W/(m3K*)

standard deviation of distribution function

estimate of pure error variance

ppd /(18
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Chapter 1

Introduction

Coal is a complex matrix of organic molecules whose chemical composition can change from
coal to coal. In order to simplify the complex mechanism of coal combustion, researchers
have generally broken the process into three stages: first, devolatilization, also called pyrol-
ysis or thermal decomposition; second, the combustion of the gases released; and third, the
combustion of the char particle. In the combustion process, the heating value of the volatile
products accounts for up to 50% [11] of the total heating value of the original coal. Since
the volatile combustion is approximately 10-15% of the total combustion time, the duration
of coal combustion can be estimated from the char combustion process alone. However,
this does not diminish the importance of the devolatilization process, as the volatile yield
affects the amount of char produced. It is the purpose of this study to devise a means of
deriving kinetic rate constants for devolatilization which can ther be incorporated into a
full combustion model [12].

Energy, Mines and Resources Canada has developed an entrained flow reactor that will
be used to examine the combustion of different types of pulverized coal. The first stage of
this research, the devolatilization studies, are to be performed in an inert atmosphere to
prevent combustion, and therefore simulate the heating undergone by a particle approaching

1
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Figure 1: Schematic Drawing of Entrained Flow Reactor at Energy, Mines and Resources




a flame front in 2 furnace. The entrained flow reactor, figure 1, consists of a long, electrically
heated, vertical mullite refractory tube. A dilute coal stream is carried by a water cooled
primary gas stream and injected into the center of a preheated laminar secondary gas
stream. The particles ther flow down the centerline of the laminar flow furnace and are
collected by a water cooled sample probe. The char particles are collected isokineticaily by
the probe and are quenched to prevent further devolatilization. The particle residence time
is varied by raising and lowering the sample probe.

In order to interpret the results of the pyrolysis experiments, it is essential to know
the particle heating history and residence time. In a previous work [7], a finite difference
scheme was developed to predict the gas velocity and temperature within the [urnace under
different operating conditions, as access to the furnace for local measurements is nearly
impossible. The furnace gas velocity and temperature ficlds were then used to calculate
the particle heating rates. The original reactor model [7] assumed that the particles do
not react chemically. The present work is concerned with selecting a suitable model for
the chemical reactions involved in devolatilization from those available in the literature and
implementing it in the existing reactor model. The incorporation of the devolatilization
model into the existing computer program required modifications to the convective heat
transfer coefficient and drag coefficient as well as the addition of the heat of devolatilization
to the energy balance. The second part of this study involved the development of a procedure
for fitting the reaction constants for the model to the experimental data. Since experimental
data from the EMR reactor is not yet available, as a test this routine was used to fit the
reaction constants of the selected model to experimental data of Kobayashi [1] and the
suitability and precision of these constants were tested. The results of this test are used to
make recommendations for the gathering and treatment of data in experiments.




Chapter 2

Literature Survey

Coal pyrolysis or devolatilization is an important field of study for it enables one to better
understand the process of coal combustion. At very high combustion temperatures, up to
70% or more of the reactive coal mass is released as volatiles [2]. Although devolatilization
occupies only about 10-15% of the combustion lifetime, the volatiles are important to flame
stabilization, and a prediction of the amount of the relatively slower burning char produced
is essential. It is the purpose of this chapter to provide some background material about
coal and the devolatilization process. A literature review was performed to determine the
operational parameters that influence the devolatilization behavior of the coal. This data
will be used to critically examine the devolatilization models available in literature.

2.1 Background

Coal is a complex organic matrix, figure 2, whose properties change from coal to coal.
Recent devolatilization work [1,5,10,13] has emphasized finely pulverized coal particles at
high temperatures. As the raw coal is heated, the moisture present will evolve early as
the temperature rises. As the temperature continues to increase, gases and heavy tars are

4




Figure 2: Proposed Model for Molecular Structure of Coal [2]




released. During rapid devolatilization, larger fractions of lower molecular weight species,
in addition to tars, are evolved. It has been suggested that these species derive from the
rupture of the -H., -CH, -CH,, -CH3, and -OH bonds which appear on the periphery
of the coal molecule as well as from 2 more complete disruption of the weaker cross-link
bonds between layers. The proportions of the various products change with temperature as
well as with the extent to which the coal devolatilizes, which can vary from 2 few percent
to as much as 70 %. Significantly different pyrolysis behavior between coal types can be
seen in figure 3 [3]: much more liquid and hydrocarbons are released by the bituminous coal
and more gaseous products are released from the lignite. The volatile matter that escapes
from the coal particle can undergo various secondary cracking reactions on the char surface
with the possible formation of solid products (soot), which can substantially reduce the
overall volatile yield. As the extent and rate of devolatilization increases with increasing
temperature, it has been proposed [1] that the variation of the heating rate is a means for

varying the temperature range over which the devolatilization takes place.

The analysis of coal is carried out using two ASTM (American Sodety for Testing and

Mazterials) tests:

¢ proximate analysis [14] - involves the determination of surface moisture, inherent
moisture, volatile matter, fixed carbon and ash. The moisture content is determined
by heating the coal sample in an open crucible in an oven preheated to 377-383K for
one hour. The moisture content is the difference in weight before and after heating.

The volatile matter content is determined by heating the sample in a covered crucible

in an oven preheated to 1223 + 20K for seven minutes. The loss of vweight minus
moisture equals the volatile matter. The dried coal from the moisture determination
is placed in porcelain capsules in a gradually heating farnace. The coal is heated to
redness and the process is considered finished once the sample maintains constant
weight at a temperature between 973-1023K. The sample is then cooled and weighed
to determine the amount of ash. The fixed carbon content in the coal is calculated
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Figure 3: Comparison of the composition of devolatilization products [3] of bituminous (a)
and lignite (b) coals




Fixed carbon, percent = 100 - (moisture + ash + volatile matter)

 ultimate analysis [14] - chemical means of determining the composition of the coal by
separating the principal elemental constituents: carbon, hydrogen, nitrogen, sulfur,
and oxygen. The method of determining the composition of each of the principal
elemental constituents involves rather long procedures which cannot be easily sum-

marized but can be found in reference [14].

These tests are used to characterize the coals for industrial use. However, it has been
found that volatile yields significantly larger than the proximate volatile matter have been
obtained when the coal is heated rapidly to elevated temperatures [5,6,10,13,15,16]. Thisisa
particularly important finding, since the amount of char to be consumed, the rate controlling
step in the combustion of coal partides, is determined by the devolatilization step. Therefore
the prediction of the rate of volatile yield under various conditions is indispensable for the
proper design of combustion chambers. The requirement for devolatilization studies is an
unambiguous reaction history, i.e. rapid heating, an isothermal zone, controiled variation
of residence time and temperature and rapid quenching for precise residence times. This
section will review some of the experimental techniques and data in the literature so as
to determine the operational parameters that were found to influence the devolatilization
behavior of the coal.

2.2 Experimental techniques

Pyrolysis has been studied using three different experimental techniques:

+ entrained flow reactors

o heated screens




e crucible tests

2.2.1 Entrained Flow Reactors

An entrained flow reactor, figure 1, consists of a vertical tube furnace which is clectrically
heated and designed for the injection of a dilute coal stream into the center of a preheated
gas stream. The flow straightener ensures that the coal passes down the center of the
furnace so that the thermal history of each particle is the same. The flow is usually laminar
to prevent backmixing and dispersion of the coal. A probe at the bottom of the furnace
collects the reacted coal stream and quenches it rapidly. Variation of the reaction time is

achieved by raising and lowering the collector probe.

Badzioch and Hawksley [15] used an entrained flow furnace to determine the kinetics of
devolatilizing bituminous and semianthracite coal particles at temperatures up to 1273K.
The weight loss curves begin at a transit time of about twenty msec. This time delay was
attributed to the heating up of the particles, and was subtracted from the transit time to
obtain the duration of isothermal decomposition. The weight loss was determined using
ash as a tracer; this led to a wide scatter in the results since the majority of the coals had
a low ash content. In common with many of the earlier works on coal devolatilization, the
model used to calculate the particle residence time and temperature history was crude: the
temperature of the particles was assumed to be the same as that of the gas stream, and the
velocity profile assumed to be parabolic (fully developed laminar). Flaxman and Hallett {17]
have shown that inaccurate models of reactor flow and particle heating can lead to large
errors in particle residence times and temperature histories, so that the data presented in
this and many other papers must be viewed with mistrust. As the heating history of the
particles was simply approximated and the weight loss was not accurately measured, the
resulting data are not sufficiently accurate to determine rate constants; however, the trends

in the data can be used to learn more about the process of devolatilization. The weight loss

of the particles increased with the final temperature attained and the residence time. The
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experiments were conducted with particle sizes ranging from 20-60m. and no significant

effect of particle size on the pyrolvsis behavior was found.

Nsakala [1] performed devolatilization experiments to determine the kinetics of pyrolysis
at 1031K. The residence time of the particles was determined by the crude method of
measuring from the point of entry into the furnace and assuming a uniform velocity at
constant temperature for the bulk flow. The weight loss was found to start at a ‘false origin’
as was the case with Badzioch and Hawksley [15] and this heating period was subtracted
out. As there was no temperature variation, the temperature dependence of the weight loss
could not be determined. The weight loss curves with a maximum of 40% were below the
ASTM volatile matter (47.5%), which was probably due to the experimental temperature
being below the temperature at which the ASTM test is conducted. The break in the weight
loss data in figure 4 was interpreted as evidence for a two component devolatilization model
in which the devolatilization of the first component was particle size dependent while the
second component devolatilization was particle size independent. However, this is merely a
result of Nsakala'’s having passed straight lines through the data: if a smooth curve is used
instead, the data can be seen to be simply approaching the final weight loss asymptotically
as one would expect. The weight loss curves for the particles under 100 um in figure 4 exhibit
similar weight loss behavior, while the curve for the particles over 100 um is significantly

lower, suggesting that the weight loss is a function of particle size for particles over 100 pm.

Tsai and Scaroni {18] investigated the pyrolysis of particles in an entrained flow reactor
at 1200K. The particle sizes varied from 74-149 #m to 37-53 pm. The temperatures and
residence times of the coal particles were estimated from 2 mathematical model which in-
corporated the gas velocities and temperature predictions. The position at which pyrolysis
begins in the reactor was found to shift to longer residence times when N2 replaced He
as the primary gas stream. Tsai et al. concluded that as N> has a lower thermal diffu-
sivity than He, the devolatilization of a coal particle is affected by the heating rate. An

increased heating rate, using He as the primary gas rather than N, enhanced the weight
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loss; however, as the asymptotic weight loss was not approached in either primary gas ex-
periment. the effect of the heating rate on the ultimate yield could not be examined. The
comparison of the asvmptotic weight loss of different coals shows that the coals with the
- higher ASTM volatile matter had higher asymptotic weight losses, which suggests that the
chemical composition has an effect on the pyrolvsis behavior. An effect of particle size
on pyrolysis was noted, which was traced to the fact that the larger particles had higher
ASTM volatile matter fractions. This change in volatile yicld with particle size indicates
segregation of the ash particles in the sample preparation, which probably could be avoided
by finer screening of the coal particles. The particle size dependence of the weight loss is
contrary to the conclusions of Scaroni, Walker, and Essenhigh [19], who stated that the
weight loss was independent of particle size although the particle sizes in these experiments
ranged from 41 to 201 gm. In the latter studies no mathematical model of the furnace flow
and temperature ficlds was used; rather the particle velocities were estimated by summing
the average gas velocity and particle free-fall velocities. Some of the char in Scaroni, Walker
and Essenhigh’s experiments bypassed the collector probe, while some adhered to the inner
probe surfaces, resulting in collection efficiencies of only 70-80 %. If the flow inside the
furnace were laminar, the particles would pass down the furnace in a coherent thin stream
directly into the collector. Therefore, the char particles that bypassed the probe could be
interpreted as indicative of turbulent flow existing in the furnace, calling the residence time

and temperatures even more seriously into question.

Kobayashi et al. [1,10] studied coal devolatilization of lignite and bituminous coals in
an entrained flow reactor at temperatures ranging from 1000K to 2100K. The temperature
and velocity ficlds were predicted by numerically solving the fundamental governing equa-
tions with several simplifyving assumptions which are discussed in a later section. RKobayashi
found that the volatile yields at high temperatures were considerably higher than the prox-
imate volatile matter content. The volatile yield of both coals increased significantly with
temperature. As the particle size was not varied, the dependence of the weight loss on this
factor could not be tested.
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Jamaluddin et al. [13] studied the devolatilization of bituminous coals at medium to high
heating rates at temperatures ranging from 1073 to 1673K. The coal samples were pulverized
to a size range of 53-63 pm. The experiments with high heating rates, 1-5x10* K/sec. were
conducted using an entrained flow reactor and the medium heating rate, 250-1000 K/scc.
tests with crucibles. The flow fields and particle heating in the laminar flow furnace were
modeled by solving the equations of mass, momentum and energy by standard numerical
techniques. The heating history of the crucible tests was measured using an empty crucible.
As the coal sample was less than 2.5% by weight of the crucible it was assumed that the
coal would heat up at the same rate as the empty crucible. A continuous flow of argon was
used in the crucible experiments to maintain an inert atmosphere and prevent cracking of
the released volatiles; the effectiveness of this is unknown and would be dependent upon the
experimental setup. The error bars on the crucible test data indicate that there is quite a
spread in the results, in some cases as high as twenty percent, and therefore these results are
questionable. The weight loss from both coals in the crucible tests increased with increasing
furnace temperatures but did not significantly exceed the proximate volatile miatter, which
was found with a farnace temperature of 1223K, even at the highest temperature of 1673K.
At a furnace temperature of 1673K, the weight loss from the high-volatile coal, with an
ASTM volatile matter of 35.2%, was 62% under rapid heating conditions and only 42%
under medium heating conditions. The crucible tests are expected to have lower weight loss
because of the lower heating rate and the opporturity for cracking reactions. The lower
heating rate, as discussed on page 6, results in a greater portion of the devolatilization
reaction occurring at a lower temperature where the extent and rate of reaction is lower,
There is ample opportunity for cracking reactions in the crucible tests, as the coal particles
are closely packed in the crucible and the volatiles being released can easily use the surface
of the char particles as sites for secondary reactions. Although these tests are cond ucted at
2 much shorter residence time than the ASTM test, attributing the comparatively low yield
of the crucible experiments at 1673K solely to the lower heating rate and not to cracking
reactions seems questionable. However, Jamaluddin found that the devolatilization of coal

particles was increased by both increasing temperature and increasing heating rate.
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Maloney and Jenkins [20] performed devolatilization experiments in a lamirar flow re-
actor using two bituminous coals with mean particle diameters of 62 um. "The furnace
temperature was varied from 1073-1273K. All experiments were conducted with .V; as the
secondary gas while some experiments utilized /e as the primary gas and were repeated
utilizing N2 as the primary gas. A numerical analysis was performed to estimate the ve-
locity and temperature history of the coal particles. The particle temperature calculations
suggested that when ~G0 gm particles were heated under their experimental conditions, the
coal particle temperatures closely tracked that of the surrounding gas. The experimentally
determined gas temperature profiles were therefore equated to the coal particle tempera-
tures, although it was admitted that this method overestimated the particle temperatures
slightly. These tests were done utilizing He as the primary gas, for which because of the
high thermal conductivity of He this method of estimation may be more accurate than
in the experiments conducted using N2 as the primary gas. The weight loss gencrated in
experiments using the two different primary gases illustrated that the increased heating
rate associated with the e gas resulted in greater weight losses at smaller residence times.
Although the N> gas experiment did not have sufficient residence time to clearly approach
the asymptotic weight loss, it appears that the carrier gas, and thercfore the heating rate,

does not have an effect on the uitimate yield.

Kintber and Gray [16] performed devolatilization experiments in a laminar flow reactor
with an argon atmosphere. As the flow fields in the furnace were not modeled, the times
reported include the heating times of the particle and the temperature refers to the reactor
temperature; these data therefore cannot be used to determine rate constants, but can be
used to investigate trends in the process of devolatilization. Devolatilization appeared to
be a two-stage process: increasing the residence time at 1370K produced no further weight
loss, but significant volatile matter was released during subsequent proximate analysis of
the char. At higher temperatures (2170K) the evolution of this residual volatile matter was
almost complete, indicating a second stage of devolatilization. There was a ten percent
increase in weight loss for the 30 um particle as compared to the weight loss of the 50 xm




particles, which was attributed to the variation in heating rate with particle sizes.

Solomon et al. [21] performed devolatilization experiments in a laminar flow reactor at
1373K using both bituminous and lignite coals with particle size ranging from 44-74 pm. A
Fourier Transform Infrared (FT-IR) spectrometer was used for in-situ analysis of gas species
and temperature. The relative intensities of hot CO absorption were used for measuring
the gas temperature, a technique which was adequate at room temperature but had some
problems at high temperatures. The wall profile and input gas temperatures were used to
calculate the particle temperatures; however, the major uncertainty in this calculation is the
particle velocity, which was assumed to be the average gas velocity. Another experimental
technique problem was the lack of a satisfactory method for the quantitative collection of
tar and soot, and substantial scatter existed in this data. The functional group changes
in the chars were determined, and the exhibition of almost identical changes in relative
functional group composition of all the four coals of varying rank indicated that the kinetic
rates are independent of coal rank but in fact depend on the functional group distribution of
the original coal. However, if this hypothesis were accepted for modelling, it would require
that all the functional groups of the coal be determined and the changes modeled, a rather
complicated task.

2.2.2 Heated Grid

A heated grid apparatus consists of a folded strip of stainless stcel screen into which the coal
sample is spread. The screen is then placed between two relatively massive brass clectrodes.
The heating element and electrodes are enclosed in a vessel capable of operating under a
vacuum or at elevated pressures. The reactor is flushed to remove any trace quantities of
oxygen and then filled with the desired experimental atmosphere. The external circuitry
permits independent control of the heating rate and the final temperature and holding time,
limited only by the thermal inertia of the screen. An estimate of temperature-time history
of the coal particles is recorded by a thermocouple placed within the sample. As the gaseous
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contents remain in the apparatus until purged. there is ample opportunity for secondary

cracking reactions.

Suuberg ¢t al. [11] studied the product composition and kinetics of lignite pyrolysis.
Experiments were carried out utilizing a Montana lignite in the particle size range of 53-88
pm with 74 um being the average diameter, and therefore the effect of particle size was not
tested. The yield of char, which remains on the screen, was determined gravimetrically. Tars
were collected on foil liners within the reactor, on a paper filter at the exit of the reactor,
and by washing unlined surfaces. The vapor phase products were collected by purging the
reactor vapors through two traps. The coal samples were heated to a maximum temperature
of 1273K, at which point the weight loss was slightly exceeding the ASTM volatile matter
of the coal. Pyrolysis was found to be a function of the final peak temperature but not
a function of the heating rate, which varied from 100-10* K/sec. Tests on the effects of
pressure revealed that there is a temperature dependence of the pressure effect on the yield:
above 1073K a dccrease in pressure was found to increase the total vield and affect the

product composition.

Anthony and Howard [5] studied the rapid devolatilization of a lignite and a bituminous
coal at temperatures up to 1373K. The heating rate was varied from 10? to 10* K/min, the
pressure from .001 to 100 atmospheres, and the particle size from 50-1000um. Both coals
expericnced increased weight loss with increasing temperature and residence time. The
weight loss from the lignite was not affected by pressure; however, the weight loss from the
bituminous coal decreased substantially with increasing pressure. The devolatilization of
the lignite coal was independent of heating rate. The bituminous coal experienced increased
weight loss with higher heating rates at pressures of one atmosphere and lower but the effect
of the heating rate was negligible at higher pressures. The weight loss was also found to be
independent of particle size for the lignite, but increased with decreasing particle size for

the bituminous coal.

Jintgen and Van Heek {22] summarized work in the basic processes and fandamentals of




coal pyrolysis by German researchers. The experiments in which the coals experienced high
heating rates, 10° — 10° K/min. were conducted in a heated grid apparatus. The rate of gas
release at low heating rates, 1073 — 10° K/min. was studied with a captive sample heated
at 2 constant rate in a controlled electric oven. A thermocouple in the sample measured
the heating history of the coal particles. The gas produced during this process was carried
away by a stream of helium and analyzed. The effect of heating rate on gas formation
kinetics was investigated by studying ethane formation at widely diflering heating rates;
10~2 — 10* K/min. This involved the data of two different sets of apparatus which might
have led to variations in pyrolysis behavior due to the different conditions experienced. The
temperature range of the experiments was 573-1073K. Increasing rates of heating resulted
in 2 shifting of the emission of ethane towards higher temperatures. Although the methed
of determining the estimates of the reaction parameters was not discussed, the estimates
remained constant within the error limits, indicating that the mechanism of the reaction
does not change over the temperature range investigated. The transition from reaction
controlled pyrolysis, which is independent of particle size, to diffusion or heat transfer
controlled pyrolysis, which is dependent upon the particle size and rate of heating, was
calculated and measured using a high volatile coal. Two different curves were determined
which separate the two rate determining mechanisms. They show to what degree the particle
diameter has to decrease to assure chemical reaction control with rising rates of heating.
For example, it shows that at a heating rate of 10° K/min or less, the reaction rate controls

devolatilization when the particle is smaller thar 100 zm.

2.2.3 Crucible tests

The apparatus of the crucible tests varied from researcher to researcher, and therefore wil]
be described as each study is discussed.

Mahajan et al. [23] studied the pyrolysis of twelve coals of various ranks in a helium
atmosphere of 5.6 MPa (gauge). The weight loss in the coal sample was monitored using
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a balance in conjunction with 2 thermal analyzer. A platinum boat containing the coal
sample was suspended from the beam of the balance. The thermocouple, which is zttached
to the balance l;ousing, was placed in close proximity to the sample. The reactor, which was
made of a quartz tube with cither end acting as inlet and outlet for the reactor gases, was
surrounded by a tube furnace. The balance assembly along with the reactor and furnace
were mounted in a pressure vesse! which was pressarized with nitrogen, and helivm was
introduced though a pressure flowmeter. The furnace was activated to raise the temperature
to 853K at a heating rate of 10K/min. Both the temperature and heating rate are rather low
compared to the pyrolysis stage of pulverized coal combustion. Mahajan et al. determined
that the variation in pressure from ambient to 5.6 MPa (gauge) had little or no ecffect or
the devolatilization. The weight loss was'also determined to be a function of the carbon
content: as the carbon content decreases, the weight loss increases. The weight losses in
these runs were all well below the ASTM volatile fraction, which was probably due to the

experimental temperatures being well below the temperature at which the ASTM test is
conducted.

Merrick (8] performed devolatilization tests in tubular pots with heating rates ranging
from 3-5 K/min, a rather slow heating rate for devolatiization experiments. The tempera-
ture range for these tests was 673 to 823K. The samples of coal were crushed to 2 maximum
particle size range of 3 mm, which is much larger than the pulverized coal used in coal com-
bustors. It was found that the peak rate of release increases with volatile matter content of

the coal, but that the temperature at which the peak occurs decreases.

Freihaut [9] used a fluid cooled delivery spoon to arop coal sn.mp‘lt.s into a reactor boat
which sat in a preheated, isothermal environment. ’i"hé opérating temperatures varied from
873 to 1173K. The coal particle sizes varied from a 53-106 pm to a 856-1000 pm size
range. The differential release of tars was monitored by optical density measurements of
the carrier gas stream. The condensate was captured on glass-fiber filters and weighed for
estimates of the amount of tar rclease. The particle size effects on the weight loss were

indicated by systematic decreases in the maximum differential mass release and systematic




increases in the reaction time as the particle size increased. This behavior was attributed
to the presence of significant temperature gradients in the larger particles. Asa result, the
variation in particle size leads to in a transition from an isothermal, volumetric pyrolysis
process in the case of the smallest particles to a non-isothermal shrinking core type of
process in the case of larger particles. In a small particle, the whole volume of the particle
devolatilizes uniformly as opposed to concentric ‘rings’ devolatilizing in a large particle as
the temperature of that ring rises to the desired temperature. The effect of the heat of
pyrolysis was investigated with a 500 um particle and was shown to have a pronounced
effect on the weight loss, as the endothermic reaction process supports the retention of a

temperature gradient in the larger particles.

2.2.4 Conclusions

The experimental techniques of the above researchers were studied to identify the opera-
tional parameters that were found to influence the devolatilization behavior of coal. Al-
though there are exceptions, the consensus is that the important operating factors that

influence the devolatilization of the coal particle are:
e time
. temperatureQ increasing temperature results in increased weight loss.

e particle size - if the particle size is small enough that its temperature is nearly uniform,
then no effect of particle size should be observed. The criterion for this is the Biot

number:
Bi=hr/k

which compares the relative magnitude of the surface convection, h, and the internal
conduction resistance to heat transfer, k/r. A very low value of Bi (< 0.1) means

that the internal conduction resistance is negligible in comparison with the surface




convection resistance and therefore implies that the temperature will be nearly uni-
form throughout the solid [24]. This criterion and experimental evidence shows that
devolatilization is independent of size for particles under 100 yem in diameter at rapid

heating rates (10" - 10% K/[sec).

o heating rate - although most researchers agree that the heating rate is an important
factor in determining the devolatilization behavior, there is no agreement on the mech-
anism of its effect. Two explanations have been offerad to the observed increases in
volatile yield with heating rate. One is that rapid heating leads to different reaction
paths in the coal, and hence to breaking of different bonds and release of different
specics [10,5]. The other notes that rapid heating is usually found in drop tube re-
actors, where the coal is widely dispersed, and suggests that dispersion reduces the

likelihood of secondary reactions which might decrease the yield {15,19].
e pressure - weight loss was generally found to decrease with increasing pressure.

# chemical composition/rank - an increase in the volatile matter in the original coal

increases the asymptotic weight loss.

As pulverized coal combustors require that 65-S0% of the coal be less than 74 pm [25],
the particle size as a operational parameter will not be required to be taken into account
in the devolatilization model. Since coal combustion occurs at ambient pressure, pressure
effects will not be required to be included in the model. As the coal’s composition can vary
greatly from coal to coal, it does not seem reasonable to include this parameter in the model
and therefore parameter estimates will be required to be found for the different types of

coxl used. Thus the parameters that the model must allow for are:

e time

e temperature

¢ heating rate




2.3 Accuracy of the Ash Tracer Technique

In conducting devolatilization experiments. many experimenters found that the sample
collectors were not 100% efficient and therefore direct weight loss measurements could not
be used to calculate the amount of volatiles released. As a result, an alternative method,
the ash tracer technique, was used to calculate the weight loss of the coal particles during

the pyrolysis experiments using:

. Ao — A,

=2 e 2.
cf ‘4c’(1 -— ‘40) ( ])

where:
¢ Vo weight loss based on original ash free coal

e A, ash fraction of original coal

e A, ash fraction of collected sample

Any uncertainty in the ash tracer technique due to vaporization or loss of ash constituents
could affect the results, and therefore many rescarchers investigated the accuracy of this
analytical technique. As the present work was undertaken to develop a procedure for cs-
timating the devolatilization reaction constants for data obtaired in a laminar flow test
reactor, the data collection side of this problem cannot be ignored, and thereflore the accu-

racy of the ash tracer method is investigated in this section of the literature survey.

In examining the literature, it was found that the experimental conditions under which

the ash tracer accuracy was investigated could be divided into three major groups:

e crucible tests

e inert atmosphere furnace tests

"« other atmosphere furnace tests




One would expect that the researchers would be in agreement within each group. How-
ever, this has not been the case, for there has been disagreement about the accuracy of the

ash tracer technique within these groups.

2.3.1 Crucible Tests

Matoney [20] found the ash tracer technique to be an excellent method to determine weight
loss in pyrolysis experiments. Samples of each coal were subjected to ASTM tests for volatile
matter. The resulting chars were then ashed and the amount of volatile matter released was
calculated using the resulting ash yields. The agreement between the ash tracer method and
the direct weight loss measurements were found to be excellent at temperatures between

1073-1273K.

Harding [26] performed quite extensive crucible tests on the ash tracer accuracy using a
high volatile bituminous coal. His research revealed that there was negligible vaporization of
ash below 1500K but there was a significant increase in ash vaporization as the temperature
increased up to 2500K. All elements in the ash had a significant degree of vaporization over
this temperature range, except for titanium and scandium. Since there was considerably

more titanium than scandium, titanium was used as a tracer instead of ash.

Kobayashi et al. [1,10] found that ash vaporization was negligible below 1400K. He also
stated that although some of the ash is vaporized at higher temperatures this would be
greatly reduced in furnace experiments due to the short residence times experienced. As a
result, the errors in using the ash tracer technique would be a fraction of those experienced

in crucible tests.

Scaroni et al. {19] found that crucible experiments in ashing furnaces revealed that the

use of ash as a tracer consistently underestimated the actual weight losses for the temper-

ature range of 973-1273K. This would suggest that some of the ash was lost in the furnace




experiments. In order to account for this underestimation, an empirical equation was de-
veloped. llowever, this equation is essentially independent of particle size aund temperature

and therefore is very specific to the data quoted.

2.3.2 Inert Atmosphere Furnace Tests

Sarofim et al. [27] performed tests on the vaporization of mineral matter in a drop tube
furnace with a temperature range of 1000-1830K. Negligible amounts of mineral matter
were expelled with the volatile matter, although the bituminous coals swelled by a factor

of four or more.

Jamaluddin et al. {13] performed devolatilization experiments using a drop tube furnace
with an argon atmosphere over a temperature range of 1073-1673K. Since the efficiency
of the collector used was essentially 100%, the accuracy of the ash tracer technique was
tested by comparison with direct weight loss caleulations. The ash tracer technique was
found to be a suitable method to estimate the weight loss of a high-volatile bituminous coal
but not suitable for a medium volatile bituminous coal. This suggests that the accuracy
of the ash tracer depends upon the rank of the ¢oal or more likely on the variation of ash
characteristics with the origin of the coal. Jamaluddin postulated that the unsuitability for
the medivm volatile coal was due to soot and tar from the pyrolysis of the volatiles being
deposited on the char particles; however, since such deposition would affect a direct weight

loss measurement as well, this argument does not seem valid.

Gat et al. [28] tested the accuracy of the ash tracer technique by laser heating particles
carried in an argon gas jet. Although the ash tracer was found to be reliable at low tem-
peratures, it was found to be increasing unreliable as the temperature was increased. This
suggests a temperature dependence of ash vaporization, which was also seen in the findings

of some of the crucible tests. At high heating rates and high temperatures (2273-3073K),

Gat reported significant losses of both ash and titanium. Ti was thought to be an unreliable




tracer under these conditions because Ti has a high organic affinity. Under rapid heating,
the organic structure of the coal is quickly vaporized and there might not be sufficient time
for the Ti to separate: it would then be carried out with the hydrocarbons. This contradicts
the findings of Sarofim et al. [27], but an analysis of the condensed tars supports this theory.
A sced tracer, tungsten carbide powder, was recommended in order to accurately determine

the weight loss experienced during coal pyrolysis and combustion.

Badzioch and Hawksley [15] performed devolatilization experiments using a drop-tube
furnace with a nitrogen atmosphere and a temperature range of 673-1273K. The ash tracer
technique was found to be of poor reproducibility wken the ash content is low, for a wide
scatter arises from even small analytical errors in the determination of the amount of ash.
Another source of scatter is a result of the ash particles being predominately discrete from
the coal. They would then tend to segregate upon handling, for example, in vibrating
feeders. A correlation was developed between the weight loss calculated by ash tracer
and the change in volatile matter found by ASTM tests. One possible explanation for
the correlation not passing through the origin was the possibility that there were minute
fragments passing through the cyclone collector in the sampling system. These difficulties
could be alleviated by closely size-grading the coal samples used, and performing the analysis
of the original coal on the sample as fed to the furnace. Any ash tending to segregate into
the fine particles would then be eliminated from both the sample and analysis.

2.3.3 Other Atmosphere Furnace Tests

All of the rescarchers in the literature who performed devolatilization tests in a furnace
with an oxidizing atmosphere discovered ash vaporization and therefore found ash to be
unsuitable as a tracer. However, it should be noted that these tests were all conducted at

very high temperatures.

Ubhayakar et al. [29] performed their devolatilization tests in a turbulent flow entrained
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bed gasifier with a hot combustion gas atmosphere with a temperature range of 1800-2250K.
The ash vaporization was estimated by analyzing the alumina content of two char samples
resulting from high temperature and low temperature runs. Since the ash from a high
temperature run had a higher alumina concentration than the low temperature run, it was
assumed that some ash vaporization had occurred. Alumina was used as a tracer instead

of the ash, since it was the most refractory component in the ash.

Quann et al. [30] performed mineral vaporization tests using a drop tube furnace with
a 5-100% oxygen atmosphere with a particle temperature range of 1600-3000K. Quann
stated that the submicron particles generated by vaporization and condensation of the ash
passed through the impactor and were collected on a back-up membrane filter. The amount
and composition of the particles was used to provide a measure of the extent of the ash
vaporization during combustion. Through this experimentation, Quann found that the
vaporization was dependent on the temperature and the spatial distribution of the mincral

matter.

Neville et al. [31] performed ash vaporization experiments in a drop tube furnace with a
30% oxygen in nitrogen atmosphere at 1750K. He found that high temperature and a locally
reducing atmosphere promoted ash vaporization. Also, elements such as sodium, which show
a small temperature dependence, are vaporized to a large degree during devolatilization.
However, elements such as magnesium, which show a strong temperature dependence, are
vaporized primarily at a peak temperature encountered after devolatilization is complete.
Although the meaning of the temperature dependence was not explained, it is assumed that
this refers to the range of temperature between the element’s melting and boiling points
which are listed in table 1. As sodium melts at 2 much lower temperature than magnesium,
the liquid can be entrained by the escaping volatiles and carried out of the particle. As
sodium has a lower boiling point, it vaporizes at a lower temperature and therefore escapes
as a gas. Both these effects can result in a greater loss in sodium than magnesium by the
devolatilizing coal particle.




2.3.4 Conclusions

From this literature survey, one can see that the vaporization of the mineral matter depends
not only on the properties of the coal (i.e. rank, amount of mincrals) but also on the
conditions (i.c. temperature, atmosphere, heating rate) under which pyrolysis occurs. As
a result, it is important to test each coal utilized and to try to auplicate cxperimental
conditions as closely as possible while conducting ash vaporization tests. In examining the
literature which reports upon the experiments that most closely duplicate the conditions
of the experiments that will be performed (inert atmosphere, approximately 1500K), it
seems that the ash tracer method is reliable up to about 1273-1373K, unless the ash has
components which vaporize at Jower temperatures (e.g. Jamaluddin et al. [13]). In this case,
it would be possible to perform supplementary crucible tests over the temperature range of
experimentation to determine whether ash vaporization is significant. If no vaporization has
occurred then this should be verified by performing drop tube furnace tests to see whether
the heating rate or atmospheric conditions have any effect on ash vaporization. It would be
important that the sampling equipment be designed so that the weight loss measurements
are as accurate as possible. This would enable an accurate comparison between weight loss

measurements and the ash tracer method for the furnace experiments.




© Table 1: Melting and boiling points of Sodium and Magnesium

melting point, °C

boiling point

sodium
magnesium

97.5
651

$30
1110




Chapter 3

Model Evaluation

The purpose of this chapter is to critically appraise and compare the devolatilization models
that are available in the literature, and to select 2 model which will be suitably accurate
in describing the pyrolysis of a coal particle. The model selected is ultimately intended for
use in a full model of coal combustion in a furnace, such as that of Lockweod {12]. The role

of the devolatilization model in such a model is:

s to predict the mass of char produced for subsequent char combustion

e to predict the rate of volatiles release in the early part of the flame

Of these, the accurate prediction of char mass, i.e. extent of devolatilization, is the most
important, as char combustion is the rate-controlling step of coal combustion. Owing to
the complexity of a full model of combustion, the devolatilization model selected should be
relatively simple and not require substantial computational effort. It is with these factors
in mind that the models will be evaluated. Attention will be further confined to models for
devolatilization of small coal particles, for which the particle temperature may be assumed
uniform. The models presented in literature are quite different, for they range from a simple

single first order reaction model to a much more complex and sophisticated multiple parallel
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reaction scheme. The reaction schemes to be examined are:

evaporation model

single, first order reaction model

competitive parallel reaction model

two component model

multiple parallel reaction mechanism

Each of these models will be examined and their advantages and disadvantages will be listed

in an attempt to choose the best model that will serve the requirements listed above.

3.1 Evaporation model

3.1.1 Lockwood et al.

Lockwood et al. [12] developed a model for bituminous coal combustion. Lockwood used a
physical model to describe the devolatilization of the coal instead of a reaction meodel, even
though it was acknowledged that pyrolysis is a chemical process. The model used is very
simple:

— dz,/dt = min(Qp/h1, Bm) (3.1)

where r, is the mass fraction of volatiles not yet released and h; is the ‘latent heat’ of
devolatilization. This treats the evolution of volatiles as an ‘evaporation’ process. It is
assumed that no volatiles were released at temperatures below 600K and that the volatile
release rate is linearly dependent upon the heat flux to the particle, Qp, and limited by
a maximum value, Bm. A final assumption is that the total volatile yield is equal to

the proximate volatile content. This model cannot describe the experimentally observed
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increase of volatile yield with temperature nor the fact that vields above the ASTM value
are often obtained [1,10,13,19]. Because it represents a chemical reaction as a physically
controlled process, the ‘reaction constants’, iy and B, are specific to the temperature

range, heating rate and other conditions modeled.

3.2 Single first order reaction model

The single first order model is the simplest reaction model available in literature and there-

fore is often used in combustion studies. The model is:
coal — V" (volatiles) + (1 — V*")(char) (3.2)
The basic reaction equation for this model is:
dVifdt = (V" =V) (33)

where ¥ is the quantity of volatiles evolved up to time t and V* is the ultimate volatile

yicld. The reaction constant k is described by an Arrhenius equation:
k = k, exp(—=E/RT) (34)

This model will be evaluated and discussed by pointing out its advantages and disadvan-

tages.

3.2.1 Badzioch and Hawksley

Badzioch and Hawksley [15] introduced a single first order model which is often used as a
standard against which other models are compared. The devolatilization experiments were

carried out in a drop tube furnace with a maximum temperature of 1273K.

The model assumes isothermal pyrolysis, and its form is as follows:

V = QV,(1 - C)1 - exp(—41)) (35)
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where V' is the weight loss of the coal up to time t, ¥, is the ASTAL proximate volatile
matter of the coal, and Q is the ratio of the weight loss to the change in proximate volatile
mnatter:

Q = V/(Vo - V3) (3.6)
where V; is the proximate volatile matter of the char. C is a correction for the asymptotic
weight loss, or the residual volatile matter in the char at infinite time, which allows the
increase in vield with temperature to be roughly modelled. Badzioch et al. found C was a
function of the swelling factor of the coal: for the non-swelling coals C was a constant while

for the swelling coals C was fitted by an exponential function of temperature:
C = exp[—-K1(T — K2} (3.7)

Badzioch and Hawksley stated that there was a heating period in the furnace and therefore
the particles did not experience a completely isothermal residence time. This heating time
was subtracted from the residence time to obtain the duration of isothermal decomposition,
thus assuming the amount of devolatilization occurring during the heating process was in-
significant. This is now known to be a poor assumption (1,5}, which limits this model’s
usefulness. Badzioch and Hawksley [15] stated that this model is not reliable for temper-
atures above 1273K and that a two reaction model should be used at high temperatures.
Both the empirical nature of the temperature variation of the ultimate yield and limitation

to temperatures under 1273K also limits this model’s usefulness.

3.2.2 Scaroni et al.

Scaroni et al. [19] puforﬁed lignite pyrolysis experiments in a drop tube furnace with a
temperature range of 973K-1273K. Scaroni included two models, of which the first is strictly
an empirical model which is particle size and temperature independent. As a result, this
model does not provide any insight into the mechanism of pyrolysis and cannot be applied

to other data. The second model is again a simple first order isothermal model:

V = V(1 — exp(~kt)) (38)




where V7 is the maximum potential weight loss. Scaroni states that there is no weight loss
during heat up, an assumption that is now considered incorrect [1,5]. It should be noted

that in this model the uitimate vield is not a function of temperature.

3.2.3 Truelove

Truelove {32] modeled the combustion of pulverized coal in swirling flow combustors. This
model included 2 simple first order reaction model of the coal devolatilization, this time for

non-isothermal conditions:

dvjdt = k(V* - V) (3.9)

The rate parameters were taken from the work of Badzioch and Hawksley [15].

3.3 Competitive Parallel Reaction Model

It has been suggested that the temperature dependence of volatile yield can be modelled
by using two parallel, competing pyrolysis reactions, one dominant at low temperatures
and the other at high. This model was initially proposed by Kobayashi [1] but several
authors [13,29,33] have used modified versions of this model which will be discussed here.

3.3.1 Kouxyashi

Kobayashi proposed the two competitive reaction model since a model was nceded that could
describe the effects of temperature on volatile yields as well as predict the devolatilization
rates at higher temperatures. This model assumes that the original coal substance, C, can

decompose to volatiles, V, and char, R via two paths:




oV + (-l

C (3.10)
ks
N
azVa+ (1 —a2)RRa
where k; are the reaction rate constants and o; are the mass stoichiometric constants and
k; = ko exp(—E;{RT) (3.11)

The first reaction dominates at low temperatures. At high temperatures, the second reaction
is assumed to become faster than the first one, which amounts to requiring E2 to be larger
than E,. Kobayashi set &; as the proximate analysis volatile yield and a2 as 1 since all the

coal is expected to devolatilize at high temperatures. The mathematical form of this model

is:
% = okC
% = a2kC
so that
T = Zh+%)
= (arky + a2ka)C (3.12)
where
% = —(ky + k2)C
Integrating:
C = exp(— _L ‘(r + k2)dt) (3.13)

Substituting equation 3.13 into equation 3.12 yields:

¢ 4
V= '/; (ark: + azkz)exp(./l; —(k + kz)dl)tlt (3.14)
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Under isothermal conditions, this equation can be integrated to give:
V = [(e1ky + azkz)/ (k1 + k2)][1 — exp(—(k1 + k2)t)] (3.13)
As t — oo, equation 3.15 reduces to:
V™ = (arky + azk2)/(ky + k2) (3.16)

where V= is the asymptotic weight loss or the maximum possible weight loss. The first reac-
tion dominates at low temperatures, since k; > k> and as 2 result V" approaches a;, while
at high temperatuzres k2 > k; and V approaches az. This model can therefore predict the
temperature dependence of the asymptotic weight loss as found in the experimental find-
ings of many researchers [1,15,19,10,13]. This model can also be applied to non-isothermal
experiments through the numerical integration of equation 3.14 using the temperature-time
histories of the coal particles to fit the equation to the experimental weight loss data. How-
ever, Kobayashi expended little effort in trying to obtain the best fit. Since the asymptotic
weight loss changes from approaching a; to approaching a2 as the temperature increases,
onc expects that there is a transition temperature interval above which devolatilization
becomes increasingly controlled by reaction 2. The transition temperature can be roughly
calculated by assuming that k; is negligible if it is twenty percent of k;:

k2=2-k
therefore:

ko2 exp(—Ez/RT) = 2 - ko1 exp(—Ey /RT)
Tir = (B2 - E1)/(R - 1n(ko2/ 2ka1)) (3.17)

Using the parameter estimates determined by Kobayashi [1,10] listed in table 2, one finds
the transition temperature to be approximately 1305K. While the transition temperature
found in this example is a function of the parameter values chosen, this temperature is sup-
ported by experimental work, since Badzioch and Hawksley [15] found that a second high
temperature reaction is required to explain the increase in weight loss if the devolatilization




temperature is above 1273K. The transition temperature is ar important "tool” in determin.
ing the type of model that should be utilized. This method can also be used to approximate
the temperature at which the first reaction becomes negligible by finding the temperature

at which &, is twenty percent of kj:
kl =.2- L‘g
therefore:

korexp(~E;/RT) = .2kozexp(—Ez/RT)

T = (Ey - E2)/(Rla(kor/2ke2)) (3.18)

Using the parameter estimates determined by Kobayashi [1,10] listed in table 2, onc finds
the temperature at which the first reaction becomes negligible to be approximately 2050K.
An interesting feature of this model is that the ultimate yield becomes a function of the
temperature-time history of the particle. If the particle is held at a fairly low temperature
for a long period of time, the original coal substance, C, will be entirely consumed by
reaction 1, producing yield &, so that no further product will be produced by subsequent
heating to a temperature at which reaction 2 becomes predominant. Rapid heating to high
temperatures, on the other hand, will ensure that most devolatilization occurs by reaction 2,
resulting in a higher yield. Thus the Kobayashi model is capable of explaining the observed
dependence of yield on the heating rate [13,6,16,20] as well as on temperature.

3.3.2 Ubhayakar et al.

Ubhayakar et al. [29] performed devolatilization experiments in hot combustion gases with
temperatures from 1800K to 2250K, which is the temperature range that would require a two
reaction model. The model used was in fact the two reaction model presented by Kobayashi
with some modifications. Ubhayakar assumed that the stoichiometric mass constants were

equal to z/z,, where z,, is equal to the (H/C) ratio of volatile n, n=1,2 and z is equal to the
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(H/C) ratio of the coal. As the coal particles were entrained in hot combustion gases, the
model used by Ubhayakar incorporates the two reaction model followed by the cracking of
the volatiles. The parameters for the two reaction model were fitted using the data provided

by Kimber and Gray [16] and Badzioch and Hawksley [15].

From the determination of the stoichiometric constants it appeared that the high tem-
perature process led to higher yields of lower (H/C) volatiles and lower char than the lower

temperature process. These observations are derived from the values of &,

ay = 03= 3-'/21 - I = 194

az =0.8=z/zy — z2 = .07275

The lower char yield is backed by experimental results [10,15,16] finding increased weight
loss with increased temperature. However, as the (H/C) ratios of the volatiles released
were unrecorded by Badzioch and Hawksley [15] and Kimber and Gray [16], these results
could not be verified. Also, using two sets of experimental data to fit the parameters of the
model to be used to fit additional parameters to a third set of data is not advisable as the
conditions in the different furnaces can result in very different devolatilization behaviour

and therefore parameter esiimates are obviously in question.

3.3.3 Jamaluddin et =l

The coal in the experiments of Jamaluddin et al. [13] was devolatilized over a temperature
range of 800-1400C, which also supports the use of a two reaction model. Jamaluddin [13]
also used the Kobayashi model; however, some slight modifications were made. The low
temperature kinetic rate constants were taken as those determined by Badzioch and Hawk-
sley [15] while the high temperature constants were set to those as determined by Ubhayakar
et al. [29]. The low temperature mass stoichiometric constant was taken as the proximate
analysis volatile matter, which is the definition of &; originally given by Kobayashi. However




@» was determined from the measured pyrolysis data and was defined by:

az =QV, (3.19)

where Q@ = V*/(V, — V;) as defined by Badzioch and Hawksley [15]. As a result, at high

temperatures with ks 3 ky, the model would reduce down to:
V = QVo(1 — exp(—kzt)) (3.20)

This model has the same form as the model introduced by Badzioch and Hawksley [15]
for low temperature (< 1273K) devolatilization, if at the high temperatures the correction
factor, C, for the asymptotic weight loss were to be set to zero. The model was found to
be accurate for the high volatile bituminous coal but to overpredict the weight loss for the
medium volatile coal by up to five percent. One should note that using rate parameters
determined by other researchers could compromise the values of a: and a2 determined by

fitting the model to the data.

3.3.4 Suzuki et al.

Suzuki et al. [33] performed devolatilization experiments with combustion air as the sec-
ondary gas stream with a temperature range up to 1483K. However the furnace had recir-
culating flow and therefore the temperature-time history of the coal particles is uncertain.
Suzuki also used the Kobayashi model; however, a; was selected to provide agrcement
between the experimental data and the predictions while holding all other parameters con-
stant. The values of a; were then correlated with the (H/C) ratio and the proximate volatile

matter of the coal to provide a means of estimating a;. Suzuki found that the extent of

devolatilization through the first reaction, ), increases with an increase of the proximate
volatile matter and (H/C) ratio of the coal. However, one should note that fixing the other
parameters may fix the behaviour of a;: i.e. if the values of the other parameters were
changed one might find that the behavior of a; was changed as well.
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3.3.5 Baxter et al.

Baxter et al. [34] used statistical routines to fit the parameters of the parallel reaction model
to the data obtained by Kobayashi [1]. The temperature, velocity and radiation conditions
inside Kobayashi’s furnace were calculated with a numerical model of the flow, and were
then utilized to determine the temperature of the particle as a function of time. However,
the results of this analysis are questionable: at a furnace temperature of 2100K, the particle
model developed by Baxter predicts 2 plateau in the temperature profile at 1400K which is
said to be a result of the high rate of mass transfer due to devolatilization of the coal particle.
In view of the low value of heat of pyrolysis, it seems unreasonable that the mass fiow from
the coal particle would maintain the coal particle’s temperature 700K below the ambient
temperature and still maintain a high rate of mass release. Another difficulty witk this model
prediction is that it indicates that there is in fact ro high temperature devolatilization and
would bring to question the temperature profiles of the devolatilizing coal particle at lower
temperatures as predicted by this model. The reason for these problems appears to be an
incorrect particle energy balance: the erthalpy of the escaping devolatilization gases was
included in the energy balance, which can be shown to be ir error when the first law of
thermodynamics is applied to the pyrolyzing coal particle (Appendix A).

Other researchers [31,35] also have employed the Kobayashi model, using the values of
and k as determined by Kobayashi. As previously stated, Kobayashi expended little effort
in optimizing the parameters for the best fit, moreover; his values are specific to his two test
coals, so that using his constants without further testing or modifications is not advisable.

3.4 Two component model

The two component model differs from the two competitive reaction model ir that instead
of having two reactions that come into play at different temperatures, it is assumed that the
coal consists of two components. These two components of the coal pyralyze by independent,
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first order reactions which lhave substantially different rate constasits. The mechanism is as
follows:

Coal—oC;—uVl—oV,'+R’,

C-Va+ 1,

wlere the first reaction includes a secondary cracking reaction. This model can be simplified
by neglecting the secondary cracking stage.

3.4.1 Nsakala et al.

Nsakala [4] studicd the kinclics of lignite pyrolysis at 1081K in a drop tube furnace. The
model used to describe the devolatilization was the two component hypothesis without the
secondary cracking. The evidence cited by Nsakala that dictated the need for this type of
model was a *break’ in the weight loss behavior, figure 4, that occurred when the residence
time was increased; this was seen to be characteristic of two independent parallcl reactions
having substantially different rate constants. However, this ‘break’ could be the result of
the weight loss approaching the asymptotic weight loss.

This model requires that the initial concentrations of each component, the proportion-
ality constant, 7, between V3 and 3 plus the rate constants to determined. Nsakala found
that the asymplotic weight loss was not a function of temperature, rather

V=G +G/1+7) (321)

The number of parameters to be estimated as well as the asymptotic weight loss not being
lemperature dependent make this model quite undesirable.
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3.5 Multiple Parallel Reaction Mechanism

An alternative model to the two parallel competing reaction model is the multiple parallel
reaction model. The premise of this model is that the devolatilization of the coal is a
complex phenomenon that should be modelled as a large number of independent parallel
reactions. The problem is simplified if it is assumed that the pre-exponentials for each
reaction are the same and the reaction rates only differ in activation energies. It is further
simplified by assuming that the number of reactions is large enough to permit E to be

expressed as a continuous distribution function.

Anthony et al. [5,6] generalized this model to allow for non-isothermal processes. This
model was also adapted and modified by several researchers [11,21,36,37).

3.5.1 Anthony and Howard

Anthony and Howard [5,6] performed devolatilization experiments in the temperature range
of 673-1373K which is within the single low temperature reaction range. The as yet unre-
leased volatile fraction for a particular reaction i of the multiple parallel reactions is:

Ve Vi= Vrexp(- [ kd) (322)

V" is a differential part of the total yield V* and may be written:

Ve o= av* (3-23)
= V*f(EME (324)

with
j:' f(EME =1 (3.25)

Integrating equation 3.22 over all values of E using equation 3.24 yields;

v =vyv= [ (- [ kinyf(EXE (326)
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Anthony and Howard stated that there is negligible numerical effect of altering the lower
limit on the left integral from 0 to —co. The distribution function, f(E). is assumed to be

Gaussian with a mean activation energy E, and standard deviation o

f(E) = [6(27)°5] " exp[-(E — E,)*/20°] (3.27

—

The model has the [ kdt term to account for non-isothermal processes.

One difficulty with this mode! is that it does not predict the variation of yield with
temperature at higher temperatures. This can be illustrated by assuming an isothermal

process, for which, equation 3.26 becomes:

(V= =V)V- = j: exp(~kt) [(EME (328)
as t — o3,
w=-vyv-= [ of(EME=0 (3.29)

which shows that the asymptotic weight loss is a constant and equal to V™ and therefore
independent of temperature. Anthony and Howard state that this model can give the
impression of an asymptote being reached by a low temperature decomposition when it is
compared with one at high temperatures, but this really amounts to a misinterpretation
of the results. The behavior of this model can be illustrated by assuming a uniform rather
than a Gaussian distribution of activation energy:

By
jE. F(EME =1~ f(E)=1/(Es - Ed) (3.30)
Substituting equation 3.30 into the isothermal equation 3.28, the resulting equation is:
V = V™[l - RT/(Ea - B[Er(ketZs) — Ex(kotZo)] (331)

where E,(z) is the exponential integral:

E@)= [
2 = expl~ Ei/ RT)
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model for various temperatures
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Figure 5 is a graph of the resulting weight loss. It could appear that the low tempera-
ture devolatilization had reached an asymptote although in reality it had not. Thus this
model does not describe the variation of the asymptotic weight loss with temperature as
the Kobayashi model does. A further problem with this model is that &k, and E are corre-

lated [6,37], since a higher value of k, tends to shift the distribution to higher activation

energies.

3.5.2 Hashimoto et al.

Hashimoto et al. [37] also used the multiple parallel reaction model to model the thermal
regeneration of activated carbons used in wastewater treatment with a temperature range up
to 1173K. Hashimoto used Anthony and Howard’s non-isothermal model with a modification
to correct the dependence of the distribution curve of E on the value of k,. This weak point
was corrected by approximatirg k, as a function of E:

k. = ¢pexp(BE) (3:32)

This modification increases the number of parameters required to be fitted by two and
solves the problem of the correlation between k, and E. However, this model still has the
problem of the ultimate yield not being a function of temperature.

3.5.3 Solomon et al.

Solomon et al. [21] performed pyrolysis experiments in an entrained flow reactor which was
designed to operate up to a maximum temperature of 1923K. The moc~] used to describe
the pyrolysis of coal was Anthony and Howard’s model with a Gaussian distribution for the
activation energy. The model, however, was used to describe individual species evolution
rather than pyrolysis of the coal as a whole. Solomon justified using a distribution function
for the activation energy of individual species by the fact that the quantity of each gas
species depends upon the functioral group distribution in the original coal. Solomon also
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hypothesizes that the functional groups decompose at rates which are inseasitive to coal
rank to form light gas species. It is for this reason that the model was fitted to the pyrolysis
of a lignite in an entrained flow reactor and then applied to a bituminous coal pyrolyzed in
a heated grid to test its generality. One difficulty that can be pointed out in this method
is that the lignite was only heated to a single temperature (1373 K) while the temperature
range of the bituminous coal tests was 673-2073 K. There was a problem in the collection

of the tar and soot and therefore substantial scatter existed in the data.

The fit of the model to either coal’s devolatilization products is not very good [21]. This
might be due to the fact that the parameters were fitted using the functional groups present
in the coal. The functional group composition of the coal was then required to be found and
the kinetic rate constants of these groups then formed the distribution functions of E. This

complicated modeling has 2 lot of room for error, owing to the many parameters involved.

3.5.4 Suuberg et al.

Suuberg et al. [11] investigated the kinetics of lignite pyrolysis using a heated grid with a
constant heating rate and a maximum temperature of 1273K. Suuberg was investigating the
applicability of the multiple parallel reaction model to the devolatilization of a lignite by
modeling the appearance of several products. Many products are not adequately modeled
by a single reaction [11,38] but in fact are the result of different reacticzs in different tem-
perature intervals. Figure 6 also shows how the various individual reactions form a2 smooth
total weight loss curve. In spite of this evidence, which supports the use of the competitive
two reaction model with temperature dependent ultimate yield, Suuberg supports the use
of the parallel multiple reaction model, since the distribution function of E is similar to
those obtained based on weight loss data [5,6]. Suuberg states that the kinetic parameters
obtained by the parallel multiple reaction model are overall properties, in spite of the fact
that the species are involved as a result of some combination of two reactions.
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3.5.5 Rizvi

Rizvi [36] modeled the combustion of pulverized coal particles in swirling flow combustors.
Rizvi cvaluated the performance of the first order reaction, evaporation, two competing
reaction and multiple parallel reaction models by comparing the flame behavior that results
from the models to the actual flame behavior. Rizvi found that satisfactory predictions of
the flame behavior were obtained when either the evaporation or multiple parallel reaction
models were utilized while both the two competing reaction and Badzioch and Hawksley’s
single first order reaction models were found to be less successful. However, it must be
stressed that all reaction constants used came from the literature and no attempt was made
to fit them for the particular coal being used. Optimization of the constants would probably
make all these models more accurate and would certainly be required for 2 meaningful test.
These findings can be seen to be quite questionable, for the two ‘acceptable’ models are at
opposite ends of the spectrum: i.e. one is 2 purely physical model while the other represents
a large number of independent parailel reactions. Another problem with this conclusion is
that the analvsis is based upon the turbulent flame behavior where any number of unknown
factors might come into play apart from the devolatilization process itself.

3.5.6 Sprouse et al.

Sprouse et al. [39] fitted Anthony and Howard’s multiple parallel reaction model as well
as Kobayashi’s two reaction model to the high temperature lignite devolatilization data
supplied by Kobayashi [1). Sprouse performed a non-linear least squares curve-fitting routine
on Kobayashi’s data, since there was some question whether the Anthony and Howard
model, which was previously only applied to low temperature (< 1200K) pyrolysis, could
adequately handle high temperature devolatilization. Sprouse fitted both models to the
Kobayashi data and found that the standard deviation of the Anthony and Howard model
was 4.6% while it was 5.1% for the Kobayashi model. This small difference in the standard
deviations of the two models is not significant, especially when the char combustion is
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the rate controlling step for the complete combustion process. Sprouse also compared the
abilities of the two different models to adequately fit devolatilization data by applying the
models to the devolatilization of coal during an ASTM test. Although Sprouse found that
Anthony and Howard’s model described the ASTM devolatilization more accurately than
the Kobayashi model, this test cannot be considered a good test due to the long residence
time, during which secondary reactions have ample opportunity to effect the devolatilization
resulis.

Sprouse points out that the Anthony and Howard model fits the high temperature data
while using fewer parameters. However, &, and E are correlated [6,37] and therefcre the
equation suggested by Hashimoto [37] to correct this model weakness should be added which
in turn raised the number of parameters to be fitted. Also, as discussed on page 41, the
multiple parallel reaction model only appears to model the change in ultimate yield with
temperature, and actually gives a constant ultimate yield.

Sprouse also questions the validity of the Kobayashi model since it cannot predict that
a coal heated at low temperature will always devolatilize further when the temperature is
raised, while the Anthony and Howard model can predict this behavior. However, 2 model
should suit the purposes of the researcher: since in coal combustion the coal is consumed
and therefore any question of reheating to 2 higher temperature is eliminated, this argument
against the Kobayashi modet can be considered unimportant for the present purposes.

3.6 Conclusions

The models presented in the literature have been examined and analyzed for their suitabil-
ity and accuracy in describing the devolatilization of coal. The utility of the evaporation
model is confined to the correlation of weight loss data over very narrow ranges of condi-
tions; it is unsuitable as a general model. The one reaction models appear to be suitable
for low temperature (below 1300K) pyrolysis and either did not describe the temperature
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dependence of the ultinate vield or used some sort of empirical correction [15,19]. The
two component hypothesis [4] complicated the pyrolysis model and yet did not address
the problems stated above. The multiple parallel reaction model was only used to fit low
temperature devolatilization and did not Jescribe the temperature dependence of the ulti-
mate vield at high temperatures. In the form suggested by Anthony and Howard [5,6] 2
numerical integration of the probability function is required, while other multiple parailel
reaction schemes are too complex for the inclusior in a complete model of coal combustion

in a furnace.

However, the two coinpeting reaction model illustrated the temperature dependence of
the asymptotic weight loss. It is flexible, in that at low temperatures this model reduces
down into the simpler one reaction wkich was found to be acceptable at lower temperatures.
This is also the only model which will predict a dependence of the weight loss on the heating
rate or temperature history. It is for these reasons that the two competing reaction model

has been selected as the best model for the purposes of the present work.




Table 2: Parameter estimates determined by Kobayashi

reaction | &, E
low 2E5 | 25
|| high 1.3E7 | 40
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Chapter 4

Reactor Model Program

The entrained flow reactor has been designed to provide data under conditions where the
particle temperature-time history may be determined and where the heating rate and reac-
tion conditions match a pulverized coal combustor. A particle heating program written by
Flaxman [7] models the furnace flow fields as well as the particle motion and heating. This
program was modified with the addition of a devolatilization model. The coal loadings are
usually kept small to prevent secondary cracking reactions and therefore the effect of the
coal particles on the gas velocity and temperature fields is neglected [7,13]. The temperature
and velocity fields inside the reactor are determined by numerically solving all fundamental
governing equations of energy, momentum and corservation of mass using finite difference
techniques. The temperature and velocity fields of the furnace are then used to calculate
the coal particle temperature and velocity by numerical solution of the differential equations
of particle motion and heating.

As many different designs of entrained flow reactors exist, each with its own geometry,
gas flows and particle feed rates, the particle heating program was designed to be flexible so
that different furnaces could be modelled by making simple adjustments inside the program.
The flexibility of the program is in part achieved by dividing the flow field area into small
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control volumes with varving sizes which form a grid pattern. The grid spacing was chosen
so that there are many points in the region of large gradients and fewer points as the
gradients become smaller. A sampie grid for the EMR reactor is shown in figure 7. The
nodes for the grid are placed such that the control volume boundaries lie exactly halfway
between the adjacent nodes. The nodes can then be adjusted to model the dimensions of
the desired entrained flow reactor, for example the Kobayashi furnace {1], with dimensions

as shown in table 3.

4.1 Method of Integration

The original particle heating program assumed that the particles do not react chemically.
This program was modified by adding the two competitive reaction model selected for coal
devolatilization:

t 4
V = [(ork + acka)expl [~k + kayanyae (4.1)
0 0

As equation 4.1 can not be easily integrated analytically, differeat methods of numerical
integration were investigated to select the simplest method, with regard to consumption
of computer time, which can still accurately perform the integration. The accuracy of the
methods of integration was tested by making weight loss predictions for a single first order
devolatilization reaction in a particle undergoing heating according to:

T=2Q1-exp(-B)+ T, (42)

where:

o 8= 12k/(pe,d?)

o Z is the difference between the final equilibrium temperature and the initial temper-

ature, T,.
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and compari:g these to the analytical solution for this problem. Although the total amount
of work involved is not significantly changed, a simpler method with a small step length
gives similar accuracy to a more complex method with a larger step length [40). As the
particle heating program already is limited to small step sizes (maximum time step is 5 ms)
in the prediction of the particle temperature and velocity, the simpler methods of numerical

integration were that investigated are:

s summation - the integration is performed by assuming that the level of the ordinate

is constant throughout the step:
I=y-(z2—71) (1.3)

where the subscripts 1 and 2 refer to the beginning and end of the integration step
respectively.

e trapezoid rule - in trapezoid rule, the value of the integral is the arithmetic average
of the two ordirates multiplied by the distance between them:

I=3(n+m)ez-m) (4.4)

e Simpson’s rule - Simpson’s rule for three points is based on fitting 2 quadratic to three
equally spaced data points. The resulting equation is:

1
= g(yx +4y2 + y3)2h (4.5}

In the particle heating program, the maximum temperature step was limited to 5 K, and
therefore during particle heatup the magnitude of the time step can vary. This eliminates
Simpson’s rule, as this method requires equal spacing between the three points used in each
integration step.

The exact solution of the first order reaction equation for the weight loss of a par-
tide undergoing exponential heating with a time step of 5 ms is shown in figure § with
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the predictions of the equation numerically integrated using cither the summation or the
trapezoidal rule. The results suggest that aithough the method of summation is inaccurate,
the trapezoid rule has sufficient accuracy to very closely approximate the exact solution.
The accuracy of the method of numerical integration will have even more importance with
the two competing reaction model, equation 4.1, which requires two integrations to be

performed in order to solve the equation.

4.2 Effects of mass transfer

The particle heating program solves for the particle velocity and temperature-as it passes
through the furnace flow field. The acceleration of the particle is given by:

d
%”—9—4 dp(up-u)l%-ﬂl (4.6)

For small Reynolds numbers, this equation can be linearized as:
—ug =g— A(up — 1) (4.7)

where

18u

£y
Re = Plop-uld
B
The bracketed term in A is a correction to Stokes’ law for Re > 1. With a small time step,

A = —=(1+0.15R2%)

At, u and Re can be assumed to be constant and this equation can be integrated directly

over At since A is a constant:

= = 2{(g = Al = )42 — g] (43)

where 1, is the particle velocity at the beginning of At. The original expression for particle

heat transfer was:
daT 6

E’ p,c”d,(q"d = Geonv)

(4.9)
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As stated earlier, the value of Af must be selecled so that u, Re, and the gas temperature
can be assumed constant. Equation 4.9 can also be integrated analytically in a fashion
similar to equation 4.6 if these values are assumed constant over the time step, At. The

valuc of At was selected by arbitrarily choosing a maximum temperature step, AT nqr, of
SK and therefore

At~ PyCppdpBTmes

- G(?rado - Qcanw) (4-10)

where ¢;ad and Geonwo are from the previous time step. This results in a small time step
initially where the heating is rapid, which gradually increases. A maximum time step of 5

ms was chosen to ensure the gas velocity is nearly constant over the time step.

When the devolatilization model was added to the particle heating program, several
modifications were incorporated. Corrections to the convective heat transfer coefficient and
drag coefficient are required to allow for the effects of mass transfer from the pyrolyzing coal
particle. This can be corrected for by means of the transfer number, B, which is defined as:

B = (Y, =Yx)/(1-Yo) (4.11)

where Y, and Y, are the particle surface and ambient mass fractions of volatiles respectively,
From simple droplet evaporation theory, this is related to the volatiles mass flux G by:

B = exp(r,G/pD) - 1 (4.12)

where r, is the particle radius, G the mass flux of volatiles, p the gas density and D the
diffusion coefficient. The drag coefficient is then [41):

¢z = ¢, /(1 + B) (4.13)
where cg, is the drag coeflicient of the non-pyrolyzing coal particle:

oo = %(1-;-0.151&“") (424)

Rc:l"l -u]
n




The net effect is that the drag coefficient is decreased by the transfer because the boundary
layer thickness is increased. lowering the skin friction. and the wake region is filled, leading

to a reduction in form drag. The heat transfer coefficient becomes [41]:
k= h,In(1+ B)/B (4.15)
where h, refers to the convective heat transfer coefficient in the absence of mass transfer [24]):

= 0.5 0.66 025y, ¥ \0.251_HSp
h [2.0 + (0.4Re" + 0.6 Re%%%)(Pr )(,u,) ]Prd,, {4.16)

At small mass transfer rates, equation 4.15 reduces to A being equal to k,, since In(1 + B) ~
B for small B. Mass transfer decreases the values of the convective heat transfer coefficient,
again because of the increased thickness of the boundary layer. The thermal conductivity
of the gas in equation 4.16 is substituted using the definition of the Prandtl number:

pr=2£ (1.17)
k
so that
= &8
k=2 (4.18)

where the heat capacity of the gas is estimated using correlations from Reid, Prausnitz, and
Sherwood [42], and the gas viscosity is fitted by the Sutherland equation [17]:

BT'S
kF=T+¥s

where B and S are constants. The mass transfer from a devolatilizing ¢oal particle (using
parameter estimates determined by Kobayashi [1]) can be seen in figure 9 to have a negligible
effect on the particle temperature.

The original particle energy balance was modified by including the heat of pyrolysis

term:
aT 6

4t pppd,
where G is the instantaneous mass flux from the particle surface and is equal to:

[¢rad ~ Geonv — GH,) (4.19)

G = (AV-py-V;)/(A,- A1)

where:
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o AV - the change in weight loss during the time step

e V} - the particle volume

o A, - the particle surface arca

4.3 Physical properties of coal

Modeling of coal pyrolysis requires data for physical properties of coal such as the specific
heat, density and emissivity. There is little variation in the estimates of the coal emissivity
which is generally listed [24,25] as:

€=108 (4.20)
Unfortunately, there is a basic lack of specific heat and density data, so estimates of these
properties of coal have been used in this study. These estimates for a substance like coal,
which changes both chemically and physically when heated, are questionable. The estimates
of these propertics are even questionable for unheated coal because of the difficulty in
accounting for the strong effects of coal rank, mineral matter and moisture content. The

method of selection of estimates by other experimenters will be reviewed.

4.3.1 Specific heat

Merrick [8] found that the specific heat of coal usually increases with temperature and
volatile matter. The specific heat of coal and coke was modelled based cn atoms oscillating
in the solid matrix. It was postulated that as-the coal devolatilizes, the loss of hydrogen
content results in the specific heat approaching the lower curve for coke. Figure 10 also shows
that the specific heat generally could be considered to remain constant at a value of 2000
J/kg K in the temperature range of interest. However, it should be roted that this model
predicts the specific heat for coals licated at Jower heating rates and lower temperatures
than a coal particle would expericnce upon cntering a combustor. The dependence of the
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specific heat on devolatilization would suggest that specific heat could also depend on the
heating history. Merrick stated that this comparatively high specific heat included the

endothermic heat of pyrolysis.

Kobayashi [1] found that the specific heat of raw coal increases with increasing volatile
matter and moisture content but decreases with increasing ash content. Coals with volatile
matter in the range of forty percent were found to have specific heats around 1255 J /kg K.
The specific heat was also found to be affected by the physical and chemical changes of the
coal during heating. It was found that for a given heating rate, the position of the specific
heat maximum is displaced towards higher temperatures as the volatile matter of the coal
decreases. Chars produced from coals with volatile matter in the range of thirty to forty
percent would be expected to have a specific heat vaiue of 1380 J/xg K.

Eisermann et al. [43] presented a method of estimating the specific heat of coal and
char. This method is based on the summation of specific heats weighed by the respective
mass fractions of the different components: moisture, primary volatile matter, secondary
volatile matter, fixed carbon, and ash. The evaluation of the original fraction of volatile
matter in the coal or char is found by « correlation which utilizes the composition of the
coal ot char as determined by ultimate analysis. The secondary volatile matter is taken to
be ten percent if the total volatile matter content is greater than ten percent and equals
the total volatile matter if the amount is less than or equal to ten percent. The primary
volatile matter is taken to be the amount in excess of ten percent. It should be noted that
this seemingly arbitrary categorization of the volatile matters, as well as the evaluation
of the amount of original volatile matter, is highly questionable. The specific heat of each
component is then estimated using correlations with the devolatilization temperature as the
only variable. The specific heat of coal and char is determined by a weighted summation
of the different components. The difference between the specific heats of coal and char is
detormined mainly by their different compositions. There are two main problems with this
method: first, the correlations that determire the specific heat of each component are based
solely on temperature and therefore are highly specific; secondly, the use of broad categories




as ‘primary volatile matter’ results in the model not heing able to account for the variations

in composition of these mixtures [38].

The majority of rescarchers did not list the physical properties used for coal. Of the
researchers that did. the estimate that was used in calculations was merely stated with little
or no discussion. The specific heat estimates used by these researchers [44,20.45.28] varied

from 1255-4187 J/kg K.

The specific heat of coal is not well documented and there is muck uncertainty in the
values listed, particularly as it is diffcult experimentally to separate the specific heat and the
heat of pyrolysis. These two must be separated, however, since the devolatilization process
depends on the temperature and heating history. Hence Merrick’s data [8] is unusable. As
Robayashi’s devolatilization data was to be used in determining rate constant estimates, it
was decided that to be consistent it would be best to use the specific heat estimate for char
listed by Kobayashi (1330 J/kg K), as it is also an ‘intermediate’ value of all the specific heat
estimates listed. A realistic value could be expected to lie between the specific keat of pure
carbon (750 J/(kg K) at room temperature [25]) and those of typical liquid hydrocarbons
(roughly 2000 J/(kg K)); this rules out the larger values reported in the literature.

4.4 Heat of Pyrolysis

A complete energy balance on a devolatilizing coal particle must include the endothermic
heat of coal devolatilization. Heats of reaction in the range of 10° — 10° J/kg are not
unreasonable when considering thermal bond breaking processes such as:

C:Hyg — C3Hg + CHg AHp = ~-1.2E6J/kg

However, the heat of pyrolysis, which theoretically could be calculated from the heats of
formation of reactants and products, is in practice unknown.

Maloney and Jenkins [20] listed the heat of reaction to be in the range of 2.1E5 to
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4.2E5 J/kg coal. Stickler et al. [43] included the heat of pyrolysis for each reaction in a two
competitive reaction scheme as 1.675E6 and 3.37E5 J/kg for the low and high temperature
reactions respectively. Tsai and Scaroni [46] predicted a temperature drop of 5-25 K for a
heat of pyrulysis of 1.67E6 J/kg. It should be noted that these rescarchers listed the values
of the heat of pyrolysis with little or no discussion. For the sake of comparnison. the heat of
combustion of coal ranges from 20E6 0 35 E6 J/kg and a typical hydrocarbon from 106G
to 45E6 J/kg.

Mahajan et al. [23] tested the heat of pyrolysis at temperatures up to 853K using a
thermal analytical technique called differential scanning calorimetry, in which the heat flow
between the sample and reference material is measured. The heat of pyrolysis varied from
-1.2E5 to 2.8E5 J/kg and was an irregular function of carbon content that had a maximum
in exothermicity and endothermicity aronnd 71% and 81% carbon respectively. It should
be noted that there was some question about the results, since after correction for weight
changes, the exothermic effects observed in uncorrected curves became either entirely or
partly endothermic.

Freihaut [9] tested the effect of the heat of reaction, which was varied from 0-4.2E6 J/kg,
upon the predicted temperature internal profiles of a 100 um particle. From figure 11, it
can be seen that the maximum temperature difference predicted inside the particle is 150K.

This survey shows that there is wide disagreement as to the value of the heat of pyrolysis:
it is very difficult to measure, and will almost certainly vary with coal rank and ultimate
yield. In performing measurements of the heat of pyrolysis, it is easy to confuse it with
evaporation of moisture or the variation of specific heat with temperature. In view of
this, an intermediate value of the heat of pyrolysis, 8.37E5 J/kg, was arbitrarily selected
for the model. The sensitivity of the model to the value chosen was tested by making
sample calculations for the Kobayashi furnace [1]. The heat of pyrolysis can be seen in
figare 12 to have but a slight effect upon the particle temperature: the comparison of the
tempmfure variation due to the heat of pyrolysis to the weight loss versus time history
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shown in figure 13 shows that the effect on the particle temperature becomes the most
significant. as expected. in the later stages of the devolatilization once a sigrificant portion
of the particle has devolatilized. These results suggest that little attention needs to be

devoted to accurate evaluation of the heat of pyrolysis.

4.4.1 Density and Diameter Behavior

Coal undergoes considerable physical change upon heating. One of these changes is swelling.
which is of particular interest as it could result in clogging of experimental or industrial
equipment. Researchers have identified two different types of behavior during devolatiliza-

tion:

o particle diameter remains relatively constant but density decreases as devolatilization
proceeds. This behavior has been verified by visual observation of lignite coal particles
after devolatilization experiments {1,4.27 47}

e particle diameter increases and density decreases as well. This behavior also has been

substantiated by visual observation [15,27,47,48,49,50,51] of bituminous coals.

The ASTM free swelling index measures the tendency of coal to swell when burned or gasified
in a fixed or fluidized bed; however, it is not recommended as a method of determining the
expansion of coal in coke ovens [14]. Swelling coals are generally medium to high volatile
bituminous coals which become plastic on heating.

Constant particle diameter

The changing density of a constant volume particle can be calculated as:
p=pMAFR(1-V)+(1- MAFR)p, (421)

where




e MAFR represents the moisture and ash free fraction of the coal
e p, is the original density of the coal particle

e 17 is the fractional weight loss of coal on a2 moisture and ash free basis

The second term corresponds to the ash in the coal particie which is assumed to remain
constant. The first term corresponds to the devolatilizing mass of coal. Equation 4.21 can
be further reduced to:

p=ps(l=MAFR-V) (4-22)

Changing particle diameter and density

Scveral researchers [48,36] have addressed the problem of changing particle diameter by
using a swelling factor. Coal particles have been observed to swell by as little as ten percent
to as much as ten times the original particle diameter. A suggested model for changing
particle d*ameter [48,36] is as follows:

d=dy(1+ (S 1)1 - X,)) (423)

where

e d, - original particle diameter
e S,y - ratio of swelled particle diameter to original diameter

e X, - fraction of volatiles not yet released

One serious problem with this method is that it requires an estimate of the ultimate yield,
whichk however is a function of temperature and heating history and is not known until
the devolatilization is complete. An alternative method of predicting the particle diameter
would therefore be desirable, but no other expression has been devised as yet.
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The density of the particle is linked with the changing particle diameter by the following

equation:

p=po(l=MAFR-V).-£ (4.2:0)

“l

where

e d, - initial particle diameter

e d - current particle diameter

Calculations in appendix B show that if the particle diameter increases, the heat trans-
fer by convection increases as d/d,,, while the heat transfer by radiation could increase as
(d/d,)*. Although Kobayashi [1] did not record the diameter of the devolatilizing coal
particles during the devolatilization experiments, additional experiments were conducted
in which the changing diameter of the coal undergoing pyrolysis was recorded. The deter-
mination of the particle temperature at the point of the last observation at which there
is : inimal particle size change indicates that the particle is essentially heated up to fur-
nace temperature before any significant particle size change occurs, thereby minimizing any
change in heat transfer due to particle size. The effect of particle size on particle motion
is also checked in appendix B, which indicates that there is no significant change in veloc-
ity associated with the increased size of the particle. Because of this, and because of the
problems associated with modelling the swelling of the particles, only the constant particle
diameter equation has been incorporated into the computer program in the present work.
Although the particles in this study reached furnace temperature before significant swelling
occurred, this might not be true for other furnaces and the change in heat transfer rates
could seriously effect the accuracy of the particle heating program and therefore this prob-
lem should be investigated and a more acceptable equation to describe changing particle
diameter should be developed.




Table 3: Kobayashi Furnace Dimensions

' size, inches
burner 047 ID
3/16 OD
reactor tube 2ID




Chapter 5

Fitting Routine

A part of the object of this study is devising a procedure for fitting devolatilization reaction
constants to experimental data. This chapter describes a trial fitting procedure, which in
the following chapter will be applied to the data of Kobayashi [1] to test its utility. Future
work with this procedure may result in further modifications; in particular, expericnce may
allow for elimination of some of the steps used to get initial estimates of the parameters.

The two reaction model:
' 4
V= fo (erky + azkz)edt (5.1)

where

¢ = exp f5 —(ky + kz)dt

is to be fitted to the experimental data with the following parameters to be estimated for
each of the reactions:

e q; - the ultimate yield

e k,; - the pre-exponential constant in the Arrhenius rate expression
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s E, - the activation energy of each reaction path

A two part procedure was required for fitting. The model is intrinsically nonlinear
and therefore a non-linear regression routine is required. Iowever, as the convergence of
the non-linear routine to a solution proved to be greatly dependent upon the quality of
the initial estimates, an approximate model using isothermal devolatilization and linear
regression was first used to get initial estimates. The first part therefore assumed that
devolatilization occurred isothermally, while the second part incorporated the full heating
history of the particle and therefore involved non-isothermal devolatilization. Each part of
the analysis had several steps which will be listed in full.

5.1 Isothermal fitting procedure

The isothermal analysis was performed by assuming the particle temperature was constant
and ¢qual to that of the furnace. The heating histories of the particles were examined and
any data obtained at a temperature deviating from the furnace temperature by more than
about twenty percent were omitted from this section of the analysis. The isothermal fitting
of the data was performed using SAS [52], which is an acronym for Statistical Analysis
System. The first SAS procedure used is the REG procedure which is used to fit least
squares estimates to linear regression models. Least squares estimates of the parameters of
non-linear models are produced using the SAS procedure called NLIN. Non-linear models
are more difficult to specify and estimate than linear models, for linear models require
simply the independent and dependent variables to be listed, while for non-linear models
one must write the regression expression, guess starting values and specify derivatives of
the model with respect to the parameters.

The isothermal fitting procedure is broken down into several steps to produce initial
estimates for the non-isothermal fitting procedure. In the first step, the single first order




reaction model

V = a;(1 - exp(—kt)) (5.2

k = k,exp E/RT

with the parameters a;, the ultimate yield at temperature T, and k. the reaction rate
constant, for all of the temperature runs was fitted to the isothermal weight loss data using
NLIN. The process of selecting starting values for the parameter estimates that are required

by NLIN is simplified since a, the ultimate yield, can only logically vary between 0 and 1.

The second stage of the isothermal fitting routine is to produce initial estimates of the
pre-exponential constants and activation energies of each reaction. With estimates of k at

several different temperature levels, the Arrhenius cquation is linearized to the form
Ink=Ink,— E/RT (5.3)

This linearized equation is fitted to the data with the SAS linear regression procedure
called REG by fitting In k versus 1/T. In the use of least squares, one of the assumptions
made about the pure error of the data is that its variance is constant over the region of
the operating variables used to collect the data. The logarithmic transformation used to
convert the rate expression from a non-linear to a linear expression can lead to a violation
of this assumption. Therefore, this procedure is used to get initial estimates of k, and E
from the slope and intercept of the fitted line , which are then to be used in the non-linear
fitting routine. This leads to the third step of the isothermal fitting routine in which the
reaction rate constants, &, and E, are fitted non-linearly

k= k,exp E/RT (5.4)

with the linear estimates input as the required initial estimates. The last step in the
isothermal fitting is fitting

V = a1 — exp(~k, exp(—E/RT)t)) (5-5)




non-linearly using the isothermal data. The value of o was set to the least squares estimate
found during the first step of the fitting routine. This step is important, for the parameter
estimates determined in this step are not dependent on the values of £ produced in step one
as the parameter estimates found in the previous two steps are. The results of the non-iinear
fitting of the rate constant parameters are used as initial estimates of the parameters for the
non-isothermal fitting routine. Although not all the values of the parameter cstimates from
this step are required as initial estimates of the parameters in the non-isothermal procedure,
they are all included to verify that this procedure converges to a single solution regardless

of the inital starting values.

5.2 Non-isothermal fitting procedure

The sccond part of the fitting procedure incorporates the full heating history of a particle
at a given furnace temperature. The full heating history of the particle is important to
the devolatilization process, since the longer the heat-up time is the greater the effect the
first reaction has on the pyrolysis of a particle heated to elevated temperatures. The fitting
routine used in this procedure is an IMSL routine {53] called ZXSSQ. IMSL is a system
of Fortran subroutines for mathematics and statistics, in which ZXSSQ is o derivative-free
routine that finds the locai minimum of the sum of squares of non-linear equations. One of
the major advantages to ZXSSQ is that it eliminates the need for explicit derivatives. This
is a very important consideration since the full model:

V= [(arh + oska)esp( [ ~(h + ko))t (5.6)

cannot be easily integrated analytically. As the pyrolysis is non-isothermal, the tempera-
ture change with time must be incorporated into the integral. An examination of a typical
temperature-time profile, figure 14, shows that the best function to describe its behavior is
an exponential function as used by Badzioch and Hawksley [15]. However the first integra-
tion results in exponential integrals which in turn need to be integrated. These problems
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make an analytical integration of this model very difficult and therefore explicit derivatives
could not be found. ZXSSQ was used as the explicit derivatives were not required and the
integration could be performed numerically using the trapezoid rule. ZXSSQ requires that
the residuals be supplied by the user:

f(z) = yu - g(x) (5.7)

where:

e y, - observed response, which in these experiments is the weight loss of the coal
particle to time t

» g(z) - function defining the non-linear model, equation 5.6

Being 2 non-linear least squares routine, ZXSSQ requires initial estimates and these were
taken from the isothermal fitting routine described above.

In integrating equation 5.6 to determine g(x), the time step was taken as the spacing
between the data points. As this could require rather large steps to be taken in this proce-
dure as compared to the particle heating routine, the results can still only be approximate,
depending upon the spacing of the data. The particle temperatures were taken from the
particle heating program using the parameter estimates determined by Kobayashi [1,10] for
the two competitive reaction model. Although it would seem inconsistent to use these parti-
cle temperatures to fit new parameter estimates, the heat of reaction and mass transfer from
the devolatilizing particle can be seen in figures 9 and 12 to have a negligible effect on the
temperature of the particle. The accuracy of the integration would of course be improved
by using the smaller time step of the particle heating program; however, this would give
calculated points in between the data points an equal weight in the fitting routine as the
calculated points that correspond to the data points. This rather crude integration scheme-
proved capable of producing parameter estimates that fitted the data well, as will be shown
in Chapter 6.



ZXSSQ has three convergence criteria {33]. The first criterion is satisfied if on two
successive iterations, the parameter estimates agree to a specified number of significant
digits. In this study, the number of significant digits was set to six. The second convergence
criterion is satisfied if on two successive iterations, the residual sum of squares estimates
have a relative difference less than or equal to a second value specified by the user whick
was set to 1E — 8. The last criterion is satisfied if the norm of the gradient is less than or
equal to a third value, which was set to 1£ — 8 in this study. Convergence is assumed if

any one of these criteria is met.

Each set of parameters was fitted by using a representative temperature in each of the
groups of high and low temperature runs. At low temperatures, it is assumed that the second
reaction has a minimal role in devolatilization, so the first step of the non-isothermal fitting
routine is fitting the low temperature estimates using the non-isothermal single first order
reaction model. However, this can not be done with the high temperature parameters, since
the temperature at which the first reaction has a minimal effect is usually beyond the range
of experimental data. This procedure is used to get better estimates of the low temperature
constants.

The second step of the non-isothermal fitting routine is fitting the high temperature
parameters using the full two reaction model. This was accomplishe' by fixing the low
temperature parameters and fitting the second set of parameters to a suitable run of non-

isothermal pyrolysis data. The equation being fit is:

t t
V= [(eaks + aak)esp(= [ Ok + kaat)at (5.8)

where:

o ky = ko exp(—E)/RT), where k;; and E; are set

o k3 = kspexp(—E2/RT), where k,; and E; are the parameters being fit to the data.
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The low temperature parameters utilized were tkose determined in the first step of the non-
isothermal fitting routine. In order to best fit the second set of parameters, it is important
that during the second stage of the non-isothermal fitting procedure, the temperature run
that is used is high enough that the first reaction has a reduced effect in the devolatilization

Process.

A technique used to increase the efficiency of the non-linear estimation routine is to cen-

ter the data about its mean temperature, 7. The following equivalent Arrhenius expression
is then used:

k= 8exp(—E/R(}/T - 1/T")) {5.9)
where
8 = k,exp(—E/RT") (5.10)

The fitting procedure, therefore, searches for the least squares estimates of # and E, which
can then be converted to values of k, and E.

5.3 Significance tests

The suitability of the estimated parameters was then tested using residual plots and the
R ratio test. In order to explain the R test, some background theory [54] should first be
explained. When performing a regression procedure the aim is to reduce the sum of squares
of residuals:

e By — W)’

= Z(ye — o)’ + (% — )’ (5.11)

e 1, - value of fitted response
e ¥, - measured response valve

e %, - mean of measured response valves at operating conditions u




The first term in equation 5.11 represents pure error or the scatter in the experimental data

as determined from replicates in the data. The second term denotes the lack of fit of the
model in representing the experimental data. The purpose of the R test is to determine
whether the variance of the lack of fit of the model in describing the datais smaller than the
variance of the data itself. The R test, which is the ratio of the lack of fit variance to the
variance of the data, is compared to the F probability function. The F distribution function
has two numbers of degrees of freedom which are the degrees of freedom associated with the
two independent variance estimates [54] and therefore the F function is used to determine
whether the two variances are the same at the desired probability level. If R is less than F,
it suggests that any inadequacy in the fitted model is not significantly larger at the specified
significance level of the F function than the experimental error. The sensitivity of this test
decreases sharply with the number of degrees of freedom, and thus unless the data contains
several replicates this procedure will detect only gross inadequacies in the fitted model.

The second test of significance for the fitted model is the residual plot. A residual
plot consists of the residual, the difference between the predicted and measured response
value, plotted against the predicted response value. The plots should be examined to detect
any unusual behavior, for the residual plot from an adequately fitted model should behave
randomly. Any trends in the residual plots would indicate that the model is not accurately
describing the experimental data and that some unknown variable is affecting the data.

5.4 Precision of the parameter estimates

The precision of parameter estimates can be described by joint confidence regions which
show the degree to which the least squares estimate of one of the parameters depends upon
the value of the other parameter- A 100{1 — a) confidence region contains the values of the

parameters, 3, that satisfy the inequality:

S(8) = 5(B) < po* Fpua (5.12)



where

e S5 (B) - sum of squares at the least squares estimates of the parameters
e p - number of parameters estimated
s &2 - estimate of pure error variance with v degrees of freedom

e F - T distribution having p and » degrees of freedom

As there are more than two parameters being fitted in this study, the confidence regions
will be dealing with two parametets at a time with the other parameters being sct to their
least squares estimates. As a result, the confidence regions shown ir this study are actually

conditional confidence regions.




Chapter 6

Application of Fitting Procedure

In this chapter the fitting procedure outlined previously will be tried out on the data of
Kobayashi {1]. The furnace used by Kobayashi for data collection was a laminar flow furnace
in which the coal samples were entrained in a argon primary gas flow and injected into the
center of 2 preheated argon secondary gas flow. The data were collected at six different

furnace temperature levels for two different coals, 2 lignite and 2 high volatile bituminous
coal, and are shown in figures 15 and 16.

6.1 Comparison of Particle Heating Calculations

The first step of the analysis is the determination of the heating history of the coal particies.
In collecting data, Kobayashi recorded the distance between the injector and the collector,
the coal mass flowrates, and the primary and secondary gas flowrates. Table 4 contains
the operating conditions of the farnace heated to different temperatures for the two coals.
The particle heating program [17], suitably modified to represent Kobayashi's reactor as
described in chapter 4, was then run to determine the residence times and temperatures of
the particles at the injector distances specified.
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Figure 17: Comparison of residence time predictions from present particle heating program
to predictions by Kobayashi[l,10]




Figure 17 shows an example of the residence times of the particles as predicted by the
particle heating program and those as predicted by Kobayashi. This comparison reveals
a rather large discrepancy between the two residence time predictions. Kobayashi deter-
mined the temperature and velocity fields inside the furnace by making several simplifving
assumptions, the chief one being that the temperature and velocity profiles of the main
gas and carrier gas flows are flat and the gradients at the interfaces are approximated with
equations with adjustable parameters, K, and K. A momentum integral method analysis
was then used to predict the development of the velocity profiles with distance along the
reactor. Kobayashi also assumed that there is no particle slip, so that particles and gas
move at the same velocity. This enabled the parameter for the velocity expression, Ky, to
be found experimentally from the results of laser velocity measurements of the coal parti-
cles. As the radiation from the sides of the furnace made the measurement of the particle

temperature impossible, the two parameters were related using a shape factor, 9:
K,=9= Kk, (6.1)

where K is the parameter for the temperature profile, and an indirect method of choosing 8
was used based on the observed weight losses at different temperatures. In comparison, the
program written by Flaxman {7] numerically solves all the fundamental governing equations
using finite difference techniques. The temperature and velocity fields of the furnace are
then used to calculate the coal particle temperature and velocity by numerical solution of
the differential equations of particle motion and heating. When the devolatilization model
was added to the particle heating program, several modifications were also included whick
are discussed in chapter 4. As the particle heating program in the present work is much
more rigorous, it was taken to be much more accurate than Kobayashi’s model.




6.2 Isothermal Fitting

The isothermal fitting procedure is used to produce initial estimates for the non-isothermal
fitting routine. The isothermal analysis was performed by assuming the particle temperature
was constant and equal to that of the furnace. As stated previously, any data taken at a
temperature deviation from that of the furnace of greater than twenty percent were omitted

from this section of the analysis.

6.2.1 Determination of Ultimate Yield and Reaction Rate

The first stage of the fitting routine is the non-linear regression fitting of the isothermal
first order reaction model

V = a(1 — exp(—kt)) (6.2)
to the data for each individual temperature run. It should be noted that the parameters
could not be fitted to the lignite coal run at 1000K because a major portion of these data
recorded a negative weight loss. These data are clearly unacceptable and the elimination of
these data resulted in insufficient data for fitting the parameters in this run. The parameters
were then fitted to the remainder of the temperature runs and the results are listed in table 5.

Table 5 reveals that the fitted ultimate yields of both coals at 1260K are very close to
their proximate volatile matter yields, which are .362 and .407 for the lignite and bituminous
coals respectively. Any discrepancy might be due to the fact that neither coal at 1260K
has experienced sufficient residence time to appicach its asymptotic weight loss. This
can be clearly seen in figure 18. The residence time is insufficient as well at 1000K for
the bituminous coal. However, as the proximate analysis test is performed at 950K, it is
believed that if given sufficient time the coals devolatilized at 1000K would have achieved
an asymptotic weight loss approximately equal to their proximate volatile yield. Therefore
it is evident that the lower temperature maximum weight loss is roughly equal to the

proximate volatile yield. It is for this reason that a,, the low temperature reaction ultimate
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Table 4: Furnace operating conditions

temperature | primary gas | secondary gas | suction

flowrate flowrate flowrate
K 1/sec 1/sec 1/sec
1000 6.6TE-4 0.49 0.25
1510 2.50E4 1.16 0.50
1740 (lig) | 5.83E-4 1.72 0.86
1740 (bit) 5.55E-3 1.72 0.86
1940 (lig) { 5.83E4 2.50 0.86
1940 (bit) | 5.00E-3 2.50 0.86
2100 1.01E-2 2.50 0.86

Table 5: Ultimate yield and reaction rate predictions

temperature { ultimate yield | reaction rate
K 1/sec
lignite
1260 3062 9.8331
1510 - A595 28.3637
1740 25239 61.8103
1940 6014 99.7716
2100 6665 153.917
bituminous
1000 2263 2.3321
1260 4538 7.1982
1510 A739 23.183
1740 4467 167.525
1940 9984 46.920
2100 6416 377.008
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Figure 18: Weight loss versus residence time for 1260K data
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yield of each coal, will henceforth be set to its fitted uitimate yield at 1260K. Although
Kobayashi [1,10}. Ubhayakar [29], and Jamaluddin [13] set the low temperature ultimate
yield to the proximate volatile matter yield of the coal, this would ‘pull’ the fitting routine
off the line of best fit and affect the least squares parameter estimates. I the number of
data points collected per run is increased in future experiments, it is expected that the fitted
ultimate yield at 1260K will more closely approach the proximate volatile matter yield.

An examination of table 5 reveals that the parameter estimates for the 1740K and 1940K
bituminous runs do not fit into the general trend of increased ultimate yield and reaction
rate constant with increased temperature. The fitting of the 1740K bituminous run results
in a reaction rate that seems to be excessively high along with an ultimate yield that is
too low in comparison to the values predicted for the 1510K bituminous run. As stated
previously, the data obtained at a temperature twenty percent or more below the furnace
temperature were omitted from the isothermal section of the analysis. In table 4, it can be
scen that the gas flow rates are the same for both coals at 2 given temperature except at
1740K and 1940K. At these two temperature runs, the primary gas mass flowrates for the
bituminous coal are approximately ten times the flowrates for the lignite runs. Figure 19
shows that while the lignite coal quickly comes up to temperature, the bituminous coal
does not approach the furnace temperature until the end of the furnace. This resulted in
the rejection of most of the data points in the 1740K and 1940K bituminous runs for the
isothermal section of the regression analysis. Only four data points and two replicate: were
used in this fitting procedure for the 1740K bituminous run. As the weight loss data included
in this procedur: was leveling off to the asymptotic weight loss, it was the reaction rate
that was adversely affected by the reduction in data. Conversely, for the 1940K bituminous
run, the ultimate yield is obviously overestimated. This is a result of the residence time
being too short to clearly approach the asymptotic weight loss, as can be seen in figure 20.
This weakness is compounded by the effects of having only three different experimental
data points and one replicate. As a resalt, the fitting routine wildly overshoots the true
ultimate yield. This emphasizes the importance of having more than the minimum data to
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fit the parameters as well as the importance of the asymptotic weight loss being reached iz

the experiments.

it may be argued that these problems might solely be the effects of using too little
data. However, this argument was effectively dismissed in the fitting of the parameters
to the 1510K bituminous data. In this fitting procedure not all the data that fell within
twenty percent of the final temperature were included. When 2ll the data were included, the
fitting procedure overestimated the ultimate yield because the weight loss data approaches
an asymptote but does not extend far into the asymptotic weight loss region. Figure 21.
shows that when all the points are included the asymptotic weight loss line is ignored, and
SAS fits a steep straight line. When fewer points are included the curve of the asymptote
is emphasized more and SAS fits a more realistic curve. This behavior can also be seen in
figare 21. It can be concluded that it is most important to extend the residence time so
that the asymptotic weight loss is clearly reached and to have a number of data poin"_s. in
this region.

One problem with omitting the data collected at twenty percent below the furnace
temperature is that it masks the effects of the heating history of the coal, which is more
significant for the bituminous coal heated to the higher temperatures. Figure 19 compares
the heating histories of the two coals at 1940K. Since the bituminous coal heats up more
slowly, the first reaction has a larger effect aud the devolatilization is affected by this. This
effect can be seen in the following equation for the two reaction model:

V= f :(lel + azka)Cdt (6.3}
4]

where

C = exp 3 —(k1 + k2)dt

In the above equation, C is the mass of coal not yet devolatilized. With a relatively slower
heating rate, the first reaction has 2 significant role in the devolatilization and therefore
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reduces the mass of coal that is available to be devolatilized by the second high temperature

reaction. It is in this manner that the heating rate affects the devolatilization of the coal.

6.2.2 Fitting of the Arrhenius Rate Constants

The next stage of the fitting routine is to estimate the Arrhenius rate constants using the
isothermal data. The fitting of the parameters was performed by splitting the data into two
sections, low and high temperature data. The low temperature data includes the 1000k,
1260K and 1510K data, with the remaining runs being included in the high temperature
rans. The parameter estimates for each coal are found by fitting the model to cach set of
data. As the data for the lignite coal at 1000K were eliminated, attempts to fit the low
temperature parameters for the lignite coal were conducted using two different methods:
first, using only the 1260K ard 1510K data; and secondly, using the 1000K bituminous data
along with the 1260K and 1510K lignite data. Although it would seem inconsistent to use
the data of the two coals to determine parameter estimates, it should be noted that the
isothermal fitting procedure is used only to determine initial estimates of the parameters.
This will not be done in the non-isothermal procedure which is the final stage in the fitting
procedure. The high temperature parameter estimates were fitted using the appropriate
temperature runs.

The first step of this procedure is to use the k at each of the temperature runs to fit the
equation:

Ink=1nk,— E/RT (6.4)

to the isothermal data. This fitting will give initial estimates of k, and E for the high and
low temperature reactions. The results are listed in tables 6 and 7. The next step is to use
these values as initial estimates in the non-linear regression of:

k = ko exp(—E/RT) (6-5)

These results are also listed in tables 6 and 7. The last step in the isothermal regression is
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to fit:

V = a{1 — exp(~k, exp(— E/RT)t) (6.6)
As this last step utilizes a non-linear regression routine, the parameter estimates {rom the
previous step are uscd as initial estimates for this routine. The results of this regression
are also included in tables 6 and 7. Each of these steps represents an increase in the
accuracy of the parameter estimates. Although the regression using cquations 6.5 and 6.6
could possibly be omitted from this procedure, the steps are included in order to have

several different parameter estimates to use to test and ensure the convergence of the non-
isothermal regression routine that is used in a later step.

An analysis of the parameter estimates found through the regression of isothermal data
reveals that although this operation was successful in that the routine converged, the high
temperature parameter estimates seem questionable, since the values of the activation en-
ergies are Jower than expected (Table 11). However, it should be noted that since 2 single
equation devolatilization model is being used at this point, these values represent the ef-
fective E and &, of the two equation system. In the temperature range used to determine
estimates of the high temperature reaction constants, it is expected that the first reaction
will still have a significant role in the devolatibzation of the coal. As a result, the parameter
estimates in this procedure would be expected to be Jower than the estimates to be deter-
mined in the non-isothermal procedure where the first reaction equation is inciuded in the
model. However, the high temperature parameter estimates are even lower than expected
since they are in fact only slightly higher than those of the low temperature reaction path.
The high temperature parameter cstimates were not found for the bituminous coal since
the estimates of k for 1740K and 1940K are clearly in error. .

The low estimates of the activation cnergy of the high temperature teaction causes some
concern and a further examination of the devolatilization data. The weight loss data for
high temperature devolatilization show unrealistic weight losses at short residence times.
Table 8 lists the weight loss and heating history of the bituminous coal at 1260K and 1740K.
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Table 6: Low temperature reaction rate constant estimates for isothermal pyrolysis

routine bituminous Lignite lignite + 1000K bit
ko E ko, E k, E
Linear k equation 1746 | 13.29 | 5909.1 | 16.02 | 3583 14.62
nonlinear k equation 5780 | 16.57 | 5909.2 | 16.02 | 5327 1571
nonlinear full model 4637 | 15.97 | 5919.6 | 16.02 | 4406 15.16

Table 7: High temperature reaction rate constant estimates for isothermal pyrolysis

routine lignite
ko, E
linear k equation 9295 | 1821

nonlinear k equation 15120 | 19.19
nonlinear full model 12504 | 17.67

Table 8: Heating history and weight loss data of 1260K and 1740K bituminous coal

1260K bituminous 1740 bituminous

time | temperature | wtloss | time | temperature | wtloss
sec K sec K

041 1220 109 § 002 426 158
.055 1239 125 | .006 789 146
078 1245 167 | .010 1168 328
094 1248 269 | .010 1168 298
Jd11 1250 269 t .010 1168 305
143 1252 289 | .014 1422 383
158 1254 270 | 014 1422 407
158 1254 330 | .018 1552 467
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Comparing the first few data points of these two experimental runs, the coal entering the
furnace heated to 1740K experienced a greater weight loss although the residence time and
temperature was much lower. This behavior is also evident in the lignite data, and is clearly
unrealistic. One possible cause of the overprediction of the weight loss could be recirculation
of the primary gas stream. This would result in much greater residence times than predicted
and higher weight losses than expected.

Kobayashi was made aware of these discrepancies while performing collection efficiency
tests of the bronze filter [1] used to catch the coal particles after pyrolysis. The collection
efficiency tests were conducted using coal particles at room temperature and using alumina
particles at experimental temperatures. Recoveries of greater than ninety eight percent
were found for the lignite coal. However, it was found that about five percent by weight
of the original bituminous coal was lost under simulated experimental conditions at room
temperature. This loss could be attributed to the use of water jets for quenching, which
forced some of the fine particles to escape through the pores of the filter. These tests for
the collection efficiencies for the two coals were conducted with the collector just below the
injector at room temperature. Kobayashi explained that the smaller samples and higher
main gas flows at high temperatures were responsible for the increased particle loss, which
was detected from comparisons of the direct weight loss to the weight loss determined from
ash tracer. As the flowrates are higher at higher temperatures, it is likely that the velocity
at which the particles hit the filter increases. This increases the chance that fragments are
broken off the particles which could be forced through the filter and result in a higher weight
loss being recorded than actually occurred. Kobayashi also proposed that the weight loss at
the high temperatures and longer residence times is underestimated for the bitumirous coal,
because bituminous coal tends to produce a lot of soot during devolatilization [1,13,55]. As
the caal is collected on the filter the pores become clogzed and more soot is collected on
the filter, resulting in an underestimation of the weight loss. The rapid clogging of the filter
was detected by Kobayashi by rapid increases in the pressare drop across the filter.




6.3 Non-isothermal Fitting

It was explained on page 92 that the particle heating history can have a significant cffect
upon the devolatilization process of a coal particle, and therefore the heating history of the
particle was incorporated into the second part of the fitting routine. As stated previously
the overestimation of the weight loss for the coals at high temperature required that these
data be omitted from the fitting routine, as factors other than the devolatilization of the
coal particle are affecting the data. These factors would affect the validity of the parameter
estimates. This elimination of the high temperature data requires an alteration to the non-
isothermal fitting procedure. Instead of fitting the high temperature parameters using a
high temperature run, they must be fitted to the 1510K temperature run, which appears
to be the highest temperature at which reliable data are available. This may affect the
parameter estimation, since the role of the second reaction at 1510K is not as pronounced

as it would be at a higher temperature.

6.3.1 Determination of Low Temperature Parameter Estimates

The first part of the non-isothermal fitting routine is to fit the low temperature parameter
estimates to the 1260K temperature run. It is assumed that the second reaction has a
minimal role in the pyrolysis of the coal particle at the temperatures at which the first
reaction parameter estimates are being fitted, so the single first order reaction equation

V = o{1 - exp(-Bexp(~2(1/T = Y/T"))dt)) (67)
where:
6 = kexp(~E/(RT")

is used in this section of the fitting routine. As stated on page 86, the low temperature
mass fraction, @, is set to the fitted ultimate yield at 1260K. The initial estimates used
are those found in the previous fitting procedures. Several different initial estimates were
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used to ensure that the fitting program had converged to a single solution. The parameter
estimates found for the bituminous coal are listed in table 9, where X(1) and X(2) are initial
estimates for & and E and SSR denotes the sum of squares residuals, while the estimates

for the lignite coal are listed in table 10.

The parameter estimates for both coals show fairly consistent results regardless of the
initial estimates given within the range attempted. This indicates that the routine is con-
verging to a single solution. However, the parameter estimates for the lignite coal are
slightly less consistent than the bituminous coal, which is to be expected since the temper-
ature range for this data is only some ten degrees. This, coupled with the effects of only
having seven experimental data points, leads to a lowering of expectations for the accuracy
that can be achieved in the parameter estimates. The parameter estimates for the bitumi-
nous coal are in fact surprisingly consistent, since the number of data points used in the
fitting procedure is just eight. The estimates of E obtained are similar to those of other

workers which can be seen in table 11, hence appear reasonable.

6.3.2 Determination of High Temperature Parameter Estimates

With the low temperature estimates fitted, the next step in the non—isbthermal procedure
is to fit the high temperature constants using the full two reaction model:

2 t
V= /o (erky + azkz) exp(— jo (ky + ka)dt)dt (6.8)

As stated earlier, oy was set to the value of the fitted ultimate yield at 1260K, which
therefore leaves az, the high temperature uitimate yield, to be set before the process of
determining the high temperature parameters can be started. Jamaluddin et al. [13] used
the following expression to describe ag:

az =QV, (6.9)

where @ = V*/(V, — V;) as defined by Badzioch and Hawksley [15]. This method removes
the temperature dependence of the ultimate yield, as an estimate of the ultimate yield,
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Table 9: Parameter estimates for non-isothermal single first order reaction model -bitumi-

nous coal

X(1)

X{2)

E

ko

SSR

7.138
8.1164
17.719
5.1907
9.1170

16.57
13.29
2521
40.26
16.02

14.6224
14.6238
14.6225
14.6159
14.6159

2798
2798
2797
2790
2790

560758E-2
560758E-2
560758E-2
560758E-2
S560758E-2

Table 10: Parameter estimates for non-isothermal single first order reaction model -lignite

coal

X(1)

X(2)

E

ko

SSR__ |

7.1385
8.1164
9.3438
9.5401
5.1907

16.57
13.29
16.02
15.71
40.26

10.0219
10.0213
10.0215
10.0216
10.0214

14.5102
14.4221
14.4015
14.4093
14.4703

3446
3323
3296
3310
3390

264954E-2
264954E-2
264954E-2

264955E-2
264954E-2
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V'*, is required in the determination of Q; it is therefore undesirable. Ubhayakar et al. [29]
determined that a2 was equal to 0.8 by fitting the data of two separate researchers [15,16]
who used different coals. This seems questionable, as the coals used in the two different
furnaces most likely experienced different conditions, which would affect the devolatilization
behavior. Both these methods of determiring a2 seem questionable, and yet az would
almost be impossible to determine experimentally, since the furnace temperature would
have to be high cnough so that the first reaction has a negligible effect. The required
temperature can be roughly calculated by assuming that k; is negligible if it is twenty
percent of kp:

T = (Ey - E2)/(Rin(ke1 [-2K;2)) (6.10)
Using the parameter estimates determined by Kobayashi [1,10], it was shown in section
3.3.1 that the furnace temperature required is approximately 2950K, which is an extremely
high temperature for performing devolatilization experiments. Also, as no experiments have
been performed at this temperature, one does not even have an estimate to start with. The
simplest argument to date is that of Kobayashi [1]: he set the high temperature ultimate
vield 2o 1, stating that as the temperature gets high enough all the coal wilt be transformed
to volatiles. This is supported by the idea that as the temperature increases, more of the
bonds in the coal structure will ‘break, leading to smaller and more volatile units as the
products. It is for this reason that a; for both coals will herceforth be set to 1. As there
were serious doubts about the validity of the high temperature data, the high temperature
parameters were fitted using the 1510K data. The low temperature parameter estimates
were fixed to the values found in the non-isothermal single reaction model procedure. The
data was again centered around the mean temperature, T, for accelerated convergence.
The high temperature parameter estimates for the bituminous coal are listed in table 12
while the estimates for the lignite coal are listed in table 13, where X(1) and X(2) are initial
estimates for 8 and E; respectively. In spite of the fitting routine being given very different
initial estimates, the resulting parameter estimates are very similar for both coals, which
indicates the routine is converging. Although it is difficult to say whether the values of E;
are physically reasonable or not, they do appear to be somewhat higher than those listed

ok
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Table 11: Parameter estimates for coal pyrolysis listed in literature

Baxter et al. [34]

Ubhayakar [29]

bituminous

lignite

bituminous

bituminous

researcher | coal type [temperature, K| k. | E
One Reaction Models
Badzioch and Hawksley [15] bituminous 923-1273 | ~5E5 | 177
Scaroni et al. [19] lignite 9731273 0.6E3 | 10.3
Two Reaction Models
Kobayashi [1,10} bituminous and lignite 1000-2100 2E5 25
1.3E7 410

673-1373 291E9 | 36.89
1000-2100 5.78E2 | 118

1000-2100 1.94E4 | 216

1000-2170 3.7E5 | 17.6

6.6E7 | 488

965E9 | 73.9

1.46E13 | 60.0

Table 12: High temperature parameter estimates for non-isothermal parallel reaction model

-bituminous coal

X(1)

X(2)

ko

SSR

5.191
17.72
23.13
19.98

40.26
25.21
19.19
18.21

3.8731
3.8731
3.8731
3.8728

89.661
89.676
89.684
89.600

5.27E13
529E13
5.31E13
5.29E13

278%4E-1
27894E-1
278%4E-1
27894E-1

Table 13: High temperature parameter estimates for non-isothermal parallel reaction model

-lignite coal

X(1)

X(2)

ko

SSR__ ||

5.1907
17.719
23.132
79.362

40.26
25.21
19.19
40.28

11.117
11.117
11.117
11.117

63.896
63.895
63.901
63.891

2.63E10
2.63E10
2.64E10
2.63E10

.17508E-1
.17508E-1
.17508E-1
.17508E-1




103

in table 11.

The final values of the parameter estimates are listed in table 14. These were used to
produce the model predictions shown in figures 22 and 23. The model predictions seem quite
good for each coal except for the 1510K lignite run at large weight losses and the 1000K
bituminous run. The 1510K lignite data does not extend far enough into the asymptotic
weight loss region to be accurately predicted by the model. The model prediction for ihe
1600K bituminous run overpredicts the devolatilization data. It should be noted that the
validity of this data is in question since the first few data points in this run recorded negative
weight losses. The assumption made during the fitting procedure that the second reaction
is unimportant at 1260K can be checked by calculating the reaction rates for each coal
using the fitted parameter estimates. From the reaction rates and ratios for each coal listed
in table 15, one can see that the second reaction does not play a significant role in the

devolatilization procedure and this assumption has been verified.

6.3.3 Iterative fitting procedure

As the assumption that the second reaction has only a small effect was verified, attempts
to iterate back to refit k,; and E; to the full two reaction model with kg2 and E-» set using
the 1260K runs were performed. The results of this iteration listed in table 16 indicate
that this procedure was not successful, as the parameter estimates from this procedure
are considerably different from those determined previously. The values of E obtained are
clearly unreasonable: those for bituminous coal are too low, while those for lignite are two

orders of magnitude too great.

The low temperature reaction rate predicted using the parameter estimates from the
iteration step for the bituminous coal is calculated as:

ky = 87.83exp(—5.84/(1.987E — 3 % 1260))
= 852
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Table 14: Least squares parameter estimates for lignite and bituminous coals

bituminous | lignite

(23]
a2

ka1
ko2

4538
1.0
3000
14.6
5.27E13
89.7

-3062
1.0
3320
14.42
2.63E10
63.9

Table 15: Reaction rates for lignite and bituminous coals at 1260K

ky

k2 Eafky |

lignite

bituminous | 8.801 | 1.452E-2
1047 | 2.165E-1

1.65E-3
2.07E-2

Table 16; Iterative fitting of low temperature parameters to full two reaction model

X1 | X & | E | k | SSR
bituminous

7.1385 | 16.57 | 8.2896 | 5.8403 | 87.83 | .54506E-2

7.309 | 15.99 | 8.2896 | 5.8405 | 87.83 | .54506E-2

8.1164 | 13.29 | 8.2895 | 5.8407 | 87.84 | .54506E-2
lignite

7.1385 | 16.57 | 208.47 | 1753.5 | **** | .26355E-2

9.3438 | 16.02 | 208.47 | 1753.4 | **** | 26355E-2

8.1164 | 13.29 | 208.92 | 1754.8 | **** | 26355E-2
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Comparing this value to the value of the reaction rate using the previously fitted parameters,
listed in table 15, shows that the value of the predicted reaction rate at 1260K has only
changed by 3% this iteration step. Rather, it is the values of the estimated parameters that
have changed durihg this procedure; this is not so surpnsing, considering that the number
of data points and the particle temperature ra.nge'in the 1260K run were quite limited. The
residual plots, which are discussed in the next section, show the 95% confidence region for
these parameters. These plots show that there are many different values of &k, and E that
can be considered to be the least squares parameter estimates for the same reaction rate, and
therefore it should not be surprising that the routine converges to different estimates of the
parameters. The change in the low temperature reaction rate, while small, is still an order
of magnitude larger thuu the ratio of high to low temperature rates, ks [k, listed in table 15.
The low temperature rate is therefore quite sensitive to the high temperature parameters,
and it can be postulated that this is a result of the fact that the high temperature reaction
also affects the yield as well as the reaction rate. Because of the small temperature range and
very large scatter of the data, these small changes exert an unreasonably large influence on
E;. Once again the need for a consistent body of data spread over the whole devolatilization
history in order to establish E; is highlighted. A further consideration is that even at 1510K
the rate of the second reaction is a subordinate one: kz2/k, is .237 for bituminous and .545
for lignite at 1510K. The second reaction thus contributes a small portion to the overall

devolatilization process, and the fitted E; can then not be expecied to be very accurate,

The iteration step for the lignite coal was much less successful. In the fitting routine, the

data was centered around the mean temperature, T*, and the rate constant was predicted
using the following equation:

k= oup(-%(ur -1T°) (6.11)
where § and E are the parameter estimates to be determined. Since

8 = koexp(~E/RT") . (612)

e e e

A MUage e

PP TP



ko is calculated by:
ko = 8fexp(—E/RT") (6.13)

However, with the very high estimate of activation energy

exp(—E/RT") = exp(—1750.6/(1.987E -3 » 1250.-1)
~ 0

which is why attempts to calculate k, led to exporent overflow. The ratio kafky is higher
for the lignite, table 15, which when using the arguments in the previous paragraph suggests
a much stronger influence of the second reaction. The temperature range for the 1260K
lignite run is only 9K, which is obviously too small to be used to predict constants for as
complicated a model as the two reaction devolatilization model. Of course, this iteration
procedure brings forward the question of the precision of the parameter estimates which
will be discussed in the next section.

6.4 Precision of the parameter estimates

The precision of parameter estimates can be described by joint confidence regions which
show the degree to which the least squares estimate of one of the parameters depends
upon the value of the other parameter. The confidence regions consist of the values of
the parameters 8 which satisfy equation 5.12, which were found using 2 computer program
written by Dal Cin [56]. As this program requires analytical derivatives of the model with
respect to the parameters, the 95% confidence regions could oaly be found for the isothermal
fitting of the model. The isothermal confidence regions are used as a rough estimate of the
parameter precision. As the confidence regions are found for two parameters at a time the
other parameters were set to their least squares estimates. The confidence regions for a;
and k are shown in figures 24 to 27. The confidence regions of both coals at 1260K can be
seen in figures 24 and 25. Both these plots show that the estimates of ay and k are highly
correlated, meaning that the least squares estimate of one parameter has a dramatic effect
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on the value of the other parameter. The interval of the region on each axis represents the
relative uncertainty of their estimates. Comparing the relative uncertainty of the valve of &
for the coals at 1510K and 1260K, one can see that the precision of this parameter estimate
is greater at 1510K for both coals than at 1260K. This result is in fact not surprising
since the residence time at 1260K was insufficient to approach the asymptotic weight loss.
Although the confidence region for @ at 1260K is quite large, it should be noted that since
represents mass fractions, any values greater than one are physically impossible, while values
substantially different from the ASTM volatile fraction are highly unlikely. As the range
of ‘possible’ values is in fact quite narrow, the uncertainty in these values is considerably
reduced. The effect of not extending fully into the asymptotic weight loss can also be scen
in figure 27 for the 1510K bituminous coal, as the range of values of a is larger than the
corresponding range for 1510K Lgnite.

Figures 28 to 29 show the confidence regions for the fitting of the low temperature
Arrhenius rate constants using equation 6.6 with a; set to the least squares estimates.
Figures 28 and 29 show that the confidence region of &, and E for both coals is long and
attenuated, and therefore it is quite understandable that a least squares fitting routine would
converge slowly to the least squares estimates and that the quality of the initial estimates
would be quite important. Figures 30 and 31 show the confidence region obtained by
centering the data about the mean temperature. As the confidence region is not elongated,
accelerated convergence in the parameter estimation routine is achieved. However, these
plots show that the uncertainty in E, which is certainly significantly lower than that of k,,
is still quite large. As mentioned earlier, this points up the need for more data points in
the heating up part of the devolatilization history so as to increase the temperature range
of the data.
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6.5 Significance Tests

The suitability of the estimated parameters are tested using two significance tests, first the
residual plots and secondly the R test. The residual plots and R test were performed for
each coal for the parameter estimates (without iteration) of the model. The results of the R
test for each coal are listed in table 17. The R test verifies whether the variance of the error
of the model in describing the data is less than the pure error or scatter in the experimental
data. This test suggests that the model is adequate if the ratio of the model error variance to
the pure error variance is less than the corresponding F probability function at the desired
probability level. Table 17 shows that the R ratio is in fact less than F function at the
ninety-five percent probability level, which suggests that the model adequately represents
the data. The second test of significance for the model is the residual plots, which can be
seen in figures 32 and 33 for the lignite and bituminous coals respectively. The residual plot
for the bituminous coal is 2 scatter plot indicating that the model is accurately describing
the experimental data. The residual plot for the lignite coal is also a scatter plot except
for a slight trend in the 1510K data at high weight losses. This appears to be caused by
the data not extending far enough into the asymptotic weight loss region to be accurately
predicted by the model. As this can not be avoided without the collection of further data,
the model for the lignite coal is considered suitably accurate in describing the experimental
data.
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Table 17: R Test for non-isothermal parallel reactior model

n
|

coal R F
lignite 1.577 | 3.94
bituminous | 0.913 | 3.405




Chapter 7

Conclusions and

Recommendations

The objective of this study was to recommend a model and to determine estimates of the
Kkinetic rate constants for the devolatilization of a coal particle from experiments in a laminar
flow reactor which can then be incorporated into a full coal combustion model.

7.1 Conclusions

The first stage of this study involved the selection of a suitable devolatilization model from
the models now available in literature. The different models were critically appraised to
select a model which is relatively simple so as to not require substantial computational
effort, yet is physically realistic. The model selected was the two competitive reaction
model which was first proposed by Kobayashi [1,10]:

¢ t
V = [ (erh + aaka)exp( [ -+ kaanyae (7.1)
0 0
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where:
k = kyexp(E/RT)

and the oy are the yield coefficients which determine the volatile yield. Subscripts 1 and 2
refer to the reactions which dominate at low and at high temperatures respectively. This
model is the only model that can predict the temperature dependence of the ultimate yield.
It is also quite flexible, in that at low temperatures this nuodel reduces down into the simpler

one reaction model which was found to be acceptable at lower temperatures.

The addition of devolatilization to the existing model [7] for flow and particle heating
in a laminar flow reactor required modifications to the convective heat transfer and drag
coefficients to allow for the effects of mass transfer from the pyrolyzing coal particle, which
increases the thickness of the boundary layer. The original particle energy balance was
modified by including a heat of pyrolysis term. As the heat of pyrolysis is very difficult
to measure, there was great variation in the values listed. In view of this, an intermediate
value was arbitrarily selected, and was found to have but a slight effect upon the particle

temperature.

The physical changes of coal upon heating are of considerable interest. The behavior of
non-swelling coals with changing particle density as devolatilization proceeds was modelled
and incorporated into the particle heating program. The effects of swelling or particle
heating were estimated to be small under typical reactor conditions, as most swelling is
likely to occur after the particle has approached its final temperature. Swelling also had no
significant effect on the particle velocity. Hence the particle swelling was neglected.

The next step was developing a method by which the estimates of the kinetic rate con-
stants can be determined from experimental data. Since experimental data is not yet avail-
able from the Energy, Mines and Resources reactor, the experimental data of Kobayashi [1]
was used as a test of the fitting routine. A two part procedure was developed for the fitting
routine. First an isothermal procedure was used to get first estimates of the yield coefficient,
a, and reaction rate, k, for a simple one-step reaction model. The low temperature yield




coeflicient, a;, of the two reaction model was set to the fitted uitimate vield for each coal
at 1260K while the high temperature yield coefficient, a2, was set to 1. Estimates of the
pre-exponential, &, and the activation energy, E, were found for the isothermal one reaction
model and were used as initial estimates of the parameters for the non-isothermal fitting
routine incorporating the full heating history of a particle at a given furnace temperature.
These initial fitting steps were used merely to get good trial values of parameters for the
final fitting process, and can be eliminated if other sources of physically reasonable trial
values are available. The estimates of the low temperature reaction rate constants that were
used in the full two reaction model were then fitted to the 1260K furnace data using a one
reaction non-isothermal model. The estimates of the high temperature reaction constants
in the full two reaction model were then fitted to the high temperature furnace data. As
there was doubt about the validity of the 1740K, 1940K, and 2100K data, the 1510K data
was used for this procedure. The fitted parameters at this stage had physically reasonable
values, and reproduced the experimental data for each temperature well. The extent of
reaction due to the second reaction was found to be only a few percent at low tempera-
ture (1260K), justifying the use of the single-step reaction fitting procedure in fitting the
low temperature parameters. Attempts to improve the estimates of the low temperature
reaction constants by refitting the 1260K data with the high temperature parameters held
constant were unsuccessful, leading to unrealistic values of E;. These difficulties are be-
lLieved due to the small number of available data points as well as the small temperature
range of the collected data, leading to large uncertainties in the fitted parameters.

The precision of the parameter estim.a.ta was investigated in the next stage of the
fitting procedure. The estimates of @ and k determined for each furnace temperature in the
isothermal procedure were found to be highly correlated, in that the least squares estimate
of one parameter was highly dependent upon the value of the other; however, for physically
reasonable values of a, which are between O and 1, the correlation and the associated
uncertainty in the fitted parameters are both considerably reduced. The uncertainty of
the pre-exponential, k,, and the activation energy, E, was found to be quite large as well,
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due mainly to the small number and poor quality of the available data. The uncertainty
in both these sets of parameter estimates highlights the need to collect more data during
the heating of the coal particle and the asymptotic weight loss region so as to increase the
accuracy of the parameter estimates. The suitability of the parameter estimates was tested
using two significance tests: residual plots and the R test. Both these tests suggested that
the model adequately represented the data. The fitting procedure was quite successful as
the parameter estimates used to produce the model predictions shown in figures 22 and 23

represent the weight loss data well.

7.2 Recommendations

e As the contribution of the second reaction to the total weight loss increases as the
temperature rises, experiments should be run at as high a temperature as possible
in order to increase the accuracy of the estimates of the high temperature reaction
constants. Conversely, for reliable fitting of low temperature reaction parameters,
data should be collected at a temperature sufficiently low so that the second reaction
is negligible. A temperature of 1100-1200K is suggested for this purpose.

o Difficulties in the fitting routine lead to the recommendation that the data must be
collected over the full ‘range’ of devolatilization. It is important to collect devolatiliza-
tion data during particle heating so that the effect of both reactions during heating
can be determined in the non-isothermal procedure. It is equally important to collect
data well into the asymptotic weight loss region so that the asymptotic weight loss
can be accurately predicted.

o The accuracy of the fitting procedure is greatly affected by the number of data points
collected and therefore the maximum number of data points possible should be col-
lected in these regions.
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Appendix A

Particle Energy Balance

There was some question about the validity of the energy balance used by Baxter [34] in
which the enthalpy of the escaping devolatilization gases was included. This was tested by
applying the first law of thermodynamics to a pyrolyzing coal particle. This first law for
the particle is:

Q = myhg + (d—';‘f"—) (A.1)

where:

o &2 = -,
e 1it, - mass of volatiles released during time step
s m, - mass of particle

e h, - enthalpy of released volatiles

e u - internal energy of particle

Assuming constant temperature inside the time step:

- 5 dmy du
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. . dm
since my, = =3
. du
Q@ = mv(hy —u)+ m-pa

For an incompressible solid u, = h;, [57], and hy — u is simply the heat of pyrolysis per urit
mass volatiles, AH,,. Therefore:

d
Q = i AH +mp—

and no explicit inclusion of the enthalpy of the escaping volatiles is needed.




Appendix B

Effect of Particle Swelling on
Particle Heating

Swelling coals are generally medium to high volatile bituminous coals which become plastic
upon heating. This swelling is generally of concern as it could result in clogging of exper-
imental or industrial equipment. However, the interest in this study is on the effects of

swelling on particle motion and heating.

In order to simplify this discussion, it is assumed that the slip velocity of the particle
relative to the gas is equal to the terminal velocity:

v =79 (B.1)

where, assuming Stokes’ law to be valid,

ro bl

18u

For a constant diameter particle, it was shown in chapter 3 that

p» = po(1—V - MAFR) (B2)
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substitution into equation B.2 yields:

pod2(1 =V - MAFR)

r= 5 (B.3)
For a swelling particle, 2
P, =po(1=V- MAFR)E,_% (B.4)
therefore: 2
v =(p,(1-V- MAFR)ESE)/lsp (B.3)
The ratio of terminal velocities is therefore:
v, 7
o S B.6
e T ( )
= % (B.7)

so that the slip velocity varies as the diameter. However, since the slip velocity is generally

an order of magnitude less than the gas velocity [17], the effect of swelling on particle motion

is small.
Re _ vid'
Re vd, (B-8)
= 1 (B.9)

This indicates that the increased particle size has no effect upon the particle Reynolds

number.

The effect of swelling on particle heating is investigated by determining the effect of the
increased diameter has on the convection and radiation heat transfer.

Qeony = hA(T, — Teo) (B.10)

where

kNu
d
Nu = 2+ (04Re*S+ o.<51'i:e-’3“)1=>1-°-"“‘f>
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since Re’ = Re then Nu' = Nu and

Geonv d
—_— = B.i1)
Come o (
For radiation,
Qyad = CFJA(Tw e Tp) (B.I'l)

where:

e ¢ - emissivity of coal
e F - view factor
e o - Stefan-Boltzmann constant

e A - surface area of particle

therefore

(B.13)

P
1%

This indicates that both the convective and radiation heating processes are affected by
the increased particle size. However, as the particles [1] were heated nearly to furnace
temperature before any significant devolatilization occurred, the effect of particle swelling
on the heating is minimized.




Appendix C

Particle Heating Program Listing

The particle heating program with the modifications to the drag coefficient, convective heat
transfer coefficient and energy balance equation included is listed below:

C SET UP FOX LIG - TO CEANGE NUST CHANGE DP ,NMAFR AND ALPHAL
c SET UP UITR VARIABLE DEEPAR
DINEESION DIST(500),UP(500),TP{500) ,WTLOSS(500),G(500)
DINENSICE X(32),XU(32) ,R¥(32),0(30),T(30),TRCIO) ,DERCIO) , ¥IS(I0)
DINENSICE KSUN(500) ,DENPAR(500),C(500) ,K1(500) ,K2(500)
DINENSION ISUMIP(500) ,KSUM1{500) ,ESUN2P(500)
DINENSION TINE(500), E(500),KK1(500)
REAL KsUM:.X1P.R2P,EK1P.K1,K2,KK1,KK2P,L12P,K22P,NAFR XSUKLIP
REAL ESUNIP,KSUN

EI=28

BJ=21
BIRI=NI-1
DO 191 H=3,3

IF(N.EQ.1)DIAPAR=0.000010
IF(N.EQ. 2)DIAPAR=D . 00006TS
IF(R.EQ.3)DIAPAR=O.00004TS
IF(N.EQ.4)DIAPAR®C . CO00004
c IF(R.EQ.S)DIAPAR=C. 000200
c IF(N.EQ.C)DIAPAR=D. 000250
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VRITE(G,11) DIAPAR

11 FORMAT(///.’DIA M’ ,E10.2,3I,*TINE S',3I,’VEL X/57,5I,'DIST W’,7I,
« RE’,TX,’3 ¥/E2C?,2X,'QRAD ¥/X2°,3I,’QCUR W/’ ,4X,’TENP K’
e ,SI,’VWTLOSS?,SX,’COAL FRAC?,/)

c

C———COAL PROPERIIES

c
RR=208.13
PATH=101325
COEST=RR/PATH
CPPAR™1300.0

c CPPAR=2000.0
EP3=0.9

DEEPAR(1)=1250.0
¢ DEEPAR=LI00.0Q
c
C--——-INITIAL VALUES
c
D0 100 I=1,II
READ(S,020) I(I),X0CD),U1) ,T(1), TH(DD
020 FORMAT(FS.3,2X F$.4,2X,F5.3,2X,F6.1,21,F6.1)
DEN(I)=101325.0/(208.13+T(1))
VIS(I)=1.91E=6eT(I)»s1.6/(136.+T(I))
100 CONTINUE
RV(R])=0.0254
RV(T)=0.0024
To=u(2)
YSO=¥IS(1)
HP=T(1)
THL=TU(2)
TP)=T(1)
TIEPAM=T(1)
TIESEC=TH(2)
TEXIT=TIXPRN
DST=DEE(1)
DIST(1)=0.0
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GRAVIY=3 206
SIG=5.669E-8
c
C-—==TBIS GIVES INITIAL DISTANCE TRAYELLED
c
UP(1)=0U+{SQRT( (576 .0e¥SCea2) /(DIAPARee4 s DEXPAR (1) ##2) +(32.0+DST»
- GRAYIY)/(3.0+DERPAR(1)eDIAPAR) ) =24 .00 ¥SC/ (DIAPAR w2
- *DEXPAR(1))) » (DEXPAR(1) »DIAPAR) /(4.0+D5T)

YFPEmO.5#(1.0-1.0/SQRT (1 .0+RY(N])se2/IU(NI) »+2))
YFPU=1.0-YFPE-0.5

QRAD=SIGeEPSs¥FPUs (TULee4-TP(1)e+4)

RELC=0.0

ETC=0.0

QCOE¥=0.0

TINE(1)=0.0

MAFR - ROISTURE AED ASE FREE FRACTION OF ORICGINAL COAL
Hx - ENDOTEERNMIC BEAT OF PYROLYSIS HEAT OF PYROLYSIS, J/RG

O 0 0 o

NAFRs 7868

c KAFR=.87
AR=EIT1000

[ ik=0.0
PRANDL=.68
PATR=101225.0
IR=208.13
RG=1 . 987E~)
WTLOSS(1)=0

BI = PRE-EXPONENTTAL FACTOR, 1/3

EI - ACTIVATION ENERGY, ICAL/GWOL

ALPHAT - MASS FRACTION VOLATILE I IN 2 PARALLEL REACTION
RUDEL

0o 00 6 00

ALPEA1I=0 . 3085
ALPRAI=1.0
B1=1629.0
Ba=4 .58E8
E1=12.68
EI=62.0
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FACTOR=.1

G(1)=0

DELT=DENPAR(L)*CPPAR®DIAPARDELTNP/ (6.0 ABS (QRAD-QCONV-HR*G(1)
))

C(1)=1.0

SARELA3.142¢DIAPAR®#2

VPu3.142¢DIAPAR®e3/6

E=2
L=2
[+
200 CONTINUE
LL=1

DELT=DEEPAR(K=1) «CPPAReDIAPARDELTNP/ (6. 0+ABS(QRAD-QCOEV-HR+G (X-1)
[ DELT=DENPAR(1)»CPPAReDIAPARSDELINP/ (6. 0o ABS(QRAD-QCOEY-FR*G(K~1)
))
IF{DELT.GT.0.005) DELT=0.005
TINE(K)=TINE(X-1)+DELTY
DIST{E)wDIST(K-1)+UP(K-1)+DELT
c WRITE(S,95) TIME(X-1),UP(E-1),DIST(K-1),RELC HIC,QRAD,QCONV,
c *TP(X-1) ,FTLOSS(K-1) ,C(X-1)
¢ 95 FORMAT(17X,F7.5,2X,E10.3,1X,E10.3,2X,E10.3,21,F5.2,11,E21.4,21,
c - E10.4,21,F7.1,25,E11 4,2, E11.4)
WRITE(6,95) TINE(K-1) ,UP(K-1),DIST(K-1),TP(K-1} ,VNILOSS(K-1)
95 FORMAT(I7X,F7.5,2%,510.3,2X,510.3,3%,F7.1,2X E11.4)
IF(DIST(X) .GE.XUCNI)) THEX
WRITE(S,9)
9 FORMAT(’PARTICLE EXITED FURNACE?)
GO0 TO 300
EXDIF
JsL

DO 90 I=J,KI
IF((DIST(K) .LE.X(I)) . AND. (DIST(K) .GT.X(I-1)3) L=I
90 CONTINUE

BLOCK 1
TETS CALCULATES THE TENPERATURE OF THE NQN-PYROLYZING PARTICLE

[ I+ T 2 O ¢ ]

CST=(DIST(R) =X (L=1))/ (X~ (L=1))
YSCmYIS(L-1)+{¥IS(L)=-VIS(L-1))=CST
DST=DEE(L-1)+(DEE(L)=DEE(L~1))*CST




c

TIP=T{(L-1)+(T(L)-T(L~1))=C3T
TUL=TW(L-1)+(TW(L)~T¥(L-1) ) »CST
IFCDIST(X).LT.XUCL)) UUsU(L-1)+{U(L)-U(L-1))+(DIST

. (E}=XU(L-1))/(XU(LI-TU(L-1))
IF(DIST(K) .GE.XUCL)) UU=U(L)+(U(L+1)~-U(L))e{DISI(X)
. =XULL) )/ (TUCL+1)-XUCL))

C-==--~THIS CALCULATES FILM TEMPERATURE PROPERTIES

[

[

TAYER=(TMP+TP(X~1))/2
¥3CF=1.91E-6sTAVERe*1 5/ (TAVER+138.9)
DSTF=(1.0/(CONSTeTP(K-1))+DST) /2.0

C-=—-==CALCULATE PARTICLE YELOCITY

[+

c

RELCwABS (UP(K~1)~UU)+DIAPARDSTF/¥YSCF

AUP=18.0e¥5CF=(1.0+0.15¢RELCe0. 687) /(DENPARCK-1)»DIAPAR®s )

AUP=18.04¥SCF+(1.040.15¢RELCe#0. 6587}/ (DEEPAR (1) oDIAPAR e 2)

UP{X) =G0~ (GRAYIY-AUP= (UP(K-1)-UU) )»EXP(-AUPsDELT) -GRAYTY) /AUP

C=====CALCULATE PARTICLE TEMPERATURE

c

¢

CPP={THP=-350.0)+0.212+1000.0
CPPw(4.969~.T6TE-G+THP+1 . 2ME~-BeTHPwe2) ¢104. 598
YFPP=O.5¢(1.0~1 .0/3QRT(1 . O+RV(7)*s2/DIST(E) w02))
VFP3=0.5¢(1.0~-1.0/SQRT(1.0+RY(R]) »+2/DIST(K) »+2) ) =¥FPP
YFPE=0,5+(1.0-1.0/3QRT(1.0+RY(RJ) ee2/(TUCHI)=DIST(K) )o+2))
YEPMm1 . O~YFPP-VFPS-YFPE
¥SCPw1.91E-6+TP(K=1)es1.5/(136.9+TP(K~1))

BTC=(2.0+(0. 4oRELCw#{1/2)+0 ,08sRELCw«(2/3)) » (PRANDLe 0. 4
e )e(¥SC/¥SCP)++0,25) »¥SCeCPP/ (PRAXDLDIAPAR)
EPP=SIGeEPSsYFPP+ (TINPR+TP(K-1)) o {TINPRNse 2+ TP(K-1) »+2)
EPS=SIQeEPSe VFPSe(TINSEC+TP(K~1)) »(TINSECws2+TP(K-1) #+2)
EPE=SIQeEPS+YFPRe(TELIT+IP(X-1))* (TEXITwe2+TP(K-1)+e2)
EPU=SIGeEPSeYFPWe (THL+TP(K=1) ) ¢ (TULee2+TP(K=1) 92)
ATP=6.0e (HPP+EPS*APE+EPY+ETC) / (DEEPARCE-1) »CPPARSDIAPAR)
ATP=g .0+ (HPP+HPS+HPE+EPU+ETC) / (DENPARC1) »CPPARSDIAPAR)
BTP=6.0e (HPPeTINPRIHEPS+ TINSECHEPES TEXIT+EPHTHL+HICsTHP) /
»  (DENPAR(K-1)*CPPARSDIAPAR)

*  (DENPAR(1DeCPPARSDIAPAR)
TP(K)=(BIP+(ATP+TIP(K-1)~BIP)«EXP(~ATP*DELT) ) /ATP
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TEIS CALCULATES THE WEIGET LOSS EIPERIENCED BASED OF THE
EQE-PYROLYZING TENPERATURE CALCUATION

a 0o a0 o0 00

XSUM1(1)=0

ISUR2P(1)=0
E1(E-1)=B1+EXP(~1¢E1/(RG*TP(K~-1)))
E2(X-1)mB2eEXP{-1+E2/ (RGeTP(K-1)))

K1 (K-1)=K1(K~1)+K2(K-1)

B(X-1)=DELT

ESUM1 (X) =K SUNI(K=1)+(=1oKK1(K~1) ) =B (K-1)
ALE=ALPHAL K] (K-1)+ALPHAZ®X2(K-1)
YILOS1=WILOSS(K-1)+H(K-1)+ALX+EXP(ESTN1(X))
C1sEXP(KSUXL (K))

C——BLDCX 2

TEIS LDOP CAUSES THE PROGRAM TO BE EXITED IF THE WILOSS I3
mmoncmmmzmcmmmpmmnmm
BASED OF THE WEIGHT 1033 EXPERIERCED

a 0 00

IF(C1.LE.1E-2) THEX

DEXP1=(1-HAFR)«DEXPAR(1)

DENPAR(K)=DEXP1

c(x=c

WILO3S(K)=HTLOS1

GO TO 739

ELSE

DENP1=DEEPAR(1)*(1-WILOS1) »HAFR+(1-NAFR) *DEEPAR(1)
EXDIF

TPI=TP(R)

THIS SECTION CALCULATES TEE PARTICLE TENPERATURE OF TEE
PYROLYZING PARTICLE AET ITERATES UNTIL CONVERGING

CALCULATE B HERE - BASED OF TPl
-B - CURRECTICE OF VELOCITY AND TEEP FIELDS DUE TO
NASS TRAESFER

0o 60 0 0 0 o0 000




G1=(WTLOS1-WILOSS(K~1))*DENP1eVP/ (SAREADELT)
G1=(VWTLOS1-WTLOSS(K~1)}*DENPAR(1) o¥P/(SAREA®DELT)
GANMA=VSCF/PRANDL

ZeDIAPARSG1/ (2¢GANMA)

BsEXP(Z)~-1

B=0.0

CORTINUE

THIS SECTION INDICATES WEETHER THE MODEL IS BEING USED

IF(B.EQ.0.0) TEEN
YALUE =1

ELSE
YALUE=LOG(1+B)/B
EEDIF

AUP=18.0¢¥3CT»(1.0+0, 150RELCs+0. 6872 /((1+B) sDENP1+DIAPAR*2)
AUP=18.0¢¥3CFe(1.0+0.15eRELCe#0. 687 /{ (1+B) »DERPAR(1 YsDILPAR®=2)
UP(K) =0U~( (GRANTY=AUP=(UP(X~1)~UU) ) *EZP(-AUP*DELT ~GRAVIY}/ATP
HTC=¥ALUE*(2.0+(0.4*RELC*»(1/2)+0 .06*RELCe+ (2/3) ) » (PRANILw»

s 0.4)(¥SC/¥3CP)*=0.25)=¥SCeCPP/ (PRANDLsDIAPAR)

ATP=g Oe (HPP-RPS+RPE+HPU+ETC) / (DEEP1+CPPAR*DIAPAR)
ATP=G .0+ (HPP+EPS+AEPE+EPH+HYIC) / (DENPAR (1) »CPPAR*DIAPAR)
BTPuS .0+ (HPP+TINPRAR+EPS+ TINSEC+HPE+TEXIT+HPUTUL+ETIC

. *THP-HR+*G1) / (DERP1+CPPARSDIAPAR)

- «THP-ER+01} / (DEEPARC1) *CPPARSDIAPAR)
TP2=(BTP+(ATP+TP(K~1)~BIP) *EXP(~ATP*DELT)) /ATP
E12P=BleEXIP(-1+E1/(RG+TP2))

K22PuB2eEXP(~1+E2/ (RGeTP2))

KE2P=2P+K22P

KSIIP(K)=KSURIP (K~1)+(H(X=1) /2) » (~1+(KK1(K~1)+KX2F))

ALKP2=ALPEAL *K12P+ALPEAZeE22P

WILOSZ=NTLOSS(E-1)+(R(K~1)/2) »(ALK+EXP(ESUM1 (K~-1)) +ALEP2*
- EXP(ESUN2P(X)))

CI=EXP(ESUNZP(X))

TEIS EXIITS TEE PROGRAN IF DEVOLATILATION IS CONPLETE




IF{C2.LE.1E-2) TEEX

DEWPZ=(1-NAFR)*DEWPAR(1)

DEXPAR(K)=DEFP2

C(K)=C2

VILOSS{K)=WTLOS2

GO TO 799

ELSE

DEEP2=DERPAR(1)» (1-WTLOS2) sMAFR+(1-XAFR) *DENPAR(1)
EXDIF

IF(ABSCTP2-TP1).1E.FACTOR) THEE
G0 TU 550
ELSE
LL=L1+1
c WRITE(6,561) TMP,TP1,TP2,LL
css: FORMAT(E12.5,2X,E12.5,2X,812.5,I3)

TPi=TP2
WTLOS1=WTLOS2
G0 10 580
EXDIF

550 CONIXNUE
TP(K)=IP2
ClR=C2

c ESUN(K)=KSUN2
VILOSS(X)=WILDS2
DERPARCK)=DEXP2

G(K)=(UTLOSS(K)-WTILASS (K-1) ) «DENPARCK) #VP/(SAREA*DELT)
< GCX)»(WTLOSS (X)-WTLOSS (E~1) )*DENPAR (1) »VP/(SAREADELT)
QRAD=SIGeEPS® (VFPPe (TTEPRNeo4~TP(K)#o4)+VFPSs (TINSECe+4-TF (k) v+4)
L] +YFPEs/TEXITee4-TP(K) #24)+¥FPU* (THL++4-TP(K) ve4))
QCONV=ETC (TP (K)-THP)
| O 408
GC TO 200
799 COXITNUE
WRITE(S,798)
798 FORMAT(2X,’PARTICLE HAS COMPLETELY DEVOLATILIZED?)}
WRITE(S,960) TIME(K),UP(X),DIST(K),RELC,EIC,QRAD, QCONY,
*TP(K) ,¥TL0S3(K) ,C(X)
950 FORJAT(1ITX F7.5,2X,E10.3,1X,E11.4,21,E10.3,2X,F8.2,21,E11 4,21,
L E10.4,2%,F7.1,2X Ei1.4,2Y,E11.4)
300 COFIINUE
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191 CONTINUE



Appendix D

Fitting Program Listings

This is 2 SAS program that finds the least squares parameter estimates of the yield coefli-

cient, &, and the reaction rate, k of the isothermal one reaction model:

V = a{l — exp kt) (D.1)
DATA BIT;
mPUT ¢ II W
LABEL T=TEMPERATURE
TI=TINE
W=WEIGHY LDSS;
CARDS;
126C .05544 .125
1260 .0T812 .167
1260 .09432 .209
1260 .11148 .209
1260 .14274 .289
1260 .15782 .270
1260 .15782 .30
DATA LIG;
oM TIIN
LABEL T=TENPERATURE
TI=TINE
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¥=VEIGET LOSS;
CARDS;
1260 07944 .140
1260 09640 .200
1260 .11327 .199
1260 12890 .238
1260 .14466 .255
1280 .15952 .249
1200 .17410 .221
PROC PRIST DATA=lig:
PROC XLIN DATA=lig BEST=10 NETHOD=MARQUARDT;
PARMS ALPEA= .2 TD .85 BY .1
A= 3;
BOUEDS ALPRA<1;
EX=EXP(-4K*T1);
Y=ALPHAs(1-EX);
BODEL W=TY;
DER.ALPRA=(1~EX);
DER.AK=ALPRASTICEX;
OUTPUT OUT=K0B1 P=YHAT R=RESID L9S=L95 USS=U9S5;
PADC PLOT DATA=KOB1;
PLOT RESID+YEAT/VAEFw0) YPOS=25 EPOS=S0;
PLOT RESIDeTI/VREF=0 VYPOS=25 EPOS=50;

146



117

This is 2 SAS program that determines the least squares parameter estimates of the pre-

exponential, k,, and the activation energy. E. for the linearized Arrhenius rate equation:

Ink = —E/RT +Ink,

with the data normalized for unbiased estimates.

DATA LAURA:

TINFUT T K RUBORD;

1ABEY. TwTEEP
K=REACTIOE RATE COESTANT:

C=LOG(K) ;

I=1/T;

1am,50(1/1740+1/2100) ;

IN=, Se(1/1740-1/2100) ;

I0=(XI-XA)/IN;

CARDS;

1740 6€1.2103 1

1940 99.7716 2

2100 153.9167 3

PROC PRINT DATASLAURA;
PROC REG ALL DATA=LAURA:

RODEL C=30 /P & CLI CLN;
QUIPUT QUT=D P=YMAT R =RESID L95=L9S 0I6uUS5 COOED=COOKD;

PROC PRINT DATA=D;
PROC PLOT DATA=D;

PLOT CeXIOm’Y? YHATeIDw’P? USSeXDw’U? LISeI0=’L’
JOVERLAY YPOS=18 RPO3=5);

PLOT RESIDeID/VYPQS=20 EPOS=E0;

PLOT RESID+YRAT/VPOS=20 HPOS=50;

(D2




This is a SAS program that determines the least squares parameter estimates of the

pre-exponential, k,, and the activation energy, £. for the Arrhenius rate equation:
k= k,exp(—E/RT)

using estimates of the reaction rate, &, determined for each temperature run.

DATA OSE;
INUT T E;
LABEL T=TEMP
E=REACTION RATE CONSTANT;
CARDS:
1740 61.810
1940 99.772
2100 153,917
PROC PRIET DATA=OXE;
PROC NLIN BESTw1( METEGD=MARGUARDT;
PARNS XO=.5E4
E=20 TO 40 BY §;

R=1.967E-3;

TP=(1740+1940+2100) /3;

EXP=EIP(-E/(ReTP));

T2/ T-1/TP);

EXS=EXP{-E*DT/L);

MODEL E=KOERPeERS:

DER. KO=EXPsEXS;

DER.E=KDeEXP+ (~1)sDTeEXS/R+EXS*(-1) oKD/ (ReIP)=EXP;
OUTPUT DUT=LAU PwYEAT R=RESID LOSaL9S DUG=U9S;
PROC PLOT DATASLAU;

PLOT RESIDeYMAT/VAEF=0 YPOS=25 HPOS=50;

PLOT RESIDT/VREF=) YPOSw2S EPDS=S0;

PLOT YEATeTw’P? KeTw’Y’ LO9GeTm?L? UOSeTw2()?
/OVERLLY YPOS=2E KPCS=50;

(D-3)
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This is a SAS program that determines the least squares parameter estimates of the

pre-exponential, k. and the activation energy. E. for the isothermal. one reaction model:

with the data centered around the mean temperature.,

DATA BIT;

INPUT T T1I ¥ AL:

TI~TIEE
¥=§T LOSS

§88¢288

5REgRERE

i

it

141

V = a(l — exp(—koexp(—E/R = (1/T - 1/T;)})

*

+

BahE388888

gehbbubhEIvgs

. .

AR RE

+

GERRRREY

68

SRR

EERRRREE

T,

P

(DY




1510 07811 .368 .4738
1510 08406 .415 .4723
DATA LIG;
INPUT T TI W AL;
LABEL T=TENP
TI=TIRE
WeuT LOSS
AL=ALPHA;
CARDS ;
1000

'3
.§

1000 .12041
1000  .14041
1000 .16425
1000 18341
1000 .20329

.

1260 07944
1260 .09840
12680 .11327
1260 .12890
1260 .14400
1200 .15952
1260 .17420
1510 .0¥TSO

* . . . - . .
. a » . .

RN RN R R EREEREE

GEEEEEEERABRNY

1510 .04141
1510 .04142
1510 .o4142
1510 .04857
1510 .04857

04857

05554

'é

1510 .

1510 .

1510 .06212
1510 .08880
1510 .07506
1510 .0O7S06
1510 .08485

SERERRRE
bERBRBREETS

. .
.

PROC PRINT DATA=LIG:
PROC ELIR DATA=LIG BESTw1S METEOD=MARQUARDT;
PARNS ZO0=30000
=15 T0 35 BY 1;




R=1.987E-3;
TP=(1000+1260+1510)/3;
EXPwEIP(~1.E/(ReTIP));
DT=(1/31-1/1P);
EXSaEIP(-EeDT/R);

MODEL WwALs(1-EXP({-KOeEKPeEXSeTI));
DER.XO=EXP+EKS+TIeAL*EXP(-K0«EXPeEXSeTI) ;
DER.E=ALSTI+EXP{-I0sEXPeEXSeTI) e (KGeEKPe(~1)

#DTeEXS/R-EXSeLOEXP/(ReTP)) ;
CUTPUT OUT=ECB1 PwYHAT R=RESID L9S=L95 U9S=095;
PROC PLOT DATA=KGE1;
PLOT RESID-YHAT/VREF=0 YPCS=2S HPOS=SQ;
PLOT AESIDsTI/VREF=OQ YPOS=2S EPQSeS50;
PLOT YEATTIw?P? WeTIw’W? LYSeTIn?L? U9SeTIn'Y’
JOYERLAY YPOS=25 HPOSaSO;

ihl
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This program utilizes the IMSL subroutine ZXSSQ to fit the non-isothermal one reaction

model to the experimental data centered around the mean temperature 7,. Subroutine
tnodel performs the numerical integration of this model as well as calculates the residuals
required by ZXSSQ.

44

19

@

EXITERYAL KODEL

INTEGER K, B,IXJAC NSIC MAIFR IDPT,I, INFER,IER
XEALe8 PARN(4),X(3),F(37),XIAC(37,3) 1ITI(2) ,VORK(S0) EPS,
SGE,$3Q, Y(37) ,DT(37) , TE(37) ,AL(37) , KSUNC3T) ,KTLOS(3T),
«DELTA

cormox
«/2SQ/Y,DT,TE, AL ,WTLOS

K=7

=3

1X3CT

E3IG=5

EPS=1E-8

DELTA=1E-3

RAXFE=450

10PT=1

I(1)=7.1385

X(2D=16.57

VAITE(S.222) X(1).X(2)

FOMUTCF?.4,2X,F7.3)

DO 44 Is=1.M

READ(S,22) TECI) ,DTCI),YCI) ALCD)
FORNAT(11X,F6.1,1X,F8.5,1 ,F4.3,2X,FS.4)
WRITE(S,20) TE(I),DT(I),Y(I),AL(I)
FOMMAT(11X,F8.1,11,F8.5,1X F4.3,2X,F5.0)

CONTINVE
CALL ZXS3Q(RODEL N,¥,RSIG,EPS,DELTA,MAIFE,IOPT,PARN,I,SSQ,F,
. IJAC,IXJAC,XJT]  WORK, INFER, IER)

¥WRITE(S,19) X(1),X(2),58Q
FOXRAT(E13.6,2X 513.6, 21 E13.68)

DO 9 I=1 K

WRITE(6,20) F(I).DT(X),Y(I), WILOSCI),Ta(I)
FORMAT(EI1.4,2X,F6.5,2X,F4.3,2X,F4.3,21,F6.1)
CONTINUE

WRITE(S,21) INFER,IER

FORMAT(I2,2X, 1)

VRITE(S,231) WORK(1), WORK(2),WORX(3)
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FORMAT(E11.4,2X,E11.4,2X,E11.4)
STOP
EXD

SUBROUTINE WODEL(X,M,X,F)
INTEGER M,X,I
REAT«8 X(3),F(37),Y(37),DT(37) ,K1(37) ,TE(3T) ,AL(3T) W(3T)
REALes E2(37) KSUN(40) ,WTLOS(37),TP
commox
»/23Q/Y,DT,TE AL ,VTLOS
R=1,.987E-3
TP=1250.4
DO 15 I=1,K
K2{I)=X(1) «DEXP{-X{2) /R (1/TE(TI-1/TP))
IF(I.E].1) THEX
XSUR(I)=(-1)»K1(I)*DTI(I}
ELSE
IF{DT(I).EQ.DT(I-1)) THER
ESUA(I)=KSun(Y-1)
ELSE
ESUN(D=ESUM(I-1)+(=1) (K1 {1)+E1(I~1))
. =DT(1)/2
ENDIF
ENDIF
WILOS(I)=AL{I)*(1~DEXP(KSUN(I) )}
F(I)=Y(I)-VTLOS(D)
COTTINUE
RETURE
EXD




This program utilizes the IMSL subroutine ZXSSQ to fit the non-isothermal two reaction

mo-lel:

H H
V= f (arky + azkz) exp(— f (k; + k2)d2)dt (D.3)
0 0

to the experimental data centered around the mean temperature T,,. ZXSSQ calls the sub-
routine model which performs the numerical integration of this model as well as calculates
the residuals required by ZXSSQ.

EXTERSAL RODEL
IBTEGER X,E,IIJAC,NSIG,MAXFN,IQPT,I,INFER,IER
XEALe8 PARM(4),I(3),F(37),1JAC(37,3),13TI(3) ,VORK(S0) EPS,
e 30N, 35Q,Y(37),DT(37),TE(37) ,ALC3T)  KSUN(37),
=  WTLOSS(37),DELTA
COMNOE
«/23Q/Y DT, TE, AL ,NTLOSS
Re7
=2
ITIACeT
N3IG=6
EPS=1E-8
DELTA=1E-~8
RAIFE=1000
10PT=1
I(1)=8.1104
X(2)=13.29
VRITE(S, 444 X(1).X(2)
444 FORMAT(F7.4,2X,FT.4)
DO 44 I=1,X
READ(5,22) TECT),DTCX),Y(I) ALCD)
22 FORMAT(11X,Fe.1,1%,F6.5,1L,F4.3,2L F6.4)
VRITE(S,26) TE(I),DT(I),Y(I),AL(D)
26  FORMAT(11%,Fe.1,1X,F8.5,1I,F4.3,21,F8.4)

44 CONTINUE
CALL ZXSSQ{NODEL,X,N.BSIG.EPS,DELTA,RAXFY,IOPT,PARN,X,53Q,F,
. XJAC,IXJAC,XITI WORK , INFER,IER)
VRITE(S,19) X(2),X(D), s3q
19 FORMAT(E12.5,2X,.E12.5,2X, E12.5)
DG 9 I=1,XM

VRITE(S,20) F(I),07<D),Y(I) WTLOSS(I),TECD
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FORMAT(CE11.4,2X,F6.5,2% F4.3,2%,F4.3,21 F6.1)
COSTINUE

WRITE(S,21) INFER,IER

FORMAT(IZ,2X,I3)

VRITE(S,99) VORK(1),WORK(2) ,VORK(J),VORK(4)
FORMAT(E12.5,2%,E12.5,2%,E12.5,21,E12.5)

STOP

EXD

SUBROUTINE NODEL(X, MK, F)
INTEGER M,¥,I
REALeS XI(3),F(373,Y(37),DT(37) ,K1(37),TE(37) ,AL(37) (37D,
. K2(37) ,¥TLOSS(40) ,XE(40) ,AXSUN(40) ,ESUN(40)
commuy
+/Z3Q/Y,DT,TE,AL ,VTLOSS
R=1.987E-3
DO 15 I=1,M
TPw1250.4
K2(I)=2.63E10=DEXP(-63.90/ (R*TEC1)))
21 CTI=X (L) »DEXP(-X(2) /=1 /TECI)-1/TP))
EECD)=K1(T)+X2(I)
ARSUN(T)=, 30629K1 (I)+1.00K2(T)
IF(I.EQ.1) TRER
ESUN(T)=(-21)+XK(I)+DT(D)
WILOSS (T)=AXSUN(I)DEIP(RSUN(T))*DT(L)
ELSE
IF{DT(I) .NR.DT{I~1) )TEER
ESUN(T)nKSTN(I=1)+(-1)»(KE(I)+KX(I-1))
. »DT(TN/2
WILOSSCT)=NTILOSS (X=-1)+(AKSTM(T) »DEXP(ESUNCI) 3+
- AXSUN(I~1)«DEXP(KSUNCI~1)))+DT(I)/2
ESE
XSUR(L)=XSUN(I-1)
WILOSS (I)=WTLOSS(I-1)
ENDIF
EMDIF
F()=Y(I)~¥TLOSS(D)
CONTINUE
RETURK
EXD




Appendix E

Experimental Data

The following are tables of the experimental data of Kobayashi [1] with the residence time

and temperature predicted by the reactor model program.
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Table 18: Low Temperature Experimental Data [1] for Lignite Coal

Furnace temperature | Particle temperature | Residence time | Weight loss
1260 1245 07914 110
1248 .09640 2200
1250 11327 .199
1251 .12890 233
1252 .14466 255
1253 .15952 249
1254 17410 221
1510 1310 01300 035
1476 02477 .086
1490 02946 195
1496 .03375 180
1496 03375 216
1499 03750 285
1501 04141 334
1501 04141 292
1501 04141 327
1503 04857 .304
1503 04857 340
1503 L4857 387
1504 05554 378
1505 06212 389
1506 06880 387
1507 07505 392
1507 07505 A42
1507 08485 393
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Table 19: High Temperature Experimental Data (1] for Lignite Coal

Furnace temperature | Particle temperature | Residence time | Weight loss
1740 1239 0077 173
1259 0077 105
1547 01216 237
1650 L1569 328
1693 01871 287
1713 02145 379
1724 02635 418
1726 02818 439
1726 02818 478
1728 03086 489
1730 03526 512
1730 03526 496
1731 03693 A37
1731 03693 473
1732 03725 456
1735 04349 481
1738 04737 461
1739 05086 491
1739 05086 241
1739 05086 475
1739 05086 483
1940 1378 00631 093
1599 00890 254
1683 01006 330
1801 01254 342
1855 01461 483
1900 01805 452
1916 02127 514
1925 02424 581
1928 02695 OS%
1932 03104 586
1933 03607 609
1933 03607 A58
1933 03607 588
1933 O 550

ot
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Table 20: High Temperature Experimental Data {1] for Lignite Coal (cont.)

Furnace temperature | Particle temperature | Residence time | Weight loss |
2100 404 00124 107
677 00297 304
677 00297 270
1075 00491 479
1444 00720 550
1831 01192 .562
1983 01788 610
1994 01903 639
1994 .01903 635




Table 21: Low Temperature Experimental Data 1] for Bituminous Coal

Furnace temperature

Particle temperature

Residence time

Weight loss

1000

260

1510

890
985
991
993
994
995
995
1220
1239
1245
1248
1250
1252
1254
1254
1375
1470
1479
1473
1494
1494
1494
1501
1501
1501
1504
1505
1505
1505
1505
1506
1506
1507
1507
1507
1507

02591
07878
2341
J4341
16425
18341
20329
04966
05544
07812
09432
11146
14274
15782
15782
01870
202809
02809
02881
03649
03649
03750
04423
04423
04480
05179
05807
05807
05807
05885
06521
07096
07739
07739
07786
08382

.016
.021
067
.060
085
.089
.069
109
A25
167
269
269
289
270
330
071
081
127
142
212
233
232
395
272
325

i
384
356
304
304
334
396
388
447
366
415
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Table 22: High Temperature Experimental Data [1] for Bituminous Coal

Furnace temperature

Particle temperature

Residence time

Weight loss

1740

1940

2100

426
789
1168
1168
1168
1422
1422
1552
1655
1688
1788
487
T34
1008
1221
1399
1615
1747
1807
1807
387
600
600
914
914
1243
1697
1960

00222
00564
00960
00960
00960
01401
.01401
01834
02658
03449
03449
00246
00422
00605
00774
.00951
01287
01588
01877
01877
00156
00293
.00293
00477
00477
00691
01144
01853

158
116
328
298
305
333
07
A67
401
A67
441
203
199
251
408
561
455
520
574
597
241
356
381
479
482
527
633
641
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Chapter 1

Introduction

Coal is a complex matrix of organic molecules whose chemical composition can change from
coal to coal. In order to simplify the complex mechanism of coal combustion, researchers
have generally broken the process into three stages: first, devolatilization, also called pyrol-
ysis or thermal decompaosition; second, the combustion of the gases released; and third, the
combustion of the char particle. In the combustion process, the heating value of the volatile
products accounts for up to 50% [11] of the total heating value of the original coal. Since
the volatile combustion is appraximately 10-15% of the total combustion time, the duration
of coal combustion can be estimated from the char combustion process alone. However,
this does not diminish the importance of the devolatilization process, as the volatile yield
affects the amount of char produced. It is the purpose of this study to devise a means of
deriving kinetic rate constants for devolatilization which can then be incorporated into a
full combustion model {12].

Energy, Mines and Resources Canada has developed an entrained flow reactor that will
be used to examine the combustion of different types of pulverized coal. The first stage of
this research, the devolatilization studies, are to be performed in an inert atmosphere to
prevent combustion, and therefore simulate the heating undergone by a particle approaching

1
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Figure 1: Schematic Drawing of Entrained Flow Reactor at Energy, Mines and Resources




a flame front in a furnace. The entrained flow reactor. figure 1, consists of a long, electrically
heated, vertical mullite refractory tube. A dilute coal stream is carried by a water cooled
primary gas stream and injected into the center of a preheated laminar secondary gas
stream. The particles then flow down the centerline of the laminar flow furnace and are
collected by a water cooled sample probe. The char particles are collected isokinetically by
the probe and are quenched to prevent further devolatilization. The particle residence time
is varied by raising and lowering the sample probe.

In order to interpret the results of the pyrolysis experiments, it is essential to know
the particle heating history and residence time. In a previous work [7], a finite difference
scheme was developed to predict the gas velocity and temperature within the furnace under
different operating conditions, as access to the furnace for local measurements is nearly
impossible. The farnace gas velocity and temperature ficlds were then used to calculate
the particle heating rates. The original reactor model [7] assumed that the particles do
not react chemically. The present work is concerned with selecting a suitable model for
the chemical reactions involved in devolatilization from those available in the literature and
implementing it in the existing reactor model. The incorporation of the devolatilization
model into the existing computer program required modifications to the convective heat
transfer coefficient and drag coefficient as well as the addition of the heat of devolatilization
to the energy balance. The second part of this study involved the development of a procedure
for fitting the reaction constants for the model to the experimental data. Since experimental
data from the EMR reactor is not yet available, as a test this routine was used to fit the
reaction constants of the selected model to experimental data of Kobayashi {1] and the
suitability and precision of these constants were tested. The results of this test are used to
make recommendations for the gathering and treatment of data in experiments.




Chapter 2

Literature Survey

Coal pyrolysis or devolatilization is an important field of stedy for it enables one to better
understand the process of coal combustion. At very high combustion temperatures, up to
70% or more of the reactive coal mass is released as volatiles [2]. Although devolatilization
occupies only about 10-15% of the combustion lifetime, the volatiles are important to flame
stabilization, and a prediction of the amount of the relatively slower burning char produced
is essential. It is the purpose of this chapter to provide some background material about
coal and the devolatilization process. A literature review was performed to determine the
operational parameters that influence the devolatilization behavior of the coal. This data
will be used to critically examine the devolatilization models available in literature.

2.1 Background

Coal is a complex organic matrix, figure 2, whose properties change from coal to coal.
Recent devolatilization work [1,5,10,13] has emphasized finely pulverized coal particles at
high temperatures. As the raw coal is heated, the moisture present will evolve early as
the temperature rises. As the temperature continues to increase, gases and heavy tars are



Figure 2: Proposed Model for Molecular Structure of Coal {2]



released. During rapid devolatilization, larger fractions of lower molecular weight species,
in addition to tars, are evolved. It has been suggested that these species derive from the
rupture of the -Hy, -CH, -CH,, -CHs, and ~-OH bonds which appear on the periphery
of the coal molecule as well as from 2 more complete disruption of the weaker cross-link
bonds between layers. The proportions of the various products change with temperature as
well as with the extent to which the coal devolatilizes, which can vary from a few percent
to as much as 70 %. Significantly different pyrolysis behavior between coal types can be
seen in figure 3 [3]: much more liquid and hydrocarbons are released by the bituminous coal
and more gaseous products are released from the lignite. The volatile matter that escapes
from the coal particle can undergo various secondary cracking reactions on the char surface
with the possible formation of solid products (soot), which can substantially reduce the
overall volatile yield. As the extent and rate of devolatilization increases with increasing
temperature, it has been proposed [1] that the variation of the heating rate is a means for

varying the temperature range over which the devolatilization takes place.

The analysis of coal is carried out using two ASTM (American Society for Testing and
Materials) tests:

¢ proximate analysis [14] - involves the determination of surface moisture, inherent
moisture, volatile matter, fixed carbon and ash. The moisture content is determined
by heating the coal sample in an open crucible in an oven preheated to 377-383K for
one hour. The moisture content is the difference in weight before and after heating.
The volatile matter content is determined by heating the sample in a covered crucible
in an oven preheated to 1223 £ 20K for seven minutes. The loss of weight minus
moisture equals the volatile matter. The dried coal from the moisture determination
is placed in porcelain capsules in a gradually heating furnace. The coal is heated to
redness and the process is considered finished once the sample maintains constant
weight at a temperature between 973-1023K. The sample is then cooled and weighed
to determine the amount of ash. The fixed carbon content in the coal is calculated
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Figure 3: Comparison of the composition of devolatilization products {3] of bituminous (a)
and lignite (b) coals




Fixed carbon, percent = 100 - (moisture + ash + volatile matter)

e ultimate analysis [14] - chemical means of determining the composition of the coal by
separating the principal elemental constituents: carbon, hydrogen, nitrogen, sulfur,
and oxygen. The method of determining the composition of each of the principal
elemental constituents involves rather long procedures which cannot be easily sum-
marized but can be found ir reference [14).

These tests are used to characterize the coals for industrial use. However, it has been
found that volatile yields significantly larger than the proximate volatile matter have been
obtained when the coal is heated rapidly to elevated temperatures [5,6,10,13,15,16]. Thisisa
particularly important finding, since the amount of char to be consumed, the rate controlling
step in the combustion of coal particles, is determined by the devolatilization step. Therefore
the prediction of the rate of volatile yield under various conditions is indispensable for the
proper design of combastion chambers. The requirement for devolatilization studies is an
unambiguous reaction history, i.e. rapid heating, an isothermal zone, controlled variation
of residence time and temperature and rapid quenching for precise residence times. This
section will review some of the experimental techniques and data in the literature so as
to determine the operational parameters that were found to influence the devolatilization
behavior of the coal.

2.2 Experimental techniques

Pyrolysis has been studied using three different experimental techniques:

e entrained flow reactors

o heated screens



e crucible tests

2.2.1 Entrained Flow Reactors

An entrained flow reactor, figure 1, consists of a vertical tube furnace which is clectrically
heated and designed for the injection of a dilute coal stream into the center of a preheated
gas stream. The flow straightener ensures that the coal passes down the center of the
furnace so that the thermal history of each particle is the same. The flow is usually laminar
to prevent backmixing and dispersion of the coal. A probe at the bottom of the furnace
collects the reacted coal stream and quenches it rapidly. Variation of the reaction time is

achieved by raising and lowering the collector probe.

Badzioch and Hawksley [15] used an entrained flow furnace to determine the kinetics of
devolatilizing bituminous and semianthracite coal particles at temperatures up to 1273K.
The weight loss curves begin at a transit time of about twenty msec. This time delay was
attributed to the heating up of the particles, and was subtracted from the transit time to
obtain the duration of isothermal decomposition. The weight loss was determined using
ash as a tracer; this led to a wide scatter in the results since the majority of the coals had
a low ash content. In common with many of the earlier works on coal devolatilization, the
model used to calculate the particle residence time and temperature history was crude: the
temperature of the particles was assumed to be the same as that of the gas stream, and the
velocity profile assumed to be parabolic (fully developed laminar). Flaxman and Hallett 17
have shown that inaccurate models of reactor flow and particle heating can lead to large
errors in particle residence times and temperature histories, so that the data presented in
this 2nd many other papers must be viewed with mistrust. As the heating history of the
particles was simply approximated and the weight loss was not accurately measured, the
resulting data are not sufficiently accurate to determine rate constants; however, the trends
in the data can be used to learn more about the process of devolatilization. The weight loss

of the particles increased with the final temperature attained and the residence time. The



experiments were conducted with particle sizes ranging from 20-60xm, and no significant

effect of particle size on the pyrolysis behavior was found.

Nsakala [4] performed devolatilization experiments to determine the kinetics of pyrolysis
at 108IK. The residence time of the particles was determined by the crude method of
measuring from the point of entry into the furnace and assuming 2 uniform velocity at
constant temperature for the bulk flow. The weight loss was found to start at a ‘false origin’
as was the case with Badzioch and Hawksley [15] and this heating period was subtracted
out. As there was no temperature variation, the temperature dependence of the weight loss
could not be determined. The weight loss curves with a maximum of 40% were below the
ASTM volatile matter (47.5%), which was probably due to the experimental temperature
being below the temperature at which the ASTM test is conducted. The break in the weight
loss data in figure 4 was interpreted as evidence for a two component devolatilization model
in which the devolatilization of the first component was particle size dependent while the
sccond component devolatilization was particle size independent. However, this is merely a
result of Nsakala’s having passed straight lines through the data: if a smooth curve is used
instead, the data can be seen to be simply approaching the final weight loss asymptotically
as one would expect. The weight loss curves for the particles under 100 pm in figure 4 exhibit
similar weight loss behavior, while the curve for the particles over 100 pxm is significantly

lower, suggesting that the weight loss is a function of particle size for particles over 100 ym.

Tsai and Scaroni [18] investigated the pyrolysis of particles in an entrained flow reactor
at 1200K. The particle sizes varied from 74-149 pmt to 37-53 pm. The temperatures and
residence times of the coal particles were estimated from a mathematical model which in-
corporated the gas velocities and temperature predictions. The position at which pyrolysis
begins in the reactor was found to shift to longer residence times when N; replaced He
as the primary gas stream. Tsai et al. concluded that as N> has a lower thermal iffu-
sivity than He, the devolatilization of a coal particle is affected by the heating rate. An
increased heating rate, using He as the primary gas rather than N, enhanced the weight
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loss; however, as the asvmptotic weight loss was not approached in either primary gas ex-
periment, the cffect of the heating rate on the ultimate yield could not be examined. The
comparison of the asymptotic weight loss of different coals shows that the coals with the
- higher ASTM volatile matter had higher asymptotic weight losses, which suggests that the
chemical composition has an effect on the pyrolysis behavior. An effect of particle size
on pyrolysis was noted, which was traced to the fact that the larger particles had higher
ASTM volatile matter fractions. This change in volatile yield with particle size indicates
segregation of the ash particles in the sample preparation, which probably could be avoided
by finer screening of the coal particles. The particle size dependence of the weight loss is
contrary to the conclusions of Scaroni, Walker, and Essenhigh [19], who stated tkat the
weight loss was independent of particle size although the particle sizes in these experiments
ranged from 41 to 201 um. In the latter studies no mathematical model of the furnace flow
and temperature ficlds was used; rather the particle velocities were estimated by summing
the average gas velocity and particle free-fall velocities. Some of the char in Scaroni, Walker
and Essenhigh’s experiments bypassed the collector probe, while some adhered to the inner
probe surfaces, resulting in collection efficiencies of only 70-80 %. If the flow inside the
furnace were laminar, the particles would pass down the furnace in a coherent thin stream
directly into the collector. Therefore, the char particles that bypassed the probe could be
interpreted as indicative of turbulent flow existing in the furnace, calling the residence time

and temperatures even more seriously into question.

Kobayashi et al. [1,10] studied coal devolatilization of lignite and bituminous coals in
an entrained flow reactor at temperatures ranging from 1000K to 2100K. The temperature
and velocity ficlds were predicted by numerically solving the fundamental governing equa-
tions with several simplifying assumptions which are discussed in 2 later section. Kobayashi
found that the volatile yields at high temperatures were considerably higher than the prox-
imate volatile matter content. The volatile yield of both coals increased significantly with
temperature. As the particle size was not varied, the dependence of the weight loss on this

factor could not be tested.



Jamaluddin et al. [13] studied the devolatilization of bituminous coals at medium to high

heating rates at temperatures ranging from 1073 to 16v3K. The coal samples were pulverized
10 a size range of 33-63 ym. The experiments with high heating rates, 1-5x10% K /sec, were
conducted using an entrained flow reactor and the medium heating rate. 250-1000 K/sec,
tests with crucibles. The flow fields and particle heating in the laminar flow furnace were
modeled by solving the equations of mass, momentum and energy by standard numerical
techniques. The heating history of the crucible tests was measured using an empty crucible.
As the coal sample was less than 2.5% by weight of the crucible it was assumed that the
coal would heat up at the same rate as the empty crucible. A continuous flow of argon was
used in the crucible experiments to maintain an inert atmosphere and prevent cracking of
the released volatiles; the effectiveness of this is unknown and would be dependent upon the
experimental setup. The error bars on the crucible test data indicate that there is quite a
spread in the results, in some cases as high as twenty percent, and therefore these results are
questionable. The weight loss from both coals in the crucible tests increased with increasing
farnace temperatures but did not significantly exceed the proximate volatile matter, which
was found with 2 farnace temperature of 1223K, even at the highest temperature of 1673K.
At a furnace temperature of 1673K, the weight loss from the high-volatile coal, with an
ASTM volatile matter of 35.2%, was 62% under rapid heating conditions and only 42%
under medium heating conditions. The crucible tests are expected to have lower weight loss
because of the lower heating rate and the opportunity for cracking reactions. The lower
heating rate, as discussed on page 6, results in a greater portion of the devolatilization
reaction occurring at a lower temperature where the extent and rate of reaction is lower.
There is ample opportunity for cracking reactions in the crucible tests, as the coal particles
are closely packed in the crucible and the volatiles being released can easily use the surface
of the char particles as sites for secondary reactions. Although these tests are conducted at
2 much shorter residence time than the ASTM test, attributing the comparatively low yield
of the crucible experiments at 1673K solely to the lower heating rate and not to cracking

reactions seems questionable. However, Jamaluddin found that the devolatilization of coal

particles was increased by both increasing temperature and increasing heating rate.
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Maloney and Jenkins [20] performed devolatilization experiments in a laminar flow re-
actor using two bituminous coals with mean particle diameters of 62 pm. The furnace
temperature was varied from 1073-1273K. All experiments were conducted with Ny as the
secondary gas while some experiments utilized /e as the primary gas and were repeated
utilizing V> as the primary gas. A numerical analysis was performed to estimate the ve-
locity and temperature history of the coal particles. The particle temperature calculations
suggested that when ~60 pm particles were heated under their experimental conditions, the
coa! particle temperatures closely tracked that of the surrournding gas. The experimentally
determined gas temperature profiles were therefore equated to the coal particle tempera-
tures, although it was admitted that this method overestimated the particle temperatures
slightly. These tests were done utilizing He as the primary gas, for which because of the
high thermal conductivity of He this method of estimation may be more accurate than
in the experiments conducted using Nz as the primary gas. The weight loss generated in
experiments using the two different primary gases illustrated that the increased heating
rate associated with the e gas resulted in greater weight losses at smaller residence times.
Although the N» gas experiment did not have sufficient residence time to clearly approach
the asymptotic weight loss, it appears that the carrier gas, and thercfore the heating rate,

does not have an effect on the ultimate yield.

Kimber and Gray [16] performed devolatilization experiments in a laminar flow reactor
with an argon atmosphere. As the flow fields in the furnace were not modeled, the times
reported include the heating times of the particle and the temperature refers to the reactor
temperature; these data therefore cannot be used to determine rate constants, but can be
used to investigate trends in the process of devolatilization. Devolatilization appeared to
be a two-stage process: increasing the residence time at 1370K produced no further weight
loss, but significant volatile matter was released duting subsequent proximate analysis of
the char. At higher temperatures (2170K) the evolution of this residual volatile matter was
almost complete, indicating a second stage of devolatilization. There was a ten percent
increase in weight loss for the 30 um particle as compared to the weight loss of the 50 pm



particles, which was attributed to the variation in heating rate with particle sizes.

Solomon et al. {21] performed devolatilization experiments in a laminar flow reactor at
1373K using both bituminous and lignite coals with particle size ranging from 44-74 pm. A
Fourier Transform Infrared (FT-IR) spectrometer was used for in-situ analysis of gas species
and temperature. The relative intensities of hot CO absorption were used for measuring
the gas temperature, a technique which was adequate at room temperature but had some
problems at high temperatures. The wall profile and input gas temperatures were used to
calculate the particle temperatures; however, the major uncertainty in this calculation is the
particle velocity, which was assumed to be the average gas velocity. Another experimental
technique problem was the lack of a satisfactory method for the quantitative collection of
tar and soot, and substantial scatter existed in this data. The functional group changes
in the chars were determined, and the exhibition of almost identical changes in relative
functional group composition of all the four coals of varying rank indicated that the kinetic
rates are independent of coal rank but in fact depend on the functional group distribution of
the original coal. However, if this hypothesis were accepted for modelling, it would require
that 21l the functional groups of the coal be determined and the changes modeled, a rather
complicated task.

2.2.2 Heated Grid

A heated grid apparatus consists of a folded strip of stainless steel screen into which the coal
sample is spread. The screen is then placed between two relatively massive brass electrodes.
The heating element and electrodes are enclosed in a vessel capable of operating under a
vacuum or at elevated pressures. The reactor is flushed to remove any trace quantities of
oxygen and then filled with the desired experimental atmosphere. The external circuitry
permits independent control of the heating rate and the final temperature and holding time,
limited only by the thermal inertia of the screen. An estimate of temperature-time history
of the coal particles is recorded by a thermocouple placed within the sample. As the gaseous
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contents remain in the apparatus until purged, there is ample opporturity for secondary

cracking reactions.

Suuberg ct al. [11] studied the product composition and Kinetics of lignite pyrolysis.
Experiments were carried out utilizing a Montana lignite in the particle size range of 53-38
pm with 74 pm being the average diameter, and therefore the effect of particle size was not
tested. The yield of char, which remains on the screen, was determined gravimetrically. Tars
were collected on foil liners within the reactor, on a paper filter at the exit of the reactor,
and by washing unlined surfaces. The vapor phase products were collected by purging the
reactor vapors through two traps. The coal samples were heated to a maximum temperature
of 1273K, at which point the weight loss was slightly exceeding the ASTM volatile matter
of the coal. Pyrolysis was found to be a function of the final peak temperature but not
a function of the heating rate, which varied from 100-10* K/sec. Tests on the effects of
pressure revealed that there is a temperature dependence of the pressure effect on the yield:
above 107T3K a decrease in pressure was found to increase the total yield and affect the

product compaosition.

Anthony and Howard [5] studied the rapid devolatilization of a lignite ard a bituminous
coal at temperatures up to 1373K. The heating rate was varied from 107 to 10* K/min, the
pressure from .001 to 100 atmospheres, and the particle size from 50-1000um. Both coals
experienced increased weight loss with increasing temperature and residence time. The
weight loss from the lignite was not affected by pressure; however, the weight loss from the
bituminous coal decreased substantially with increasing pressure. The devolatilization of
the lignite coal was independent of heating rate. The bituminous coal experienced increased
weight loss with higher heating rates at pressures of one atmosphere and lower but the effect
of the heating rate was negligible at higher pressures. The weight loss was also found to be
independent of particle size for the lignite, but increased with decreasing particle size for

the bituminous coal.

Jiintgen and Van Heek [22] summarized work in the basic processes and fandamentals of



coal pyrolysis by German researchers. The experiments in which the coals experienced high
heating rates, 10 — 10° K/min. were conducted in a heated grid apparatus. The rate of gas
release at low heating rates, 103 — 10° K/min. was studied with a captive sample heated
at a constant rate in a controlled electric oven. A thermocouple in the sample measured
the heating history of the coal particles. The gas produced during this process was carried
away by 2 stream of helium and analyzed. The effect of heating rate on gas formation
kinetics was investigated by studying ethane formation at widely differing heating rates;
10~2 — 10* K/min. This involved the data of two different sets of apparatus which might
have led to variations in pyrolysis behavior due to the different conditions experienced. The
temperature range of the experiments was 573-1073K. Increasing rates of heating resulted
in a shifting of the emission of ethane towards higher temperatures. Although the method
of determining the estimates of the reaction parameters was not discussed, the cstimates
remained constant within the error limits, indicating that the mechanism of the reaction
does not change over the temperature range investigated. The transition {rom reaction
controlled pyrolysis, which is independent of particle size, to diffusion or heat transfer
controlled pyrolysis, which is dependent upon the particle size and rate of heating, was
calculated and measured using a high volatile coal. Two different curves were determined
which separate the two rate determining mechanisms. They show to what degree the particle
diameter has to decrease to assure chemical reaction control with rising rates of heating.
For example, it shows that at a heating rate of 10° K/min or less, the reaction rate controls

devolatilization when the partide is smaller than 100 pm.

2.2.3 Crucible tests

The apparatus of the crucible tests varied from researcher to researcher, and therefore will
be described as each study is discussed.

Mahajan et al. [23] studied the pyrolysis of twelve coals of various ranks in a helium
atmosphere of 5.6 MPa (gauge)- The weight loss in the coal sample was monitored using
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a balance in conjunction with a thermal analyzer. A platinum boat containing the coal
sample was suspended from the beam of the balance. The thermocouple, which is attached
to the balance l;ousing, was placed in close proximity to the sample. The reactor, which was
made of a quartz tube with cither end acting as inlet and outlet for the reactor gases, was
surrounded by a tube furnace. The balance assembly along with the reactor and furnace
were mounted in a pressure vessel which was pressurized with nitrogen, and helium was
introduced though a pressure flowmeter. The furnace was activated to raise the temperature
to 853K at a heating rate of 10K /min. Both the temperature and heating rate are rz;xher low
compared to the pyrolysis stage of pulverized coal combustion. Mahajan et al. determined
that the variation in pressure from ambient to 5.6 MPa (gauge) had little or no effect on
the devolatilization. The weight loss was’ also determined to be a function of the carbon
content: as the carbon content decreases, the weight loss increases. The weight losses in
these runs were all well below the ASTM volatile fraction, which was probably due to the

experimental temperatures being well below the temperature at which the ASTM test is
conducted.

Merrick 8] performed devolatilization tests in tubular pots with heating rates ranging
from 3-5 K/min, a rather slow heating rate for devolatilization experiments. The tempera-
ture range for these tests was 673 Lo 823K. The samples of coal were crushed to a maximum
particle size range of 3 mm, which is much larger than the pulverized coal used in coal com-
bustors. It was found that the pea.k rate of release increases with volatile matter content of
the coal, but that the temperature at which the peak occurs decreases.

Freihaut [9] used a fluid cooled delivery spoon to drop coal samples into a reactor boat
which sat in a preheated, isothermal environment. 'i‘hé op;:rating temperatures varied from
873 to 1173K. The coal particle sizes varied from a 53-106 gm to a 850-1000 um size
range. The differential release of tars was monitored by optical density measurements of
the carrier gas stream. The condensate was captured on glass-fiber filters and weighed for
estimates of the amount of tar release. The particle size effects on the weight loss were
indicated by systematic decreases in the maximum differential mass release and systematic
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increases in the reaction time as the particle size increased. This behavior was attributed
to the presence of significant temperature gradients in the larger particles. As a result, the
variation in particle size leads to in a transition {rom an isothermal, volumetric pyrolysis
process in the case of the smallest particles to a non-isothermal shrinking core type of
process in the case of larger particles. In a small particle, the whole volume of the particle
devolatilizes uniformly as opposed to concentric ‘rings’ devolatilizing in a large particle as
the temperature of that ring rises to the desired temperature. The effect of the heat of
pyrolysis was investigated with a 500 pgm particle and was shown to have a pronounced
effect on the weight loss, as the endothermic reaction process supports the retention of a

temperature gradient in the larger particles.

2.2.4 Conclusions

The experimental techniques of the above researchers were studied to identify the opera-
tional parameters that were found to influence the devolatilization behavior of coal. Al-
though there are exceptions, the consensus is that the important operating factors that

influence the devolatilization of the coal particle are:
e time
e temperature - increasing temperature results in increased weight loss.

e particle size - if the particle size is small enough that its temperature is nearly uniform,
then no effect of particle size should be observed. The criterion for this is the Biot

number:
Bi=hrfk

which compares the relative magnitude of the surface convection, h, and the internal
conduction resistance to heat transfer, k/r. A very low value of Bi (< 0.1) means

that the internal conduction resistance is negligible in comparison with the surface




convection resistance and thercfore implies that the temperature will be nearly uni-
form throughout the solid [24]. This criterion and experimental evidence shows that
devolatilization is independent of size for particles under 100 ;m in diameter at rapid

heating rates (10% - 10% K/sec).

s heating rate - although most researchers agree that the heating rate is an important
factor in determining the devolatilization behavior, there is no agreement on the mech-
anism of its effect. Two explanations have been offercd to the observed increases in
volatile yicld with heating rate. One is that rapid heating leads to different reaction
paths in the coal, and hence to breaking of different bonds and release of different
specics [10,5]. The other notes that rapid heating is usualiy found in drop tube re-
acters, where the coal is widely dispersed, and suggzests that dispersion reduces the

likelihood of secondary reactions which might decrease the yield [15,19].
» pressure - weight loss was generally found to decrease with increasing pressure.

¢ chemical composition/rank - an increase in the volatile matter in the original coal

increases the asymptotic weight loss.

As pulverized coal combustors require that 65-80% of the coal be less than 74 um [25],
the particle size as a operational parameter will not be required to be taken into account
in the devolatilization model. Since coal combustion oceurs at ambient pressure, pressure
effects will not be required to be included in the model. As the coal’s composition can vary
greatly from coal to coal, it does not seem reasonable to include this parameter in the model
and therefore parameter estimates will be required to be found for the different types of

coal used. Thus the parameters that the model must allow for are:

e time
¢ temperature

+ heating rate



2.3 Accuracy of the Ash Tracer Technique

In conducting devolatilization experiments. many experimenters found that the sample
collectors were not 100% efficient and therefore direct weight loss measurements could not
be used to calculate the amount of volatiles released. As a result, an alternative method,
the ash tracer technique, was used to calculate the weight loss of the coal particles during

the pyrolvsis experiments using:

- -'1cs - Ao 9 l)

*f = A= 40) 2

where:

e V.5 weight loss based on original ash free coal
e A, ash fraction of original coal

s A, ash fraction of collected sample

Any uncertainty in the ash tracer technique due to vaporization or loss of ash constitucnts
could affect the results, and therefore many rescarchers investigated the accuracy of this
analytical technique. As the present work was undertaken to develop a procedure for es-
timating the devolatilization reaction constants for data obtained in a laminar flow test
reactor, the data collection side of this problem cannot be ignored, and therefore the acen-

racy of the ash tracer method is investigated in this section of the literature survey.

In examining the literature, it was found that the experimental conditions under which
the ash tracer accuracy was investigated could be divided into three major groups:

e crucible tests

e inert atmosphere furnace tests

e other atmosphere furnace tests



[B)
(3]

One would cxpect that the researchers would be in agreement within each group. How-
ever, this has not been the case, for there has been disagreement about the accuracy of the

ash tracer technique within these groups.

2.3.1 Crucible Tests

Maloney [20] found the ash tracer technique to be an excellent method to determine weight
loss in pyrolysis experiments. Samples of cach coal were subjected to ASTM tests for volatile
matter. The resulting chars were then ashed and the amount of volatile matter released was
calculated using the resulting ash yiclds. The agreement between the ash tracer method and
the direct weight loss measurements were found to be excellent at temperatures between

1073-1273K.

Harding [26] performed quite extensive crucible tests on the ash tracer accuracy using a
Ligh volatile bituminous coal. His rescarch revealed that there was negligible vaporization of
ash below 1500K but there was a significant increase in ash vaporization as the temperature
increased up to 2500K. All clements in the ash had a sigrificant degree of vaporization over
this temperature range, except for titanium and scandium. Since there was considerably

more titanium than scandium, titanium was used as a tracer instead of ash.

Kobayashi et al. [1,10] found that ash vaporization was negligible below 1400K. He also
stated that although some of the ash is vaporized at higher temperatures this would be
greatly reduced in furnace experiments due to the short residence times experienced. As a
result, the errors in using the ash tracer technique would be a fraction of those experienced

in crucible tests.

Scaroni et al. [19] found that crucible experiments in ashing furnaces revealed that the
use of ash as a tracer consistently underestimated the actual weight losses for the temper-

ature range of 973-1273K. This would suggest that some of the ash was lost in the furnace




experiments. In order to account for this underestimation, an empirical equation was de-
veloped. Ilowever, this equation is essentially independent of particle size and temperature

and therefore is very specific to the data quoted.

2.3.2 Inert Atmosphere Furnace Tests

Sarofim et al. [27] performed tests on the vaporization of mineral matter in a drop tube
furnace with a temperature range of 1000-1830K. Negligible amounts of mineral matter
were expelled with the volatile matter, although the bituminous coals swelled by a factor

of four or meore.

Jamaluddin et al. [13] performed devolatilization experiments using a drop tube furnace
with an argon atmosphere over a temperature range of 1073-1673K. Since the cfficiency
of the collector used was essentially 100%, the accuracy of the ash tracer technique was
tested by comparison with direct weight loss calculations. The ash tracer technique was
found to be a suitable method to estimate the weight loss of a high-volatile bituminous coal
but not suitable for a medium volatile bituminous coal. This suggests that the accuracy
of the ash tracer depends upon the rank of the coal or more likely on the variation of ash
characteristics with the origin of the coal. Jamaluddin postulated that the unsuitability for
the medium volatile coal was due to soot and tar from the pyrolysis of the volatiles being
deposited on the char particles; however, since such deposition would affect a direct weight

loss measurement as well, this argument does not seem valid.

Gat et al. [28] tested the accuracy of the ash tracer technique by laser heating particles
carried in an argon gas jet. Although the ash tracer was found to be reliable at low tem-
peratures, it was found to be increasing unreliable as the temperature was increased. This
suggests a temperature dependence of ash vaporization, which was also seen in the findings
of some of the crucible tests. At high heating rates and high temperatures (2273-3073K),
Gat reported significant losses of both ash and titanium. Ti was thought to be an unreliable



tracer under these conditions because Ti has a high organic affinity. Under rapid heating,
the organic structure of the coal is quickly vaporized and there might not be sufficient time
for the Ti to separate: it would then be carried out with the hydrocarbons. This contradicts
the findings of Sarofim ¢t al. [27], but an analysis of the condensed tars supports this theory.
A sced tracer, tungsten carbide powder, was recommended in order to accurately determine

the weight loss experienced during coal pyrolysis and combustion.

Badzioch and Hawksley [15] performed devolatilization experiments using a drop-tube
furnace with a nitrogen atmosphere and a temperature range of 673-1273K. The ash tracer
technique was found to be of poor reproducibility when the ash content is low, for 2 wide
scatter arises from even small analytical errors in the determination of the amount of ash.
Another source of scatter is a result of the ash particles being predominately discrete from
the coal. They would then tend to segregate upon handling, for example, in vibrating
feeders. A correlation was developed between the weight loss calculated by ash tracer
and the change in volatile matter found by ASTM tests. One possible explanation for
the corrclation not passing through the origin was the possibility that there were minute
fragments passing through the cyclone collector in the sampling system. These difficulties
could be alleviated by closely size-grading the coal samples used, and performing the analysis
of the original coal on the sample as fed to the furnace. Any ash tending to segregate into

the fine particles would then be eliminated from both the sample and analysis.

2.3.3 Other Atmosphere Furnace Tests

All of the rescarchers in the literature who performed devolatilization tests in a furnace
with an oxidizing atmosphere discovered ash vaporization and therefore found ash to be
unsuitable as a tracer. However, it should be noted that these tests were all conducted at

very high temperatures.

Ubhayakar et al. [29] performed their devolatilization tests in a turbulent flow entrained
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bed gasifier with a hot combustion gas atmosphere with a temperature range of 1800-22501.
The ash vaporization was estimated by analyzing the alumina content of two char samples
resulting from high temperature and low temperature runs. Since the ash from a high
temperature run had a higher alumina concentration than the low temperature run, it was
assumed that some ash vaporization had occurred. Alumina was used as a tracer instead

of the ash, since it was the most refractory component in the ash.

Quann et al. [30] performed mineral vaporization tests using a drop tube furnace with
a 5-100% oxygen atmosphere with a particle temperature range of 1600-3000K. Quann
stated that the submicron particles generated by vaporization and condensation of the ash
passed through the impactor and were collected on a back-up membrane filter. The amount
and composition of the particles was used to provide a measure of the extent of the ash
vaporization during combustion. Through this experimentation, Quann found that the
vaporization was dependent on the temperature and the spatial distribution of the mineral

matter.

Neville et al. [31] performed ash vaporization experiments in a drop tube furnace with a
30% oxygen in nitrogen atmosphere at 1750K. He found that high temperature and a locally
reducing atmosphere promoted ash vaporization. Also, elements such as sodium, which show
a small temperature dependence, are vaporized to a large degree during devolatilization.
However, elements such as magnesium, which show 2 strong temperature dependence, are
vapotized primarily at a peak temperature encountered after devolatilization is complete.
Although the meaning of the temperature dependence was not explained, it is assumed that
this refers to the range of temperature between the element’s melting and boiling points
which are listed in table 1. As sodium melts at 2 much lower temperature than magnesium,
the liquid can be entrained by the escaping volatiles and carried out of the particle. As

sodium has a lower boiling point, it vaporizes at a lower temperature and therefore escapes

as 2 gas. Both these effects can result in a greater loss in sodium than magnesium by the
devolatilizing coal particle.

cide et 0 e



2.3.4 Conclusions

From this literature survey, one can see that the vaporization of the mineral matter depends
not only on the properties of the coal (i.e. rank, amount of minerals) but also on the
conditions (i.c. temperature, atmosphere, heating rate} under which pyrolysis occurs. As
a result, it is important to test each coal utilized ard to try to duplicate experimental
conditions as closely as possible while conducting ash vaporization tests. In examining the
literature which reports upon the experiments that most closely duplicate the conditions
of the experiments that will be performed (inert atmosphere, approximately 1500K), it
seems that the ash tracer method is reliable up to about 1273-1373K, unless the ash has
components which vaporize at lower temperatures (e.g. Jamaluddin et al. [13]). In this case,
it would be possible to perform supplementary crucible tests over the temperature range of
experimentation to determine whether ash vaporization is significant. If no vaporization has
occurred then this should be verified by performing drop tube furnace tests to see whether
the heating rate or atmospheric conditions have any effect on ash vaporization. It would be
important that the sampling equipment be designed so that the weight loss measurements
are as accurate as possible. This would enable an accurate comparison between weight loss

measurements and the ash tracer method for the furnace experiments.




© Table 1: Melting and boiling points of Sodium and Magnesium

melting point, °C

boiling point

sodium
" magnesium

97.5
651

880
1110




Chapter 3

Model Evaluation

The purpose of this chapter is to critically appraise and compare the devolatilization models
that are available in the literature, and to select a model which will be suitably accurate
in describing the pyrolysis of a coal particle. The model selected is ultimately intended for
use in a full model of coal combustion in a furnace, such as that of Lockwood [12]. The role

of the devolatilization model in such a model is:

 to predict the mass of char produced for subsequent char combustion

o to predict the rate of volatiles release in the early part of the flame

Of these, the accurate prediction of char mass, i.e. extent of devolatilization, is the most
important, as char combustion is the rate-controlling step of coal combustion. Owing to
the complexity of a full model of combustion, the devolatilization model selected should be
relatively simple and not require substantial computational effort. It is with these factors
in mind that the models will be evaluated. Attention will be further confined to models for
devolatilization of small coal particles, for which the particle temperature may be assumed
uniform. The models presented in literature are quite different, for they range from a simple
single first order reaction model to a much more complex and sophisticated multiple parallel
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reaction scheme. The reaction schemes to be examined are:

e evaporation model

e single, first order reaction model

« competitive parallel reaction modet
e two component model

e multiple parallel reaction mechanism

Each of these models will be examined and their advantages and disadvantages will be listed

in an attempt to choose the best model that will serve the requirements listed above.

3.1 Evaporation model

3.1.1 Lockwood et al.

Lockwood et al. [12] developed a model for bituminous coal combustion. Lockwood used a
physical model to describe the devolatilization of the coal instead of a reaction model, even
though it was acknowledged that pyrolysis is 2 chemical process. The model used is very
simple:

— dz,/dt = min(Qp/h1, Bm) (3.1)

where z, is the mass fraction of volatiles not yet released and h; is the ‘latent heat’ of
devolatilization. This treats the evolution of volatiles as an ‘evaporation’ process. It is
assumed that no volatiles were released at temperatures below GOOK and that the volatile
release rate is linearly dependent upon the heat flux to the particle, Qp, and limited by
a maximum value, Bn,. A final assumption is that the total volatile yield is cqual to

the proximate volatile content. This model cannot describe the experimentally observed
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increase of volatile vield with temperature nor the fact that yields above the ASTM value
are often obtained [1,10,15,19]. Because it represents a chemical reaction as a physically
controlled process, the ‘reaction constants’, iy and B, are specific to the temperature

range, heating rate and other conditions modeled.

3.2 Single first order reaction model

The single first order model is the simplest reaction model available in literature and there-

fore is often used in combustion studies. The model is:
coal — V" (volatiles) + (1 — V*)(char) (3.2)
The basic reaction equation for this model is:
dV/dt = k(V" =V) (3.3}

where V' is the quantity of volatiles evolved up to time ¢t and V™ is the ultimate volatile

yicld. The reaction constant X is described by an Arrhenius equation:
k = k,exp(—E/RT) (3.4)

This model will be evaluated and discussed by pointing out its advantages and disadvan-

tages.

3.2.1 Badzioch and Hawksley

Badzioch and Hawksley [15] introduced a single first order model which is often used as a
standard against which other models are compared. The devolatilization experiments were

carried out in a drop tube furnace with a maximum temperature of 1273K.

The model assumes isothermal pyrolysis, and its form is as follows:

V = QV,(1 - C)(1 — exp{—kt)) (3.5)
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where V is the weight loss of the coal up to time t. ¥, is the ASTM proximate volatile
matter of the coal, and Q is the ratio of the weight loss to the change in proximate volatile
matter:

Q=V/(Vo- V) (3.6)
where V; is the proximate volatile matter of the char. C is 2 correction for the asymptotic
weight loss, or the residual volatile matter in the char at infinite time, which allows the
increase in yield with temperature to be roughly modelled. Badzioch et al. found C was a
function of the swelling factor of the coal: for the non-swelling coals C was a constant while

for the swelling coals C was fitted by an exponential function of temperature:
C = exp[—E:1(T — R2] (3.79)

Badzioch and Hawksley stated that there was a heating period in the furnace and therefore
the particles did not experience a completely isothermal residence time. This heating time
was subtracted from the residence time to obtain the duration of isothermal decomposition,
thus assuming the amount of devolatilization occurring during the heating process was in-
significant. This is now known to be a poor assumption [1,5), which limits this model’s
usefulness. Badzioch and Hawksley [15] stated that this model is not reliable for temper-
atures above 1273K and that a two reaction model should be used at high temperatures.
Both the empirical nature of the temperature variation of the ultimate yield and limitation

to temperatures under 1273K also limits this model’s usefulness.

3.2.2 Scaroni et al.

Scaroni et al. [19] pedorﬁed lignite pyrolysis experiments in a drop tube furnace with a
temperature range of 973K-1273K. Scaroni included two models, of which the first is strictly
an empirical model which is particle size and temperature independent. As a result, this
model does not provide any insight into the mechanism of pyrolysis and cannot be applied
to other data. The second model is again a simple first order isothermal model:

V = V(1 — exp(~kt)) (38)




where V'~ is the maximum potential weight loss. Scaroni states that there is no weight loss
during heat up, an assumption that is now considered incorrect {1,5]. It should be noted

that in this model the ultimate vield is not a function of temperature.

3.2.3 Truelove

Truelove {32] modeled the combustion of pulverized coal in swirling flow combustors. This
model included a simple first order reaction model of the coal devolatilization, this time for

non-isothermal conditions:

dvjdt = K(V*" = V) (39)

The rate parameters were taken from the work of Badzioch and Hawksley [13].

3.3 Competitive Parallel Reaction Model

It has been suggested that the temperature dependence of volatile yield can be modelled
by using two parallel, competing pyrolysis reactions, one dominant at low temperatures
and the other at high. This model was initially proposed by Kobayashi [1] but several
authors [13,29,33] have used modified versions of this model which will be discussed here.

3.3.1 Kouayashi

Kobayashi proposed the two competitive reaction model since a model was needed that could
describe the effects of temperature on volatile yields as well as predict the devolatilization
rates at higher temperatures. This model assumes that the original coal substance, C, can

decompose to volatiles, V, and char, R via two paths:
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where k; are the reaction rate constants and a; are the mass stoichiometric constants and
k; = ko;exp(—E;/RT) (3.11)

The first reaction dominates at low temperatures. At high temperatures, the sccond reaction
is assumed to become faster than the first one, which amounts to requiring £z to be larger
than E;. Kobayashi set «; as the proximate analysis volatile yield and ez as 1 since all the

coal is expected to devolatilize at high temperatures. The mathematical form of this model

152
d—;:-l- = ohyC
% = axkC
so that
L = Zh+W)
= (anky + azks)C (3.12)
where
Lo turm)e
Integrating:
C = exp(— fo ‘(kr + k2)dt) (3.13)

Substituting equation 3.13 into equation 3.12 yields:

V= ./:(Qlkl + Clgkz) exp(j: -(ky + k;)dt)dt (3‘14)
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Under isothermal conditions, this equation can be integrated to give:
V = [(ayky + axka)/ (k1 + k2)][1 = exp(—(k1 + k2)t)] (3.15)
As ¢ — o0, equation 3.13 reduces to:
V™= (a1k + azk)/(k1 + &2) (3.16)

where V" is the asymptotic weight loss or the maximum possible weight loss. The first reac-
tion dominates at low temperatures, since k; > k2 and as a result ¥V approaches ay, while
at high temperatures k2 3 k; and V approaches az. This model can therefore predict the
temperature dependence of the asymptotic weight loss as found in the experimental find-
ings of many researchers {1,15,19,10,13]. This model can also be applied to non-isothermal
experiments through the numerical integration of equation 3.14 using the temperature-time
histories of the coal particles to fit the equation to the experimental weight loss data. How-
ever, Kobayashi expended little effort in trying to obtain the best fit. Since the asymptotic
weight loss changes from approaching ¢ to approaching az as the temperature increases,
one expects that there is a transition temperature interval above which devolatilization
becomes increasingly controlled by reaction 2. The transition temperature can be roughly
calculated by assuming that k; is negligible if it is twenty percent of k:

k2=.2-K
therefore:

koz exp(-=-Ez/RT) = .2 - ko1 exp(—E1 /RT)
Ter = (B2 — E1)/(R - In(ko2/2ko1)) (3.17)

Using the parameter estimates determined by Kobayashi [1,10] listed in table 2, one finds
the transition temperature to be approximately 1305K. While the transition teraperature

found in this example is a function of the parameter values chosen, this temperature is sup-
ported by experimental work, since Badzioch and Hawksley [15] found that a second high
temperature reaction is required to explain the increase in weight loss if the devolatilization




temperature is above 1273K. The transition temperature is an important *tool’ in determin-
ing the type of model that should be utilized. This method can also be used to approximate
the temperature at which the first reaction becomes negligible by finding the temperature

at which k; is twenty percent of ka:
ky=2-k2
therefore:

korexp(—Ey/RT) = .2kpaexp(—Ez/RT)

T = (E1 — E2)/(RIn(kor [ 2ke2)) (3.18)

Using the parameter estimates determined by Kobayashi [1,10] listed in table 2, onc finds
the temperature at which the first reaction becomes negligible to be approximately 2950K.
An interesting feature of this model is that the ultimate yield becomes a function of the
temperature-time history of the particle. If the particle is held at 2 fairly low temperature
for a long period of time, the original coal substance, C, will be entirely consumed by
reaction 1, producing yield i, so that no further product will be produced by subsequent
heating to a temperature at which reaction 2 becomes predominant. Rapid heating to high
temperatures, on the other hand, will ensure that most devolatilization occurs by reaction 2,
resulting in 2 higher yield. Thus the Kobayashi model is capable of explaining the observed
dependence of yield on the heating rate [13,6,16,20] as well as on temperature.

3.3.2 Ubhayakar et al.

Ubhayakar et al. [29] performed devolatilization experiments in hot combustion gases with
temperatures from 1800K to 2250K, which is the temperature range that would require a two
reaction model. The model used was in fact the two reaction model presented by Kobayashi
with some modifications. Ubhayakar assumed that the stoichiometric mass constants were

equal to z/z, where z,, is equal to the (H/C) ratio of volatile n, n=1,2 and z is equal to the
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(H/C) ratio of the coal. As the coal particles were entrained in hot combustion gases, the
model used by Ubhayakar incorporates the two reaction model followed by the cracking of
the volatiles. The parameters for the two reaction model were fitted using the data provided

by Kimber and Gray [16] and Badzioch and Hawksley [15].

From the determination of the stoichiometric constants it appeared that the high tem-
perature process led to higher yields of lower (H/C) volatiles and lower char than the lower

temperature process. These observations are derived from the values of a,:

ay=03=z/z; — 21 =.194

ag =08 =2z/z; — T2 =.0T275

The lower char yield is backed by experimental results [10,15,16] finding increased weight
loss with increased temperature. However, as the (H/C) ratios of the volatiles released
were unrecorded by Badzioch and Hawksley [15] and Kimber and Gray [16], these results
could not be verified. Also, using two sets of experimental data to fit the parameters of the
model to be used to fit additional parameters to a third set of datz is not advisable as the
conditions in the different furnzces can result in very different devolatilization behaviour

and therefore parameter estimates are obviously in question.

3.3.3 Jamaluddin et al.

The coal in the experiments of Jamaluddin et al. [13] was devolatilized over 2 temperature
range of 800-1400C, which also supports the use of a two reaction model. Jamaluddin [13]
also used the Kobayashi model; however, some slight modifications were made. The low
temperature kinetic rate constants were taken as those determined by Badzioch and Hawk-
sley [15] while the high temperature constants were set to those as determined by Ubhayakar
et al. [29]. The low temperature mass stoichiometric constant was taken as the proximate

analysis volatile matter, which is the definition of ay originally given by Kobayashi. However




as was determined from the measured pyrolysis data and was defined by:
a = QV, (3.19)

where Q = V*/(V, — V,) as defired by Badzioch and Hawksley [15]. As a result, at high

temperatures with k2 % ki, the model would reduce down to:
V = QVL(1 — ezp(—Fkzt)) (3.20)

This model has the same form as the model introduced by Badzioch and Hawksley [15]
for low temperature (< 1273K) devolatilization, if at the high temperatures the correction
factor, C, for the asymptotic weight loss were to be set to zero. The model was found to
be accurate for the high volatile bituminous coal but to overpredict the weight loss for the
medium volatile coal by up to five percent. One should note that using rate parameters
determined by other researchers could compromise the values of and a2 determined by

fitting the model to the data.

3.3.4 Suzuki et al.

Suzuki et al. [33] performed devolatilization experiments with combustion air as the sec-
ondary gas stream with a temperature range up to 1483K. However the furnace had recir-
culating flow and therefore the temperature-time history of the coal particles is uncertain.
Suzuki also used the Kobayashi model; however, @; was selected to provide agreement
between the experimental data and the predictions while holding all other parameters con-
stant. The values of ay were then correlated with the (H/C) ratio and the proximate volatile
matter of the coal to provide 2 means of estimating ;. Suzuki found that the extent of
devolatilization through the first reaction, e, increases with an increase of the proximate
volatile matter and (H/C) ratio of the coal. However, one should note that fixing the other

parameters may fix the behaviour of ay: ie. if the values of the other parameters were
changed one might find that the behavior of ;y was changed as well.
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3.3.53 Baxter et al.

Baxter et al. [34] used statistical routines to fit the parameters of the parallel reaction model
to the data obtained by Kobayashi [1]. The temperature, velocity and radiation conditions
inside Kobayashi’s furnace were calculated with a numerical model of the flow, and were
then utilized to determine the temperature of the particle as a function of time. However,
the results of this analysis are questionable: at 2 furnace temperature of 2100K, the particle
model developed by Baxter predicts a platean in the temperature profile at 1400K which is
said to be a result of the high rate of mass transfer due to devolatilization of the coal particle.
In view of the low value of heat of pyrolysis, it seems unreasonable that the mass flow from
the coal particle would maintain the coal particle’s temperature 700K below the ambient
temperature and still maintain a high rate of mass release. Another difficulty with this model
prediction is that it indicates that there is in fact no high temperature devolatilization and
would bring to question the temperature profiles of the devolatilizing coal particle at lower
temperatures as predicted by this model. The reason for these problems appears to be an
incorrect particle energy balance: the enthalpy of the escaping devolatilization gases was
included in the energy balance, which can be shown to be in error when the first law of
thermodynamics is applied to the pyrolyzing coal particle (Appendix A).

Other researchers [31,35] also have employed the Kobayashi model, using the values of &
and k as determined by Kobayashi. As previously stated, Kobayashi expended little effort
in optimizing the parameters for the best fit, moreover; his values are specific to his two test
coals, so that using his constants without further testing or modifications is not advisable.

3.4 Two component model

The two componrent model differs from the two competitive reaction model in that instead
of having two reactions that come into play at different temperatures, it is assumed that the
coal consists of two components. These two components of the coal pyrolyze by independent,
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first order reactions which have substantially diffetent rate constarts. The mechanism is as
follows:

Coal — Cy — Vi — V{ + R}

C:—=Va+ 1,

where the first reaction includes a secondary cracking reaction. This model can be simplified
by neglecting the secondary cracking stage.

3.4.1 Nsakala et al.

Nsakala [4] studied the kinelics of Iignite pyrolysis at 1081K in a drop tube furnace. The
model used to describe the devolatilization was the two component hypothesis without the
secondary cracking. The evidence cited by Neakala that dictated the need for this type of
model was a ‘break’ in the weight loss behavior, figure 4, that occurred when the residence
time was increased; this was seen to be characteristic of two independent parallcl reactions
having substantially different rate constants. However, this ‘break’ could be the result of
the weight loss approaching the asymptotic weight loss.

This model requires that the initial concentrations of each component, the proportion-
ality constant, 7, between V; and R; plus the rate constants to determined. Neakala found

that the asymptotic weight loss was not a function of temperature, rather

V'=C+G/(1+7) (3.21)

The number of parameters Lo be estimated as well as the asymptotic weight loss not being
lemperature dependent make this model quite undesirable.
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3.5 Multiple Parallel Reaction Mechanism

An alternative model to the two parallel competing reaction model is the multiple parailel
reaction model. The premise of this model is that the devolatilization of the coal is 2
complex phenomenon that should be modelled as a large number of independent parallel
reactions. The problem is simplified if it is assumed that the pre-exponentials for each
reaction are the same and the reaction rates only differ in activation energies. It is further
simplified by assuming that the number of reactions is large enough to permit E to be

expressed as a continuous distribution function.

Anthony et al. {5,6] generalized this model to allow for non-isothermal processes. This
model was also adapted and modified by several researchers [11,21,36,37].

3.5.1 Anthony and Howard

Anthony and Howard [5,6] performed devolatilization experiments in the temperature range
of 673-1373K which is within the single low temperature reaction range. The as yet unre-
leased volatile fraction for a particular reaction i of the multiple parallel reactions is:

V- V= Vi ewp(- [ hdi) (322)

V" is a differential part of the total yield V* and may be written:

Vo= a (3:23)
= V"f(EME (324)

with
[ senE=1 (325)

Integrating equation 3.22 over all values of E using equation 3.24 yields;

v -vyv= [ el [ ranseue (3.26)
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Anthony and Howard stated that there is negligible numerical effect of altering the lower
limit on the left integral from 0 to —co. The distribution function, {E). is assumed to be

Gaussian with a mean activation energy E, and standard deviation o:
S(E) = [0(27)°*] " exp[—(E — Eo)*/207] (327
The model has the f} kdt term to account for non-isothermal processes.

One difficulty with this mode! is that it does not predict the variation of yield witk
temperature at higher temperatures. This can be illustrated by assuming an isothermal

process, for which, equation 3.26 becomes:
(V= =V)V" = j: exp(~kt) f(E)AE (3.28)
as ¢ — 00,
vV —V)V-= F 0f(E)E =0 (3:29)

which shows that the asymptotic weight loss is a constant and equal to V" and therefore
independent of temperature. Anthony and Howard state that this model can give the
impression of an asymptote being reached by a low temperature decomposition when it is
compared with one at high temperatures, but this really amounts to a misinterpretation
of the results. The behavior of this model can be illustrated by assuming a uniform rather
than a Gaussian distribution of activation energy:

& ‘
[ FEME =1~ §(B) = /(B - Ex) (330)
Substituting equation 3.30 into the isothermal equation 3.28, the resulting equation is:

V = V*[1 — RT/(E. - Es)[Er(kotZs) — Ex{kotZa)]] (331)

where E;(z) is the exponential integral:

Ei(z) = j:' i"’lt"—)dz
Z; = exp(—E;[RT)
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model for various temperatures
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Figure 5 is a graph of the resulting weight loss. It could appear that the low tempera-
ture devolatilization had reached an asymptote although in reality it had not. Thus this
model does not describe the variation of the asymptotic weight loss with temperature as
the Kobayashi model does. A further problem with this model is that &k, and E are corre-
lated [6,37), since a higher value of &k, tends to shift the distribution to higher activation

energies.
3.5.2 Hashimoto et al.

Hashimoto et al. [37] also used the muitiple parallel reaction model to model the thermal
regeneration of activated carbons used in wastewater treatment with a temperature range up
to 1173K. Hashimoto used Anthony and Howard’s non-isothermal model with a modification
to correct the dependence of the distribution curve of E on the value of k,. This weak point
was corrected by approximating k, as a function of E:

k, = ¢pexp(BE) (332)

This modification increases the number of parameters required to be fitted by two and
solves the problem of the correlation between k, and E. However, this model still has the
problem of the ultimate yield not being a function of temperature.

3.5.3 Solomon et al.

Solomon et al. [21] performed pyrolysis experiments in an entrained flow reactor which was
designed to operate up to 2 maximum temperature of 1923K. The model used to describe
the pyrolysis of coal was Anthony and Howard’s model with a Gaussian distribution for the
activation energy. The model, however, was used to describe individual species evolution
rather than pyrolysis of the coal as a whole. Solomon justified using a distributidn function
for the activation energy of individual species by the fact that the quantity of each gas
species depends upon the functional group distribution in the original coal. Solomon also
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hypothesizes that the functional groups decompose at rates which are insensitive to coal
rank to form light gas species. It is for this reason that the model was fitted to the pyrolysis
of a lignite in an entrained flow reactor and then applied to a bituminous coal pyrolyzed in
a heated grid to test its generality. One difficulty that can be pointed out in this method
is that the lignite was only heated to a single temperature (1373 K) while the temperature
range of the bituminous coal tests was 673-2073 K. There was a problem in the collecticn

of the tar and soot and therefore snbstantial scatter existed in the data.

The fit of the model to either coal’s devolatilization products is not very good [21]. This
might be due to the fact that the parameters were fitted using the functional groups present
in the coal. The functional group composition of the coal was then required to be found and
the kinetic rate constants of these groups then formed the distribution functions of E. This

complicated modeling has a lot of room for error, owing to the many parameters involved.

3.5.4 Suuberg et al.

Suuberg et al. [11] investigated the kinetics of lignite pyrolysis using a heated grid with a
constant heating rate and a maximum temperature of 1273K. Suuberg was investigating the
applicability of the multiple parallel reaction model to the devolatilization of a lignite by
modeling the appearance of several products. Many products are not adequately modeled
by a single reaction [11,38] but in fact are the result of different reactions in different tem-
perature intervals. Figure 6 also shows how the various individual reactions form a smooth
total weight loss curve. In spite of this evidence, which supports the use of the competitive
two reaction model with temperature dependent ultimate yield, Suuberg supports the use
of the parallel multiple reaction model, since the distribution function of E is similar to
those obtained based on weight loss data [5,6]. Suuberg states that the kinetic parameters
obtained by the parallel multiple reaction model are overall properties, in spite of the fact
that the species are involved as a result of some combination of two reactions.
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3.5.5 Rizvi

Rizvi [36] modeled the combustion of pulverized coal particles in swirling flow combustors.
Rizvi evaluated the performance of the first order reaction, evaporation, two competing
reaction and multiple parallel reaction models b~ comparing the flame bebavior that results
from the models to the actual flame behavior. Rizvi found that satisfactory predictions of
the flame behavior were obtained when either the evaporation or multiple parallel reaction
models were utilized while both the two competing reaction and Badzioch and Hawksley’s
single first order reaction models were found to be less successful. However, it must be
stressed that all reaction constants used came from the literature and no attempt was made
to fit them for the particular coal being used. Optimization of the constants would probably
make all these models more accurate and would certainly be required for a meaningful test.
These findings can be seen to be quite questionable, for the two ‘acceptable’ models are at
opposite ends of the spectrum: i.e. one is a purely physical model while the other represents
a large number of independent parallel reactions. Another problem with this conclusion is
that the analysis is based upon the turbulent flame behavior where any number of unknown
factors might come into play apart from the devolatilization process itself.

3.5.6 Sprouse et al.

Sprouse et al. [39] fitted Anthony and Howard's multiple parallel reaction model as well
as Kobayashi’s two reaction model to the high temperature lignite devolatilization data
supplied by Kobayashi [1]. Sprouse performed a non-linear least squares curve-fitting routine
on Kobayashi’s data, since there was some question whether the Anthony and Howard
model, which was previously only applied to low temperature {< 1200K’) pyrolysis, could
adequately handle high temperature devolatilization. Sprouse fitted both models to the
Kobayashi data and found that the standard deviation of the Anthony and Howard model
was 4.6% while it was 6.1% for the Kobayashi model. This small difference in the standard
deviations of the two models is not significant, especially when the char combustion is
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the rate controliing step for the complete combustion process. Sprousc also compared the
abilities of the two different models to adequately fit devolatilization data by applying the
models to the devolatilization of coal during an ASTM test. Although Sprouse found that
Anthony and Howard’s model described the ASTM devolatilization more accurately than
the Kobayashi model, this test cannot be considered a good test due to the long residence
time, during which secondary reactions have ample opporturity to effect the devolatilization
resulis.

Sprouse points out that the Anthony and Howard model fits the high temperature data
while using fewer parameters. However, k, and E are correlated [6,37] and therefore the
equation suggested by Hashimoto [37] to correct this model weakness should be added which
in turn raised the number of parameters to be fitted. Also, as discussed on page 41, the
multiple parallel reaction model only appears to model the change in ultimate yield with
temperature, and actually gives a constant ultimate yield.

Sprouse also questions the validity of the Kobayashi model since it cannot predict that
a coal heated at low temperature will always devolatilize further when the temperature is
raised, while the Anthony and Howard model can predict this behavior. However, a model
should suit the purposes of the researcher: since in coal combustion the coal is consumed
and therefore any question of reheating to a higher temperature is eliminated, this argument
against the Kobayashi model can be considered unimportant for the present purposes.

3.6 Conclusions

The models presented in the literature have been examined and analyzed for their suitabil-
ity and accuracy in describing the devolatilization of coal. The utility of the evaporation
model is confined to the correlation of weight loss data over very narrow ranges of condi-
tions; it is unsuitable as a general model. The one reaction models appear to be suitable
for low temperature (below 1300K) pyrolysis and either did not describe the temperature
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dependence of the ultin:ate yield or used some sort of empirical correction [15.19]. The
wwo component hypothesis [4] complicated the pyrolysis model and yet did not address
the problems stated above. The multiple parallel reaction model was only used to fit low
temperature devolatilization and did not describe the temperature dependence of the ulti-
mate yield at high temperatures. In the form suggested by Anthony and Howard [5,6] 2
numerical integration of the probability function is required, while other multiple parallel
reaction schemes are too complex for the inclusion in a complete model of coal combustion

in a furnace.

However, the two competing reaction model illustrated the temperature dependence of
the asymptotic weight loss. It is flexible, in that at low temperatures this model reduces
down into the simpler one reaction which was found to be acceptable at lower temperatures.
This is also the only model which will predict a dependence of the weight loss on the heating

rate ot temperature history. It is for these reasons that the two competing reaction model

has been selected as the best model for the purposes of the present work.
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Table 2: Parameter estimates determined by Kobayashi

reaction ko E
low 2E5 |25
high 1.3E7 | 40




Chapter 4

Reactor Model Program

The entrained flow reactor has been designed to provide data under conditions where the
particle temperature-time history may be determined and where the heating rate and reac-
tion conditions match a pulverized coal combustor. A particle heating program written by
Flaxman [7] models the furnace flow fields as well as the particle motion and heating. This
program was modified with the addition of a devolatilization model. The coal loadings are
usually kept small to prevent secondary cracking reactions and therefore the effect of the
coal particles on the gas velocity and temperature fields is neglected (7,13]. The temperature
and velocity fields inside the reactor are determined by numerically solving all fundamental
governing equations of energy, momentum ard conservation of mass using finite difference
techniques. The temperature and velocity fields of the furnace are then used to calculate
the coal particle temperature and velocity by numerical solution of the differential equations
of particle motion and heating.

As many different designs of entrained flow reactors exist, each with its own geometry,
gas flows and particle feed rates, the particle heating program was designed to be flexible so
that different furnaces could be modelled by making simple adjustments inside the program.
The flexibility of the program is in part achieved by dividing the flow field area into small

50




control volumes with varying sizes which form a grid pattern. The grid spacing was chosen
so that there are many points in the region of large gradients and fewer points as the
gradients become smaller. A sample grid for the EMR reactor is shown in figure 7. The
nodes for the grid are placed such that the control volume boundaries lie exactly halfway
between the adjacent nodes. The nodes can then be adjusted to model the dimensions of
the desired entrained flow reactor, for example the Kobayashi furnace [1], with dimensions

2s shown in table 3.

4.1 Method of Integration

The original particie heating program assumed that the particles do not react chemically.
This program was modified by adding the two competitive reaction model selected for coal
devolatilization:

L t
V = [k +asks)exa( | ~(k + kapdnds (@.1)
)] 0

As equation 4.1 can not be easily integrated analytically, different methods of numerical
integration were investigated to select the simplest method, with regard to consumption
of computer time, which can still accurately perform the integration. The accuracy of the
methods of integration was tested by making weight loss predictions for a single first order
devolatilization reaction in a particle undergoing heating according to:

T=2Z(1-exp(-8t)+ T, (4.2)

where:

o 8 =12k/(pe,d?)

e Z is the difference between the final equilibrium temperature and the initial temper-

ature, Tp,.
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and comparing these to the analytical solution for this problem. Although the total amount
of work involved is not significantly changed. a simpler method with a small step length
gives similw accuracy to a more complex method with a larger step length [40]. As the
particle heating program already is limited to small step sizes (maximum time step is 5 ms)
in the prediction of the particle temperature and velocity, the simpler methods of numerical

integration were that investigated are:

e summation - the integration is performed by assuming that the level of the ordinate

is constant throughout the step:

I=y-(z2—11) (14.3)

where the subscripts 1 and 2 refer to the beginning and end of the integration step
respectively.

e trapezoid rule - in trapezoid rule, the value of the integral is the arithmetic average
of the two ordinates multiplied by the distance between them:

I=3(n+u)a-n) (44)

» Simpson’s rule - Simpson’s rule for three points is based on fitting a quadratic to three
equally spaced data points. The resulting equation is:

1
I=n+am+ )2k (4.5)
In the particle heating program, the maximum temperature step was limited to 5 K, and
therefore during particle heatup the magnitude of the time step can vary. This eliminates

Simpson’s rule, as this method requires equal spacing between the three points used in each
integration step.

The exact solution of the first order reaction equation for the weight loss of a par-

ticle undergoing exponential heating with a time step of 5 ms is shown in figure 8 with
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the predictions of the equation numerically integrated using either the summation or the
irapezoidal rule. The results suggest that although the method of summation is inaccurate.
the trapezoid rule has sufficient accuracy to very closely approximate the exact solution.
The accuracy of the method of numerical integration will have even more importance with
the two competing reaction model, equation 4.1, which requires two integrations to be

performed in order to solve the equation.

4.2 Effects of mass transfer

The particle heating program solves for the particle velocity and temperature as it passes
through the furnace flow field. The acceleration of the particle is given by:

d 3eqp .
—_—=g—-—u,—1u -u : 1.6
2 =9 4dep(up Y up—ul (4.6)
For small Reynolds numbers, this equation can be linearized as:
d -
=9 Alm—u) (4.7)
where
4 = BBE(14 05RO

X5
Re = Plm-uldb
m
The bracketed term in A is a correction to Stokes’ law for Re > 1. With a small time step,
At, u and Re can be assumed to be constant and this equation can be integrated directly

over At since A is a constant:

tp = u = x[(g = At — w))e™44 ~g] (48)

where up, is the particle velocity at the beginning of At. The original expression for particle
heat transfer was:

%— S (Gred — Yeonv) (4.9)

" Prcoris
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As stated earlier, the value of Af must be selected so that u, fe, and the gas temperature
can be assumed constant. Equation 4.9 can also be integrated analytically in a fashion
similar to equation 4.6 if these values are assumed constant over the time step, At. The

valuc of At was selected by arbitrarily choosing 2 maximum temperature step, ATz, Of
SK and therefore

PpcpydyATmu
At ~
G(qrodo - anu)

(4.10)

where grado 30d geonwo 2re from the previous time step. This results in a small time step
initially where the heating is rapid, which gradually increases. A maximum time step of 5

ms was chosen to ensure the gas velocity is nearly constant over the time step.

When the devolstilization model was added to the particle heating program, several
modifications were incorporated. Corrections to the convective heat transfer coefficient and
drag coefficient are required to allow for the effects of mass transfer from the pyrolyzing coal
particle. This can be corrected for by means of the transfer number, B, which is defined as:

B=(Y,-Yu)/(1-Y.) (413)

where Y, and Y, are the particle surface and ambient mass fractions of volatiles respectively.
From simple droplet evaporation theory, this is related to the volatiles mass flux G by:

B = exp(r,G/pD) - 1 (4.12)

where 1, is the particle radius, G the mass flux of volatiles, p the gas density and D the
diffusion coefficient. The drag coefficient is then {41}:

¢z = ¢ /(1 + B) (4.13)

where cy, is the drag coeflicient of the non-pyrolyzing coal particle:

to = 2= (1+ 015K (414)
Re= P1m—xl
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[41]

The net effect is that the drag coefficient is decreased by the transfer because the boundary
layer thickness is increased. lowering the skin friction, and the wake region is filled, leading

to 2 reduction in form drag. The heat transfer coefficient becomes [41]:
h=h,In(1+ B)/B (4.15)
where £, refers to the convective heat transfer coefficient in the absence of mass transfer [24]:

_ 0.5 0.66 025y, B 025y B
h = [20+(0.4Re°" + 0.6Re"*°)( Pr )(“p) ]Prd,, (4.16)

At small mass transfer rates, equation 4.15 reduces to h being equal to h,, since In{1+ B) ~
B for small B. Mass transfer decreases the values of the convective heat transfer coefficient,
again because of the increased thickness of the boundary layer. The thermal conductivity
of the gas in equation 4.16 is substituted using the definition of the Prandtl number:

Pr= ‘-’%" (1.17)
so that
k= % (4.18)

where the heat capacity of the gas is estimated using correlations from Reid, Prausnitz, and
Sherwood [42], and the gas viscosity is fitted by the Sutherland equation [17):

BT'S
H=T+5

where B and S are constants. The mass transfer from a devolatilizing coal particle (using
parameter estimates determined by Kobayashi [1]) can be seen in figure $ 10 have a negligible
effect on the particle temperature.

The original particle energy balance was modified by including the heat of pyrolysis

term:
dar 6

dt " pyeppdy
where G is the instantaneous mass flux from the particle surface and is equal to:

[%rad — Geome — G H,] (4.19)

G = (AV-py-V,)/(4,-42)

where:
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s AV - the change in weight loss during the time step

e Vj - the particle volume

e A, - the parlicle surface arca

4.3 Physical properties of coal

Modeling of coal pyrolysis requires data for physical properties of coal such as the specific
heat, density and emissivity. There is little variation in the estimates of the coal emissivity
which is generally listed [24,25] as:

e=08 (4.20)
Unfortunately, there is a basic lack of specific heat and density data, so estimates of these
properties of coal have been used in this study. These estimates for a substance like coal,
which changes both chemically and physically when heated, are questionable. The estimates
of these properties are cven questionable for unheated coal because of the difficulty in
accounting for the strong effects of coal rank, mineral matter and moisture content. The

method of selection of estimates by other experimenters will be reviewed.

4.3.1 Specific heat

Merrick [8] found that the specific heat of coal usually increases with temperature and
volatile matter. The specific heat of coal and coke was modelled based on atoms oecillating
in the solid matrix. It was postulated that as-the coal devolatilizes, the loss of hydrogen
content results in the specific heat approaching the lower curve for coke. Figure 10 also shows
that the specific heat generally could be considered to remain constant at a value of 2000
J/kg K in the temperature range of interest. However, it should be noted that this model
predicts the specific heat for coals heated at lower heating rates and lower temperatures
than a coal particle would expericnce upon entering a combustor. The dependence of the
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specific heat on devolatilization would suggest that specific heat could also depend on the
beating history. Merrick stated that this comparatively high specific heat included the

endothermic heat of pyrolysis.

Kobayashi [1] found that the specific heat of raw coal increases with increasing volatile
matter and mnisture content but decreases with increasing ash content. Coals with volatile
matter in the range of forty percent were found to have specific heats around 1255 J/kg K.
The specific heat was also found to be affected by the physical and chemical changes of the
coal during heating. It was found that for a given heating rate, the position of the specific
heat maximum is displaced towards higher temperatures as the volatile matter of the coal
decreases. Chars produced from coals with volatile matter in the range of thirty to forty
percent would be expected to have a specific heat value of 1330 J/xg K.

Eisermann et al. [43] presented 2 method of estimating the specific heat of coal and
char. This method is based on the summation of specific heats weighed by the respective
mass fractions of the different components: moisture, primary volatile matter, secondary
volatile matter, fixed carbon, and ash. The evaluation of the original fraction of volatile
matter in the coal or char is found by a correlation which utilizes the composition of the
coal or char as determined by ultimate analysis. The secondary volatile matter is taken to
be ten percent if the total volatile matter content is greater than ten percent and equals
the total volatile matter if the amount is less than or equal to ten percent. The priraary
volatile matter is taken to be the amount in excess of ten percent. It should be noted that
this seemingly arbitrary categorization of the volatile matters, as well as the evaluation
of the amount of original volatile matter, is highly questionable. The specific heat of each
component is then estimated using correlations with the devolatilization temperature as the
only variable. The specific heat of coal and char is determined by a weighted summation
of the different components. The difference between the specific heats of coal and char is
determined mainly by their different compositions. There are two main problems with this
method: first, the correlations that determine the specific heat of each component are based
solely on temperature and therefore are highly specific; secondly, the use of broad categories




as *primary volatile matter’ results in the model not being able to account for the variations

in composition of thase mixtures [3S].

‘The majority of rescarchers did not list the physical properties used for coal. Of the
researchers that did, the estimate that was used in calculaticns was merely stated with little
or iio discussion. The specific heat estimates used by these researchers [44,20.45,28] varied

from 12554187 J/kg K.

The specific heat of coal is not well documented and there is much uncertainty in the
values listed, particularly as it is difficult experimentally to separate the specific heat and the
heat of pyrolysis. These two must be separated, however, since the devolatilization process
depends on the temperature and heating history. Hence Merrick's data [8] is unusable. As
Kobayashi’s devolatilization data was to be used in determining rate constant estimates, it
was decided that to be consistent it would be best to use the specific heat estimate for char
listed by Kobayashi (1380 J /kg K), as it is also an ‘intermediate’ value of all the specific heat
estimates listed. A realistic value could be expected to lie between the specific heat of pure
carbon (750 J/{kg K) at room temperature [25]) and those of typical liquid hydrocarbons
(roughly 2000 J/(kg I\'))'; this rules out the larger values reported in the literature.

4.4 Heat of Pyrolysis

A complete energy balance on a devolatilizing coal particle must include the endcthermic
heat of coal devolatilization. Teats of reaction in the range of 16° — 10 J/kg are not
unreasonable when considering thermal bond breaking processes such as:

C-Hyg — CaHg + CyHs AHp =-1.2E6J[kg

However, the heat of pyrolysis, which theoretically could be calculated from the heats of
formation of reactants and products, is in practice unknown.

Maloney and Jenkins [20] listed the heat of reaction to be in the range of 2.1ES to




4.2E5 J/kg coal. Stickler et al. [45] included the heat of pyrolysis for each reaction in a two
competitive reaction scheme as 1.673E6 and 8.37E5 J/kg for the low and high temperature
reactions respectively. Tsai and Scaroni [46] predicted a temperature drop of 5-25 K for a
heat of pyrulysis of 1.67E6 J/kg. It should be noted that these researchers listed the values
of the heat of pyrolysis with little or no discussion. For the sake of comparison. the heat of
combustion of coal ranges from 20E6 to 35 E6 J/kg and a typical hydrocarbon from -10E6
to 45E6 1 /kg.

Mahajan et al [23] tested the heat of pyrolysis at temperatures up to SS3K using a
thermal analytical technique called differential scanning calorimetry, in which the heat flow
between the sample and reference material is measured. The heat of pyrolysis varied from
-1.2E5 to 2.8E5 J/kg and was an irreguiar function of carbon content that had a maximum
in exothermicity and endothermicity around 71% and 81% carbon respectively. It should
be noted that there was some question about the results, since after correction for weight
changes, the exothermic effects observed in uncorrected curves became either entirely or
partly endothermic.

Freihaut [9] tested the effect of the heat of reaction, which was varied from 0-4.2E6 J/kg,
upon the predicted temperature internal profiles of a 100 um particle. From figure 11, it
can be seen that the maximum temperature difference predicted inside the particle is 150K.

This survey shows that there is wide disagreement as to the value of the heat of pyrolysis:
it is very difficult to measure, and will almost certainly vary with coal rank and ultimate
yield. In performing measurements of the heat of pyrolysis, it is easy to confuse it with

evaporation of moisture or the variation of specific heat with temperature. In view of
this, an intermediate value of the heat of pyrolysis, 8.37ES 1 /kg, was arbitrarily selected
for the model. The sensitivity of the model to the value chosen was tested by making
sample calculations for the Kobayashi furnace [1]. The heat of pyrolysis can be seen in
figure 12 to have but a slight effect upon the particle temperature: the comparison of the
temperature variation due to the heat of pyrolysis to the weight loss versus time history




1
0 Tuifg
12— 1
I
- ]
1
1000 colfy
10— i
— g
2
3: AH < a3 shown
- 84 E ., = 35 kel
é A =107 2ec?
z laitial Pye (1) = 40%
b3 s = 123°K
-
Perticle Size = 100 um
&=
‘—
T T T T T T T T T
0.l 3 0.5 0z [+L

Penatration Froction {{s)/e,)

Figure 11: Effect of Heat of Reaction on Internal Temperature Profile [9]




1600

1500+

1400 -

1300+

1200+

11004

Legend
HR=0
HR=837,000

1000

900

Temperalure, K

800+

700

600

500

400

300 T T T T T
000 0.0 002 003 004 005 006 0.07 008

Time, Sec

Figure 12: Effect of heat of pyrolysis on particle temperature




WEIGHT LOSS

0.40 4

0.35

0.304

0.254

0.20

Q.15

0.10+

0.05

0.00

66

0.00

0.01 0.02 0.03 0.04 0.05 0.06 0.07
TIME, SEC

Figure 13: Weight Loss Versus Time for particle in 1510K furnace




shown in figure 13 shows that the effect on the particle temperature becomes the most
significant. as expected, in the later stages of the devolatilization once a significant portion
of the particle has devolatilized. These results suggest that little attention needs to be

devoted to accurate evaiuation of the heat of pyrolysis.

4.4.1 Density and Diameter Behavior

Coal undergoes considerable physical change upon heating. One of these changes is swelling,
which is of particular interest as it could result in clogging of experimental or industrial
equipment. Researchers have identified two different types of behavior during devolatiliza-

tion:

o particle diameter remains relatively constant but density decreases as devolatilization
proceeds. This behavior has been verified by visual observation of lignite coal particles
after devolatilization experiments {1,4.27,47].

e particle diameter increases and density decreases as well. This behavior also has been

substantiated by visual observation [15,27,47,48,49,50,51] of bituminous coals.

The ASTM free swelling index measures the tendency of coal to swell when burned or gasified
in a fixed or fluidized bed; however, it is not recommended as a method of determining the
expansion of coal in coke ovens [14]. Swelling coals are generally medium to high volatile
bituminous coals which become plastic on heating.

Constant particle diameter

The changing density of a constant volume particle can be calculated as:

p = pMAFR(1-V)+(1— MAFR)p, (4.21)

where
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e MAFR represents the moisture and ash free fraction of the coal
e p, is the original density of the coal particle

e 1" is the fractional weight loss of coal on a moisture and ash free basis

The second term corresponds to the ash in the coal particle which is assumed to remain
constant. The first term corresponds to the devolatilizing mass of coal. Equation 4.21 can
be further reduced to:

p=po(1=AMAFR-V) (4.22)

Changing particle diameter and density

Several researchers [48,36] have addressed the problem of changing particle diameter by
using a swelling factor. Coal particles have been observed to swell by as little as ten percent
to as much as ten times the original particle diameter. A suggested model for changing
particle d'ameter [48,36] is as follows:

d = dy(1+ (Sm = 1)(1 - X)) (4:23)

where

» d, - oniginal particle diameter
e S, - ratio of swelled particle diameter to original diameter

» X, - fraction of volatiles not yet released

One serious problem with this method is that it requires an estimate of the ultimate yield,
which however is a function of temperature and heating history and is not known until
the devolatilization is complete. An alternative method of predicting the particle diameter
would therefore be desirable, but no other expression has been devised as yet.
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The density of the particle is linked with the changing particle diameter by the following

equation:
.9
p=pAl—MAFR-1 )-5 (.21

where

e d; - initial particle diameter

e d - current particle diameter

Calculations in appendix B show that if the particle diameter increases, the heat trans-
fer by convection increases as d/d,, while the heat transfer by radiation could increase as
(d/d,)?. Although Kobayashi [1] did not record the diameter of the devolatilizing coal
particles during the devolatilization experiments, additional experiments were conducted
in which the changing diameter of the coal undergoing pyrolysis was recorded. The deter-
mination of the particle temperature at the point of the last observation at which there
is minimal particle size change -indiutes that the particle is essentially heated up to fur-
nace temperature before any significant particle size change occurs, thereby minimizing any
~hange in heat transfer dve to particle size. The effect of particle size on particle motion
is also checked in appendix B, which indicates that there is no significant change in veloc-
ity associated with the increased size of the particle. Because of this, and because of the
problems associated with modelling the swelling of the particles, only the constant particle
diameter equation has been incorporated into the computer program in the present work.
Although the particles in this study reached furnace temperature before significant swelling
occurred, this might not be true for other furnaces and the change in heat transfer rates
could seriously effect the accuracy of the particle heating program and therefore this prob-
lem should be investigated and a more acceptable equation to describe changing particle
diameter should be developed.




Table 3: Kobayashi Furnace Dimensions

! size, inches
burner 047 ID |
3/16 OD
reactor tube 2ID




Chapter 5

Fitting Routine

A part of the object of this study is devising a procedure for fitting devolatilization reaction
constants to experimental data. This chapter describes a trial fitting procedure, which in
the following chapter will be applied to the data of Kobayashi {1] to test its utility. Futare
work with this procedure may result in further modifications; in particular, experience may
allow for elimination of some of the steps used to get initial estimates of the paramecters.

The two reaction model:
t
V= fo (arky + azkz)edt (5.1)

where

¢ = exp fo —(kx + kz)et

is to be fitted to the experimental data with the following parameters to be estimated for
each of the reactions:

# a; - the ultimate yield

e k,; - the pre-exponential constant in the Arrhenins rate expression
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e E; - the activation energy of each reaction path

A two part procedure was required for fitting. The model is intrinsically nonlinear
and therefore a non-linear regression routine is required. However, as the convergence of
the non-linear routine to a solution proved to be greatly dependent upon the quality of
the initial estimates, an approximate model using isothermal devolatilization and linear
regression was first used to get initial estimates. The first part therefore assumed that
devolatilization occurred isothermally, while the second part incorporated the full heating
history of the particle and therefore involved non-isothermal devolatilization. Each part of
the analysis had several steps which will be listed in full.

5.1 Isothermal fitting procedure

The isothermal analysis was performed by assuming the particle temperature was constant
and equal to that of the furnace. The heating histories of the particles were examined and
any data obtained at a temperature deviating from the furnace temperature by more than
about twenty percent were omitted from this section of the analysis. The isothermal fitting
of the data was performed using SAS [52], which is an acronym for Statistical Analysis
System. The first SAS procedure used is the REG procedure which is used to fit least
squares estimates to linear regression models. Least squares estimates of the parameters of
non-linear models are produced using the SAS procedure called NLIN. Non-linear models
are more difficult to specify and estimate than linear models, for linear models require
simply the independent and dependent variables to be listed, while for non-linear models
one must write the regression expression, guess starting values and specify derivatives of
the model with respect to the parameters.

The isothermal fitting procedure is broken down into several steps to produce initial
estimates for the non-isothermal fitting procedure. In the first step, the single first order




reaction model

V = a1 — exp(—kt)) (5.2)
k= koexp E/RT

with the parameters a;, the ultimate yield at temperature T, and Kk, the rcaction rate
constant, for all of the temperature runs was fitted to the isothermal weight loss data using
NLIN. The process of selecting starting values for the parameter estimates that are required

by NLIN is simplified since «, the ultimate yield, can only logically vary between 0 and 1.

The second stage of the isothermal fitting routine is to produce initial estimates of the
pre-exponential constants and activation energies of each reaction. With estimates of k at

several different temperature levels, the Arrhenius equation is linearized to the form
Ink=Ink,— E/RT (5.3)

This linearized equation is fitted to the data with the SAS linear regression procedure
called REG by fitting In k versus 1/T. In the use of least squares, one of the assumptions
made about the pure error of the data is that its variance is constant over the region of
the operating variables used to collect the data. The logarithmic transformation used to
convert the rate expression from a non-linear to a linear expression can lead to a violation
of this assumption. Therefore, this procedure is used to get initial estimates of ko and E
from the slope and intercept of the fitted line , which are then to be used in the non-linear
fitting routine. This leads to the third step of the isothermal fitting routine in which the
reaction rate constants, k, and E, are fitted non-linearly

k=k,exp E/RT (5.4)

with tke linear estimates input as the required initial estimates. The last step in the
isothermal fitting is fitting

V = a1 - ezp(—k. exp(— E/RT)t)) (55)




non-linearly using the isothermal data. The value of @ was set to the least squares estimate
found during the first step of the fitting routine. This step is important, for the parameter
estimates determined in this step are not dependent on the values of & produced in step one
as the parameter estimates fourd in the previous two steps are. The results of the nor-linear
fitting of the rate constant parameters are used 2s initial estimates of the parameters for the
non-isothermal fitting routine. Although not all the values of the parameter estimates from
this step are required as initial estimates of the parameters in the non-isothermal procedure,
they are all included to verify that this procedure converges to 2 single solution regardless

of the inital starting values.

5.2 Non-isothermal fitting procedure

The second part of the fitting procedure incorporates the full heating history of a particie
at a given furnace temperature. The full heating history of the particle is important to
the devolatilization process, since the longer the heat-up time is the greater the effect the
first reaction has on the pyrolysis of a particle heated to elevated temperatures. The fitting
routine used in this procedure is an IMSL routine [53] called ZXSSQ. IMSL is a system
of Fortran subroutines for mathematics and statistics, in which ZXSSQ is o derivative-free
routine that finds the local minimum of the sum of squares of nor-linear equations. One of
the major advantages to ZXSSQ is that it eliminates the need for explicit derivatives. This
is a very important consideration since tke full model:

V= [(oab+ oak)exp( [ ~(h +ka)it)ds (56)

cannot be easily integrated analytically. As the pyrolysis is non-isothermal, the tempera-
ture change with time must be incorporated into the integral. An examination of a typical
temperature-time profile, figure 14, shows that the best function to describe its behavior is
an exponential function as used by Badzioch and Hawksley [15]. However the first integra-
tion results in exporential integrals which in turn need to be integrated. These problems
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Figure 14: Typical Temperature-time History of a Coal Particle in 2 Laminar Flow Furnace






