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EXECUTIVE SUMMARY

This is a comprehensive document containing the results of coal devolatilization
experiments performed at Sandia National Laboratories during the period 1985 to
1991. This document Was prepared at the request of the Department of Energy's

in tabular form as well as a discussion of results, This executive summary provides
background information, a description of the apparatus, and a Summary of the results,

Background

Coal pyrolysis has been a subject of intensive study for many years because of the
impact it has on most other aspects of coal combustion. The overa]] yield and
composition of volatile products determines near-burner combustion temperatures and

formation; low-NOx burners work on the principle that the volatile nitrogen reacts in
fuel rich regions near the burner. Recent comprehensive coal combustor modeling
efforts [Lockwood, et al., 1984] demonstrate the need to accurately describe the
devolatilization rate, especially when trying to model other concurrent combustion
processes.

coupled with the fact that most of the chemical processes occur during particle heating
rather than at isothermal conditions. Representative comparisons of different
devolatilization rates, based on I-step Arrhenius kinetics for similar coals, are
reported elsewhere [Solomon and Hamblen, 1985, Howard, et al.,, 1981]. Such
comparisons are limited becayse the effect of heating rate is often misrepresented, but
large differences in reported rates exist for experiments conducted at similar heating
rates. The differences in the reported rates of devolatilization are often attributed to




This is the first study in which single particle temperatures were measured during
devolatilization in an entrained flow reactor. Very few other investigators have
attempted measurements of coal particle temperatures during devolatilization. Most
pulverized coal pyrolysis experiments have not involved direct particle temperature
measurements, but have inferred particle temperature from gas temperatures and the
radiative field [Kobayashi, et al., 1976; Tsai and Scaroni, 1984; Maloney and Jenkins,
1984] or from screen temperatures [Anthony, €t al., 1974; Niksa, et al., 1984, Suuberg,
et al., 1978; Gibbins-Matham and Kandiyoti, 1988; Freihaut, et al., 19891.

Gat et al. [1983] measured temperatures of individual, laser-heated lignite particles
at 1500-2700 K using a 3-color pyrometer at wavelengths of 0.92, 1.1, and 1.2 ym.
Ballantyne, et al. [1983] measured particle cloud temperaturcs in a laser-heated
cavity at temperatures petween 1400 and 1800 K using 2 two-color pyrometer
operating at 0.76 and 0.84 pm. Very little weight loss was observed in this
experiment, evidently due either 10 the rapid surface heating of the particle with large
internal temperature gradients Of due to the condensation of tar onto the char. The
minimum particle temperatures measured in these two experiments are quite high;

significant weight loss can occur at lower temperatures.

Best, et al. [1986] measured particle cloud temperatures in two different reactors
using an FTIR emission/transmission technique, which uses the normalized emission
in the region from 6-10 pm to determine particle temperatures as low as 700 K.
Agreement between measured and calculated particle temperatures was obtained by
assuming that particles spread over the central 3 cm of the 5 cm diameter duct.
Particle temperature Was found to be sensitive t0 particle loading as well as to particle
heat capacity, absorptivity, and flow instabilities resulting in non-laminar mixing
behavior.

Recent particle temperature measurements during the devolatilization of a single
particle have peen performed by Maloney, et al. [1990, 1991] in an electrodynamic
balance. A single particle is suspended in the pbalance and heated with a COp laser. It
is not possible to accurately measure the particle mass in this electrodynamic balance,
and therefore visible features of the coal particles are used to determine the beginning
and end of the mass release period. These features are monitored with a high-speed
video camera system. The onset of particle spinning is used to determine the onset of
gas release, while the appearance of the tar/soot cloud is used to determine the onset
of tar release. The completion of devolatilization is monitored by the disappearance of
the tar/soot cloud. Results indicate that the time scales for initiation of the pyrolysis
reactions are comparable to those measured by Solomon, et al. [1986] and by
Fletcher [1989a and 1989b], but Maloney's data imply that the time required to
complete pyrolysis may be greater than reported by Fletcher and by Solomon.
However, the data from the electrodynamic balance are inconclusive since mass
release is not measured quantitatively.

After publication of pyrolysis rates from the first set of experiments from the Sandia
coal devolatilization laboratory, attention shifted to characterization of the chemical
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and physical properties of tar and char produced from different coals. Sizing-
byrometer measurements of particle size, temperature and velocity were performed in
all of the experiments in order to provide well-characterized particle temperature
histories. The physical nature of the coal char significantly influences the subsequent
char reactivity, while the chemical structure of the coa] and char determines the types
of products released as light gas and tar. Measurements of the chemical structure of
coal char and tar provide a strong basis for the development of the chemical
percolation devolatilization (CPD) model [Grant, et al. 1989; Fletcher, et al. 1990;
Fletcher, et al. 1991]. This is the first set of detailed mmeasurements of the chemical
structure of coal char and tar formed during devolatilization at rapid heating conditions,
These data provide a unique test of current devolatilization models, in that the correct

performed in 100% Nz. The maximum gas temperature in the laminar flow reactor is
1250 K, with gas velocities on the order of 1 m/s. The sizing-pyrometer system has a
lower temperature threshold of 850 K for a 100 um diameter particle, which ig
adequate for determination of coal devolatilization rates under these conditions.

A few additional coal devolatilization experiments were conducted in the Sandia char
combustion laboratory (CCL), which is also described in this report (see Section 2),

approximately 5 x 104 K/s, with maximum gas temperatures of about 1500 K, The coal
devolatilization experiments performed in the CCL consisted of operating the flame
with 0% post-flame oxygen, '

measured using ASTM procedures, modified for small sample sizes. The organic
portion of the samples were analyzed for elemental composition (C, H, O, N, S) on
four independent Leco instruments. The sum of compositions of the five organic
elements generally adds to 100 +5%.
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A tracer technique was used to determine mass loss due to devolatilization, since
occasional probe deposits consisting of tar and char agglomerates prevented complete
mass closure during sampling. The inorganic elements were analyzed by Inductively
Coupled Plasma (ICP) spectroscopy. The concentrations of the following elements
were measured: Si, K, Ti, Fe, Al, Ca, Na, and Mg. Only the Si, Al, and Ti were used
as tracers in this study; the concentrations of other elements were measured in
connection with an associated mineral matter study at Sandia. The total ash content
is also used as a tracer.

The apparent density is defined as the particle mass divided by its apparent volume

(i.e., the volume based on the particle diameter). In softening coals, the apparent
density changes significantly due to the formation of large internal voids. The true
density of the solid material, which does not include the void volume, may also change
due to preferential release of functional groups during pyrolysis. In this discussion,
the term bulk density refers to the mass of particles occupying a known container
volume, and is related to the apparent density through a packing factor. Bulk densities
of coal samples were determined using mercury intrusion porosimetry at the Particle
Characterization Facility at Lawrence Livermore National Laboratory.

A second method was also used for determination of apparent density ratios. A
graduated cylinder is filled with particles and tapped gently to allow uniform packing.
The bulk density is measured, and the packing factor is assumed to be constant for the
both the parent coal and char particles. The bulk density ratio of char to parent coal is
therefore equivalent to the apparent density ratio.

Internal surface areas of char samples were measured at the Particle Characterization
Facility at Lawrence Livermore National Laboratory using nitrogen BET analysis.
The physical features of the surface of coal and particles were examined using a
scanning electron microscope (SEM). The internal structure of coal particles was
examined by sectioning the particles.

The 13C NMR data on the coal and char particles were obtained at the University of
Utah, under the direction of Professor Ronald Pugmire, using a variation of the method
described by Solum, et al. [1989]. Cross-polarization magic-angle spinning
(CP/MAS) was used to quantitatively determine the chemical structures in coal and
char samples. Dipolar dephasing data were employed to separate the aromatic
Gaussian (C-H) component from the Lorentzian (non-protonated) component of the
carbon magnetization. Using parameters from the above 13C NMR analyses, twelve
structural parameters relating to the carbon skeletal structure can be obtained. The
average aromatic cluster size and the number of attachments on an aromatic cluster
can also be estimated.

The 1H and 13C NMR data for each tar sample were obtained with a Varian VXR-500

spectrometer. Tars were removed from the tar filter and dissolved in 1 ml samples of
deuterated (98%) dimethyl sulfoxide (DMSO). Small amounts of particulate matter
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were observed in the tar/DMSO solutions, but no serious degradation of spectral
resolution was observed due to the presence of colloidal material.

Analyses of the tar samples by combined gas chromatography and mass spectrometry
(GC/MS) were performed at the University of Utah's Center for Micro Analysis and
Reaction Chemistry under the direction of Professor Henk Meuzelaar. Low-voltage
mass spectrometry (LV/MS) experiments were carried out using an extranuclear
Model 5000-1 Curie-point pyrolysis MS system. The LV/MS system allows for a
relatively quick, first-order analysis of the types of species that occur in tar samples,
whereas the GC/MS system is used to confirm results from the LV/MS system and to
provide further detail on specific species.

Coals Examined

The main body of experiments were performed on five coals from the PETC
standardized suite of coals, ranging from a lignite to a low-volatile bituminous coal.
The names of the coals examined in the CDL, along with the respective designation
number from the Penn State Coal Bank, are as follows:

PSOC-1507D North Dakota Beulah Zap lignite

PSOC-1445D New Mexico Blue Subbituminous coal
PSOC-1493D Ilinois #6 hvb bituminous coal

PSOC-1451D Pittsburgh #8 hva bituminous coal
PSOC-1508D West Virginia Pocahontas #3 lv bituminous coal

The "D" designation refers to the PETC coals that were sieved and aerodynamically
classified under a nitrogen atmosphere under the direction of PETC. These five coals
are part of the ten coals distributed to several institutions and examined for
fundamental coal devolatilization, char oxidation, and mineral matter properties. All
ten of these coals were examined in a companion study at Sandia addressing char
combustion.

Results and Conclusions

The motivation for the development of the Sandia Coal Devolatilization Laboratory
was to provide a means for determining devolatilization rates based on direct
measurements of the size, temperature, and velocity of individual particles during
devolatilization. After that task was accomplished, attention was focused on studying
the chemical and physical processes that occur to coal particles during devolatilization
in experiments where the particle temperature was well characterized. This
comprehensive document presents all of the coal devolatilization data obtained at
Sandia, and discusses the results. The quantitative information contained in the
appendix represents a significant contribution, since these data may now be used to
refine modern devolatilization models. The data for different coals are discussed in the
main body of the report with regard to a number of subtopics (e.g., elemental mass
release, chemical structure, etc.) relevant to coal devolatilization. The presentation of
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the data and discussion of the results are included in the main body of the document by
topic. Conclusions from the different areas of research are summarized below.

A. Experiments in 100% N2

Particle Temperature Histories

The large differences in reported devolatilization rates are attributed to the difficulty in
determining accurate particle time-temperature profiles during devolatilization under
rapid heating conditions. This difficulty arises because a major portion of volatiles are
released during particle heating. Particle temperature histories are acutely sensitive
to the local gas temperature and to the diameter, heat capacity, and apparent density
of the particles.

In order to avoid the difficulties associated with inferred particle temperatures, an
optically accessible entrained flow reactor and infrared sizing-pyrometer system was
developed and used to measure simultaneously the size, temperature, and velocity of
individual particles in the flow reactor at different residence times. This is the first
time that individual coal particle temperatures have been measured during
devolatilization. Comparison of measured sizes and temperatures of pure carbon
spheres with those of pyrolizing coal particles shows that the temperature
measurement is not influenced significantly by the tar cloud surrounding each particle.
Results indicate that gas and particle temperatures and velocities in the flow reactor
are significantly influenced by local cooling near the point of coal injection, which may
be a cause for the large discrepancy in reported devolatilization rates measured in
conventional drop tube reactors. :

Temperatures as low as 850 K were measured for 100 pm diameter particles, which is
low enough for particle temperature measurements during the middle to late stages of
devolatilization at rapid heating rates. Spherocarb and coal particle temperatures,
measured as a function of particle size, were compared with calculated temperatures
as a function of residence time. Measured particle temperatures were found to be
higher than calculated based on the centerline gas temperatures, emphasizing the
need for the particle temperature measurements. Measured coal particle
temperatures and velocities are fit using the general form of the particle energy
equation in order to extrapolate to particle temperatures lower than 850 K.

Extent of Mass Release

Extents of mass release were determined from char samples using Si, Al, Ti, and total
ash content as tracers. Tracers were chosen for each coal to minimize scatter in the
mass release data, since the ICP and ashing procedures did not seem to give uniform
results as a function of coal type. The total volatiles yields for four of the coals in the
1250 K gas condition (lignite, subbituminous, hvb and hva bituminous) were ~ 53% on
a daf basis, while the total yield for the low volatile bituminous coals in this gas
condition was 16% daf. The measured yields were in excess of the ASTM volatiles
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yields by factors ranging from 1.08 for the lignite to 1.37 for the hva bituminous coal,
while the ASTM volatiles yield for the low volatile bituminous coal was similar to the
measured yield.

Coal Devolatilization Rates

Char particles were collected from the flow reactor using a helium quench probe with
an on-line aerodynamic separation of char particles from the devolatilized tars and
gases. Char samples were analyzed for elemental inorganic composition, and several
elements were used as tracers to determine the extent of mass release during
devolatilization. The statistical uncertainty in the mass release data is reduced by
using the average of four independent tracers. The measured mass of volatiles
released in the flow reactor has been compared with several commonly used rate
models.

The data show evidence that the volatiles release is very rapid, and agrees quite well
with the 1-step Arrhenius expression for tar release reported by Solomon, et al.
[1986] for coals experiencing similar heating rates. Three simple rate models, with
constants taken from other experiments, have also been compared with these
temperature-resolved experimental data. Only the 2-step model with coefficients
recommended by Ubhayakar et al. [1976] gives pyrolysis time scales comparable with
this set of data. A more sophisticated model based on the chemical structure of the
coal (the CPD model) used these data as a basis to determine rate coefficients.
Evidence for rank-dependent kinetics is observed when the CPD model is compared
with the time-dependent mass release data from five different coals at two
temperature conditions.

The particle temperature measurements are viewed as critical to the determination of
pulverized coal pyrolysis rates under rapid heating conditions. Kinetic coefficients
derived from this experiment should be more universally applicable than previous data
where particle temperature measurements were not performed. The facts that the
minimum particle temperature measurement threshold is 850 K, and that
devolatilization commences at lower temperatures than 850 K, do not impede the use
of these data. On the contrary, if the kinetic rates were slower, as proposed by other
investigators, 850 K would be the temperature at which devolatilization begins. The
data presented here, however, indicate that approximately 50% of the mass release
during devolatilization occurs by the time a particle temperature of 850 K is achieved,
and hence kinetic rates obtained from these data are higher than initially expected.
These data therefore serve as an excellent basis for determining the kinetics of
devolatilization, even though temperature measurements over the entire extent of
mass release are not available. When this project started, the range of
devolatilization rates at any temperature was five orders of magnitude. As a result of
these experiments, the current uncertainty in devolatilization rates at rapid heating
rates is thought to be less than a factor of five.
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Physical Structure of Char Particles

Char samples collected in the CDL and in the CCL were analyzed for apparent
density, and an effective diameter was calculated from the apparent density and the
extent of mass release. Maximum particle swelling occurred in the chars from
Pittsburgh #8 coal collected in the CDL, with a 50% diameter increase observed. The
low rank coals did not swell significantly. The low rank coal chars exhibited a great
increase in internal surface area compared with the high rank coals chars. Chars from
a softening coal (Pittsburgh #8) were examined with SEM in order to show the
different stages of swelling, including the opening of fissures, the generation of internal
voids, and the rounding of surface features due to softening.

Elemental Mass Release

Elemental release rates from five different coals during devolatilization were
measured. Low rank coals release oxygen earlier than high rank coals. In general,
oxygen and hydrogen release occur at similar rates, while carbon and nitrogen release
rates seem to be correlated for all coals. The carbon release rate is proportional to the
total mass release rate in the high rank coals, but is slower than the total mass
release for low rank coals due to the large quantity of oxygen that is released eatly in
the devolatilization process.

When coals devolatilize, the elemental release profiles do not follow the coalification
band. Oxygen and hydrogen are released during devolatilization at similar rates, and
hence the low rank coal char profiles bypass the bend in the coalification band. The
fully-devolatilized coal chars all lie in a small region of the coalification chart compared
to the diversity of the parent coals. However, the fully-devolatilized chars collected
do exhibit slight differences, especially with respect to oxygen content, and none
approach the composition of graphite.

Char Structure from NMR Analyses

Based on the NMR analyses of the chars formed during devolatilization of five coals of
different rank at the 1250 K gas condition, the following conclusions are reached:

1) NMR data can be used to track lattice parameters associated with average cluster
size and cross linking reactions. Under rapid heating conditions the NMR data
demonstrate that the Zap lignite undergoes early cross linking behavior, while
higher rank coals exhibit a slower overall rate of crosslinking.

2) Under rapid heating conditions (104 K/sec), the data exhibit: a) little evidence of
cluster size growth in the macromolecular structure; b) crosslinking at the same
time that aliphatic carbons are released; c) little evidence for graphitization under
the temperature and residence time conditions of these experiments.
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3)

4)

In the Illinois No. 6 coal, most of the mass release has occurred before significant
changes in carbon aromaticity has occurred. In chars from Zap lignite, the changes
in carbon aromaticity occur much earlier than for the bituminous coal.

The carbon skeletal structure of the final chars from coals of all ranks are quite' .

similar, even though the structures of the initial coals are quite different.

Tar Structure from NMR Analyses

Based on the !'H and 13C NMR analysis of the tars collected from four coals of
different rank in the 1250 K and 1050 K gas conditions, the following conclusions are
reached:

1)

2)

The pyrolysis temperature has a major effect on the tar structure, The proton and
carbon aromaticities of the tars from a given coal in the 1250 K gas condition are
higher than for samples collected at comparable extents of mass release in the
1050 K gas condition.

The carbon aromaticities of the bituminous and subbituminous coal tars at 1250 K

“ are higher than the values for the corresponding chars collected at the same

3)

4)

5)

6)

residence time. On the other hand, the carbon aromaticities found in the Zap
lignite tars are comparable to those observed in the chars.

The proton NMR data suggest that in the 1250 K gas condition, hydrogens
associated with 2- and 3-ring aromatic compounds increase, while that of 1-ring
compounds decrease for the Illinois No. 6 tars. Similar but less compelling
evidence is noted for the lignite and subbituminous coal tars. These data may
suggest the conversion of hydroaromatic species to condensed polynuclear
aromatic species and/or ring polymerization.

The a-hydrogen content in the initial tars evolved increases as a function of coal
rank. The a-hydrogen in the tars from the three non-lignitic coals decreases with
residence time at the 1250 K condition but not at the 1050 K condition.  This
observation suggests that relatively stable CH and/or CHy bridges exist at the
1050 K gas condition in the higher rank coals. However, at 1250 K substantial
bond rupture may be occurring.

The ai-methyl groups are released early in tars from all four coals at 1250 K, but do
not decrease significantly at 1050 K.

The y-methyl groups in both tars are the most susceptible to cracking reactions in
the gas phase, but the extent of release of the B- and y-hydrogens is based on gas
temperature conditions and residence time. The percentage of y-methyl groups in
the initial tar evolved decreases as coal rank increases.
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The NMR data presented here for char and tar samples from the CDL have led to
greater understanding of the pyrolysis process. These data are unique, not only
because they are the first to be taken as a function of residence time at rapid heating
rates, but because the temperature and reaction history is so well-characterized. The
chemical percolation devolatilization (CPD) model [Grant, et al., 1989; Fletcher, et al,
1990; Fletcher, et al., 1991] directly uses these data on the chemical structure of
parent coals as input parameters, and the data at later residence times are used to
evaluate the model.

Tar Structure from Mass Spectrometry

Based on the Curie-point GC/MS and low-voltage MS analyses of the tar formed
during devolatilization of Beulah Zap, New Mexico Blue, Illinois #6, Pittsburgh #8, and
Pocahontas #3 coals, the following conclusions are reached:

1. The degree of aromaticity increases rapidly in tars from all five coals as a
function of residence time at the 1250 K gas temperature. However, little
increase in aromaticity in the tars is detected at the 1050 K gas temperature.-

2. At a gas temperature of 1250 K, devolatilization is complete within 70 msec
and secondary gas-phase reactions of tar vapors can be observed within 100
msec. At 1050 K, the devolatilization process appears to be more or less
complete after 250 msec.

3. In order to study the complete devolatilization process and the possible onset
of secondary reactions, further experiments should be conducted at an
intermediate temperature, €.g., 1150 K.

These conclusions are consistent with the 1H and 13C NMR analyses performed
previously on these same tars.

B. Results of Additional Experiments

Two types of experiments were conducted in the Sandia Coal Devolatilization
Laboratory (CDL) where up to 10 mole-% oxygen was added to the nitrogen in the
flow reactor. The first set of experiments was performed at the request of PETC
personnel as a complementary check on some char combustion experiments performed
at the University of North Dakota Energy and Environmental Research Center
(UNDEERC). In this set of experiments, particle temperatures for two coal types
were examined at a gas temperature of ~ 1000 K and an oxygen concentration of ~ 10
mole-%. This work involved only sizing-pyrometer experiments without solids
sampling experiments.

A second set of experiments was performed in the CDL in 0 to 10 mole-% O3 to

determine the effect of oxygen on particle swelling characteristics. This purpose of
these experiments was to investigate possible reasons for notable differences in
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particle swelling behavior between samples collected in 100% N3 in the CDL and
samples collected in post-flame combustion environments of 3 to 12% O3 in the Char
Combustion Laboratory (CCL). The experiments in the CDL were conducted mainly

with the solids sampling apparatus, and did not involve the sizing-pyrometer.

Conclusions from these two sets of experiments are summarized below.

Temperature Measurements of Burning Char Particles

The size and temperatures of burning char particles were measured in the CDL in N»-
O2 atmospheres at 1000 K containing up to 12% Op. Temperatures of burning
bituminous char particles were estimated to exceed 1500 K (compared to 1686 K
measured at UNDEERC), but less than 5% of the particles ignited under these
conditions, and detailed statistical measurements were not possible. It is difficult to
compare the temperatures measured in this experiment with those measured at
UNDEERGC, since it not clear how to conditionally average the data from ignited and
non-reacting particles. Lignite char particle temperatures measured in the CDL in
10% Oy were approximately 1600 K, which is the in the same range as measured at
UNDEERC (1586 K). However, data from the lignite char experiments in the CDL
also indicate the presence of significant numbers of non-burning particles (25 to 75%).
Extents of burnout in solid samples taken from experiments where significant numbers
of char particles have not ignited are impossible to interpret unless the precise
percentage of non-burning particles is known,

Transition from Coal Devolatilization to Char Oxidation

Based on the results of the experiments conducted in the CDL and the CCL as a
function of gas phase oxygen concentration, the following conclusions are reached:

1. The degree of swelling during coal pyrolysis at rapid heating conditions
(> 104 K/s) is not affected by the gas phase oxygen concentration. Changes in
particle swelling caused by the presence of oxygen reported in other
experiments may be due to partial oxidation of char samples subsequent to
pyrolysis. : : :

2. Pittsburgh #8 coal particles increased in diameter by 50% in the CDL
experiments and by less than 10% in the CCL experiments. Differences in
swelling behavior were caused by differences in particle heating rate and/or the
presence of post-flame combustion gases (e.g., COy, HpO, or trace radical
species).

3. An examination of samples obtained in the char combustion experiments in the

CCL revealed the absence of any transparent cenospheres; these types of

- particles were either not formed or were consumed upstream of the sampling
location.
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4. Calculations of particle heating rates indicate that maximum particle heating
rate in the CCL for the size fractions typically used (106-125 pm) is 4.5 x
104 K/s, which is a factor of two to three higher than the maximum heating rate
experienced in the CDL experiments. The calculated difference between the
particle heating rates at 0% O in the two different laboratories may - be
responsible for the differences in the physical properties of the char particles.
Because the heating rates were within a factor of two to three, however, other
possible causes for the observed differences in swelling behavior should also
be investigated.
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1. INTRODUCTION

Coal pyrolysis has been a subject of intensive study for many years because of the
jmpact it has on most other aspects of coal combustion. The overall yield and
composition of volatile products determines near-burner combustion temperatures and
is often a governing factor for flame stability. The rate of coal devolatilization is
important in determining the ignition characteristics of a coal flame, which in turn can
influence the near-burner flow field and chemistry [Fletcher, 1985]. Recent
comprehensive coal combustor modeling efforts [Lockwood, et al., 1984] demonstrate
the need to accurately describe the devolatilization rate, especially when trying to
model other concurrent combustion processes.

Despite the many years of research, even the most recent investigations of coal
pyrolysis rates disagree by many orders of magnitude. The difficulty of measuring the
rate during rapid heating conditions results from the small time scales involved,
coupled with the fact that most of the chemical processes occur during particle heating
rather than at isothermal conditions. Representative comparisons of different
devolatilization rates, based on 1-step Arrhenius kinetics for similar coals, are
reported elsewhere [Solomon and Hamblen, 1985, Howard, et al., 1981]. Such
comparisons are limited because the effect of heating rate is often misrepresented, but
large differences in reported rates exist for experiments conducted at similar heating
rates. The differences in the reported rates of devolatilization are often attributed to
errors in the determination of particle temperatures as a function of residence time.
Other sources for such large differences in the reported rates, such as errors in the
determination of weight loss and/or residence time, would only change the rate by a
factor of 2 or 3. The particle heating rates encountered in common devolatilization
experiments range from 103 to 104 K/s, which is not a broad enough range to account
for the differences in reported rates. The devolatilization rate obtained using the
correlation of Kobayashi, et al. [1976] at 1800 K matches the rate from the correlation
reported by Solomon , et al. [1986] at 1000 K; an 800 K difference in the temperature
of reaction. The large differences in reported devolatilization rates therefore indicate
the need for careful measurements of particle temperature during the initial particle
heating zone.

This is the first study in which single particle temperatures were measured during
devolatilization in an entrained flow reactor. Very few other investigators have
attempted measurements of coal particle temperatures during devolatilization. Most
pulverized coal pyrolysis experiments have not involved direct particle temperature
measurements, but have inferred particle temperature from gas temperatures and the
radiative field [Kobayashi, et al., 1976; Tsai and Scaroni, 1984; Maloney and Jenkins,
1984] or from screen temperatures [Anthony, et al., 1974; Niksa, et al., 1984; Suuberg,
et al., 1978; Gibbins-Matham and Kandiyoti, 1988; Freihaut, et al., 1989]. Gat et al.
[1983] measured temperatures of individual, laser-heated lignite particles at 1500-
2700 K using a 3-color pyrometer at wavelengths of 0.92, 1.1, and 1.2 um. Ballantyne,
et al. [1983] measured particle cloud temperatures in a laser-heated cavity at
temperatures between 1400 and 1800 K using a two-color pyrometer operating at 0.76

1-1



and 0.84 pm. Very little weight loss was observed in this experiment, evidently due
either to the rapid surface heating of the particle with large internal temperature
gradients or due to the condensation of tar onto the char. The minimum particle

temperatures measured in these two experiments are quite high; significant weight

loss can occur at lower temperatures.

Best, et al. [1986] measured particle cloud temperatures in two different reactors
using an FTIR emission/transmission technique, which uses the normalized emission
in the region from 6-10 HUm to determine particle temperatures as low as 700 K.
Agreement between measured and calculated particle temperatures was obtained by
assuming that particles spread over the central 3 cm of the 5 cm diameter duct.
Particle temperature was found to be sensitive to particle loading as well as to particle
heat capacity, absorptivity, and flow instabilities resulting in non-laminar mixing
behavior,

Recent particle temperature measurements during the devolatilization of a single
particle have been performed by Maloney, et al. [1990, 1991] in an electrodynamic
balance. A single particle is suspended in the balance and heated with a COg laser. It
is not possible to accurately measure the particle mass in this electrodynamic balance,
and therefore visible features of the coal particles are used to determine the beginning
and end of the mass release period. These features are monitored with a high-speed
video camera system. The onset of particle spinning is used to determine the onset of
gas release, while the appearance of the tar/soot cloud is used to determine the onset
of tar release. The completion of devolatilization is monitored by the disappearance of
the tar/soot cloud. Results indicate that the time scales for initiation of the pyrolysis
reactions are comparable to those measured by Solomon, et al. [1986] and by
Fletcher [1989a and 1989b], but Maloney's data imply that the time required to
complete pyrolysis may be greater than reported by Fletcher and by Solomon.
However, the data from the electrodynamic balance are inconclusive since mass
release is not measured quantitatively.

After publication of pyrolysis rates from the first set of experiments from the Sandia
coal devolatilization laboratory, attention shifted to characterization of the chemical
and physical properties of tar and char produced from different coals. Sizing-
pyrometer measurements of particle size, temperature and velocity were performed in
all of the experiments in order to provide well-characterized particle temperature
histories. The physical nature of the coal char significantly influences the subsequent
char reactivity, while the chemical structure of the coal and char determines the types
of products released as light gas and tar. Measurements of the chemical structure of
~coal char and tar provide a strong basis for the development of the chemical
percolation devolatilization (CPD) model [Grant, et al. 1989; Fletcher, et al. 1990;
Fletcher, et al. 1991]. This is the first set of detailed measurements of the chemical
structure of coal char and tar formed during devolatilization at rapid heating conditions.
These data provide a unique test of current devolatilization models, in that the correct
volatiles yields must be obtained in addition to the correct chemical structure (and
hence reaction mechanism).
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experiments performed at Sandia National Laboratories during the period 1985 to
1991. This document was prepared at the request of the Department of Energy's
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2. EXPERIMENTAL APPARATUS

The Sandia coal devolatilization laboratory (CDL) consists of a transparent-wall flow
reactor, an infrared sizing-pyrometer system, and a solids sampling system, as
discussed below. The majority of experiments reported here were conducted in the
CDL. A few additional experiments were conducted in the Sandia char combustion
Jaboratory (CCL), which is also described in this chapter.

CDL Flow Reactor

In conventional drop-tube reactor studies the reactor walls are generally heated to
match the gas temperature; particle temperatures and velocities near the injection
point are then calculated. This type of reactor is well-suited to examining reactions
occurring in the isothermal region rather than transient pyrolysis reactions (where
major weight loss occurs during particle heating). Optical access in these reactors is
often limited, making it difficult to measure particle temperature histories near the
water-cooled coal injector where gas temperatures and velocities are two-
dimensional. Some studies move the coal feed tube to provide different residence
times, and must account for changes in the flow conditions at each axial position,

In CDL experiments, particles are injected from a water-cooled tube into a
transparent flow reactor. The main process nitrogen flow is heated by a series of
electric heaters, as shown schematically in Fig. 2.1. The first heater consists of an
Inconnel tube filled with ceramic beads and surrounded by Thermcraft clamshell
heaters made from nichrome resistance heating elements. This heater is surrounded

by insulation, and is connected to the final heater stage with a 1/4 inch inconnel tube.

The final heater consists of Kanthal 33 heating elements surrounding an alumina
cylinder. The temperatures of the heaters are controlled by Omegaa ramping
temperature controllers; startup and shutdown heating and cooling rates are limited to
200 K/hr to avoid shattering ceramic parts in the heaters. Mullite honeycomb flow
straighteners are used to provide laminar flow.

The flow reactor has a square cross-section (5 ¢m x 5 cm) to facilitate optical imaging
of the particles. The final heater therefore has shaped ceramic inserts to smooth the
transition from annular flow in the alumina cylinder to the flow in the square Cross-
section of the flow reactor. The main body of experiments erc conducted in a 12 inch
long tower, although a few preliminary experiments were conducted in a 24 inch long
tower. The entire flow reactor system is mounted on a three-way traversing system,
so that the optical system and sample collection system can remain fixed to an optical
bench. The reactor is moved in the horizontal plane to maximize the data collection
rate, which yields data from the location with the maximum particle number density.
The reactor is moved in the vertical plane to change residence time, since the
pyrometer system and probe sampling system remain at fixed locations. Axial
distance in the flow reactor is measured from the tip of the coal injection probe using a
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Bausch and Lomb Acu-Rite IIT digital scale, similar to that used in a milling machine.
The reference scale is mounted to the superstructure supporting the moveable heater
assembly, The scale is zeroed at the tip of the injection probe using the HeNe laser
from the pyrometer system, and the scale changes automatically as the reactor is
raised and lowered. Flow rates of different gases into the reactor are controlled by
Brooks model 5850 flow controllers with digital readouts. The flow rate controllers
are calibrated with wet test meters. The standard operating conditions for these tests
were nitrogen flow rates of 30 standard liters per minute (slpm) at atmospheric
pressure. Higher flow rates were found to cause flow instabilities (lazy turbulence),
which greatly hindered detection of particles in the small optical focal volume of the
sizing-pyrometer system.

Maximum gas temperatures in the flow reactor are 1250 K, as measured by a 100 um
diameter Pt/Pt-13%Rh thermocouple. The thermocouple bead diameter is measured
using a microscope and polaroid camera. Fine-wire thermocouple beads were
purchased and spot-welded to large-diameter (1 mm) Pt or Pt-13%Rh wires threaded
through a 3 foot long, 1/4 inch diameter two-holed alumina tube. The three-foot
alumina tube is held in place, with the bead at the location of the laser from the sizing-
pyrometer system, and the flow reactor and heater assembly is raised and lowered to
obtain gas temperatures as a function of distance from the coal injection tube. The
centerline gas temperature is found by positioning the gas temperature thermocouple
within 5 mm of the tip of the coal injection tube, and then moving the flow reactor
assembly in the horizontal directions until the minimum gas temperature is found. The
flow reactor is then raised and lowered without further changes t0 horizontal position
in order to obtain gas temperatures as a function of distance from the tip of the coal
injection tube. Thermocouple temperatures are displayed digitally (Fluke
thermocouple readout) after automatic correction to the ice point reference
temperature. Using the bead diameter, the thermal conductivity of the gas in the flow
reactor, and the bead emissivity, the thermocouple reading is corrected for radiative
losses to the reactor walls in order to obtain the gas temperature. Because of the
small thermocouple beads and the moderate temperatures employed in these
experiments, the maximum thermocouple correction for radiation was only 25 to 50 K.

The maximum gas temperature 1s limited because of the transparent reactor walls due
to radiant heat loss from upstream heater components. Centerline gas temperature
profiles in the reactor at this flow condition are shown in Fig. 2.2, showing the local
cooling near the coal injection tube. Gas temperatures as high as 1300 K occur
between the coal injector and the reactor walls, causing a complex gas velocity profile
near the point of coal injection. '
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Figure 2.2 Typical gas temperature measurements for two different
environments in the CDL flow reactor (100% Nj). These two
reactor environments are referred to as the 1250 K and the 1050 K
gas conditions.

The particle feeder consists of a gas-tight syringe loaded with particles, and the
plunger is advanced with a stepping motor, as shown in Fig. 2.3, As particles fall off
the end of the syringe, they are entrained by the carrier gas and fed to the flow reactor.
The feeder is attached to a vibrator to aid uniform feeding. A rotating brush assembly
was also attached to the feeder, so that the brush would gently break apart any
agglomerated coal particles at the end of the syringe. This was particularly important
for low rank coals. If the brush were located in Fig. 2.3, it would stick up out of the
page at the tip of the syringe. The brush was rotated at slow speeds of 1 to 2
revolutions per second to avoid smearing the coal over the interior of the containment
vessel. Particle feed rates can be adjusted independently of the flow rate of the
entrainment gas. Typical flow rates used in these experiments are approximately 10
mg/min, compared to feed rates of 0.5-1 g/min used in typical drop tube studies. The
low particle flow rates used here ensure single particle behavior, which is necessary
for the sizing-pyrometer system. Visual observations of particle and tar cloud
trajectories indicated that flow instabilities are minimal; the diameter of the particle
stream is approximately 0.75 cm at an axial distance of 150 mm. Particle velocities in
the flow reactor under typical operating conditions are approximately 1 m/s, as
measured by the sizing-pyrometer system described in the next section.




CDL Infrared Sizing Pyrometer

Simultaneous measurements of particle size, temperature, and velocity are performed
using a coded-aperture technique similar to that used by Tichenor, et al. [1984]. A
schematic of the optical system is shown in Fig. 2.4, and the coded aperture is shown
in Fig. 2.5. The coded apertures were photoetched from silvered glass rather than film
to prevent partial transmission of emission signals. The particle emission signal that
passes through the large central slit is proportional to the emissivity, the blackbody
emission (which is a function of wavelength and temperature), and the projected
particle area. The particle emission signal passing through the narrow slit is
proportional to the emissivity, the blackbody emission, and the viewed area (diameter
times the slit width). Hence, the ratio of the signal from the large slit to the signal
from the small slit is proportional to particle diameter. Infrared emission from
individual particles is collected by a matched pair of spherical mirrors, rather than
lenses, to minimize chromatic aberrations in the infrared. A HeNe laser is used as a
triggering system to determine when particles are in the optical focal volume.

The image of the particle passes through the large and small sizing slits in the
aperture, through a dichroic beamsplitter and bandpass filters, and is focused onto
liquid-nitrogen-cooled Judson Infrared J-12D Indium Arsenide (InAs) detectors. The
detector size was only 10 mm, making alignment and calibration tedious. The dichroic
beamsplitter employed transmits light at wavelengths from 2.1-2.7 pm, while the two
bandpass filters transmit light at wavelengths from 1.1-1.6 um and 1.9-2.5 pm,
respectively. Care was taken to obtain a beamsplitter and bandpass filters that did
not have secondary transmission bands; spectral transmission characteristics were
measured with a spectrophotometer to verify manufacturer specifications. Sapphire
windows are used for the flow reactor tower during optical measurements since
heated quartz is semi-opaque at near-infrared wavelengths at moderate
temperatures.

A typical coal particle emission signal from the sizing-pyrometer system is shown in
Fig. 2.6 at two different wavelengths. The peak heights at wavelength A1 are labeled
Ej )1 for the large slit and Eg )1 for the small slit, with corresponding nomenclature for
the peaks at wavelength A2. The particle temperature is therefore calculated from the
ratio of the peak heights for the large slit (E1,31/E1\2), assuming thermal emission
follows Planck's law of radiation with spectral emissivity €, T:

a1 C1

7\'1

(2.1)

where Cq = 3.742 x 108 W um%/m2 and Cp = 1.439 x 104 um K. It is assumed that the
emissivities of the particle at the two wavelengths of interest do not change during
devolatilization (i.e., €y1/€x2 = constant), and therefore Eq)1/E1,)2 is only a function
of A1, Ao, and the particle temperature. This is a less restrictive assumption than the
graybody assumption, where €), is a constant value for all wavelengths.
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Front View Side View

Figure 2.5 Schematic of the coded aperture used in the infrared sizing-
pyrometer system in the CDL.
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Figure 2.6 Typical emission signals from a coal particle in the CDL flow
reactor, as imaged by the coded apeérture and infrared sizing-
pyrometer. v :

The particle diameter is calculated from the ratio of signals from the large and small
slits at one wavelength, or E1 31/E2 2. The particle velocity is calculated from the
traverse time of the particle image from one edge of the large slit to the other. In order
to obtain accurate particle diameters and velocities, the particle must be.in the focal
volume of the sizing-pyrometer system. The 0.95 milliwatt HeNe laser is situated
perpendicular to the optical path of the collection mirrors at the optimal focal volume
where all calibrations have been performed. The laser power was held under 1 mW to
allow laser safety precautions for Class II lasers instead of Class Il lasers. The laser
was not focused further, providing a focal volume of approximately 1 mm in the plane
pependicular to the optical path of the sizing-pyrometer system. The Nicolet 4094
digital oscilloscope is set in a mode to trigger and store particle emission signals only
when the scattering from a particle in the focal volume is detected. The oscilloscope
stores eight particle emission signals (two wavelengths for each signal), and then
transfers the data to a PDP 11/34 computer for subsequent analysis. Electronic
signals from the InAs detectors are amplified with low-noise amplifiers and then
electronically filtered at 25 kHz using a Wavetek low-pass filter before being sent to
the digitizing oscilloscope.

The effective wavelengths of the infrared sizing pyrometer system, including the
effects of the bandpass filters and the detector responses, were determined using a
calibrated tungsten strip lamp. The lamp was calibrated using a one-color pyrometer,
traceable to a National Institute of Standards and Technology (NIST) source. Lamp
temperatures were calculated by correcting the one-color temperature for the
emissivity of tungsten, as tabulated by Latyev, et al. [1970]. The lamp was operate in
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a current-limited mode, with the current measured with a 0.01 ohm shunt resistor and
HP voltmeter. A typical calibration curve for the lamp is shown in Table 2.1. Once the
lamp temperatures were known as a function of current, the sizing-pyrometer system
was calibrated. An image of the lamp was passed through a pinhole on a rotating
chopper, and the pinhole image was monitored by the coded aperture and pyrometer
system, Lamp temperatures from 1200-2000 K were monitored with the sizing-
pyrometer system and then curve-fit using Planck's law and tabulated spectral
emissivities of tungsten [Latyev, et al., 1970] in order to determine effective
wavelengths for each pyrometer channel. Sample pyrometer calibrations from the
tungsten lamp are shown in Table 2.2. Calibrations were repeated several times as
optical adjustments were made to the system,; the data shown in Table 2.2 are from
early calibration experiments. For the main body of experiments discussed in this
report, effective wavelengths of 1.36 and 2.20 um were found to reproduce the lamp
temperature data within 10 K.

Table 2.1
Sample Tungsten Strip Lamp Calibration

Voltmeter reading” Lamp Temperature
(mv) __(X)
60.2 1167
65.1 1318
70.0 1442
75.0 1550
80.0 1641
85.0 1723
90.1 1825
95.0 - 1890

100.0 1957
110.0 2078

*Reading on HP voltmeter from 0.01 ohm shunt resistor to determine current to
tungsten strip lamp.
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Table 2.2

Pyrometer Channel 1

Détermination of Effective Wavelengths for the Sizing-Pyrometer System

Peak Height True Lamp Predicted Lamp
(volts) Temperature (K) Temperature (K)
23 1167 1167

139 1442 1439
374 1641 1650
698 1825 1820

Effective wavelength (A1) = 1.30 um

Pyrometer Channel 2

Peak Height True Lamp Predicted Lamp
(volts) Temperature (K) Temperature (K)
90 1167 1163
319 1442 1451
605 1641 1650
925 1825 1810

Effective wavelength (A2) = 2.06 um

The chopper was moved to the focal point of the collection optics (with the flow reactor
tower removed) in order to measure the magnification of the system, which is a critical
parameter for determination of particle size and velocity. The velocity is calculated
from the transit time of the magnified image across the large slit. The true chopper
velocity can be calculated from the radial location of the pinhole and the rotational
speed of the chopper (obtained from the oscilloscope between successive peaks). The
magnification of the detection optics was thus determined to be 6.6. The calibration
was further tested by measuring the size of Spherocarb particles in the flow reactor,
since the Spherocarb particles do no react under pyrolysis conditions and are tightly
size classified by the manufacturer to 100/120 mesh (125 to 145 pm diameter
particles). Sizes of the Spherocarb particles were independently verified using
photomicrographs.

One of the difficulties in measuring coal particle temperatures during devolatilization is
the presence of the tar and/or soot cloud surrounding the particle (shown visually by
McLean, et al., [1980]). Grosshandler [1984] presented a theoretical study on the
effect of soot on pyrometric measurements of coal particle temperature, showing
measurement errors associated with different wavelength regions. Infrared
wavelengths were chosen for this pyrometer system in order (a) to penetrate the tar
cloud and (b) to maximize the emission signal at low temperatures. »
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Particle emission signals are similar to those reported by Tichenor, et al. [1984].
Peak ratios, rather than absolute intensities, are used to calculate particle diameters
and temperatures. After digital smoothing of baseline noise and the sizing peaks is
performed, statistical information regarding variations of particle temperatures and
velocities is computed for each size bin [Mitchell, 1987; Niksa, et al., 1984]. Even
though particle flow rates were low, occasional emission signals from particles in the
focal volume are partially contaminated with emission signals from particles in the
optical path but not in the focal volume. If multiple peaks are present in the emission
signal, signifying emission from more than one particle in the optical path, that
particular emission signal is discarded.

A careful study was performed to determine the errors in the particle size and
temperature measurements induced by the tar cloud surrounding each coal particle.
The particle sizes determined from the emission signal are close to the sizes expected
for coal particles and not representative of the particle cloud (observed visually to be
at least 10 times the particle diameter). This is strong evidence that the tar cloud
does not interfere with the particle emission signal. Also, the emission intensities per
unit surface area (i.e. detector signal) for Spherocarb and bituminous coal are very
similar in magnitude, indicating that the emissivities are similar. The calculated
emissivity is generally used as a self-consistency check, as mentioned above.
However, the fact that the calculated emissivities are similar for the Spherocarb and
bituminous coal is additional evidence that the tar cloud does not influence particle
temperature measurements. Measurements reported by Fletcher et al. [1987] show
that Spherocarb and partially reacted char particles have similar emissivities (0.9 and
0.7, respectively). Finally, flat baseline detector signals were measured before and
after the particle emission signal (as shown in Fig. 2.6); if the tar cloud interfered with
the signal, a broad change in the baseline would be observed before and after the
particle emission signal.

CDL Solid Sampling System

A water-cooled, helium-quench probe (3 ¢cm o.d., 1.4 cm i.d) is used to collect solid
samples iso-kinetically (see Fig. 2.7). Twelve small quench jets (~ 0.7 mm i.d.) with
a 10 degree downward angle from horizontal are located in the tip of the probe. The
inner wall of the probe is made from porous tubing, allowing helium to transpire
through the wall to reduce tar deposition. Both the helium quench jets in the tip of the
probe and the porous probe liner are served by the same plenum for helium flow. The
ratio of helium reaching the quench jets to that transpiring through the porous liner is
governed by the pressure drop through the porous liner vs. the pressure drop through
the quench jets. This ratio was measured by placing a rubber plug in the probe interior
just downstream of the quench jets, and then measuring the flow rate of helium from
each end of the probe. Of the 60 standard liters per minute (slpm) of helium fed to the
quench probe, 20 slpm transpired through the porous wall, leaving 40 slpm to flow
through the quench jets in the probe tip.
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Figure 2.7 Schematic of the helium-quench solids sampling probe used in the
CDL.

The effective gas quenching rate was examined by measuring the gas temperature as

a function of distance using a sheathed chromel-alumel thermocouple inserted into the
inner chamber of the probe. Small wires were attached to the sheath in order to
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position the thermocouple in the center of the probe. The diameter of the thermocouple
bead was approximately 1 mm, and radiation corrections to the thermocouple were
small due to the low temperatures. A plot of gas temperature in the probe as a
function of distance from the probe tip is shown in Fig. 2.8. This profile was obtained
with the flow reactor conditions of 30 slpm N and a gas temperature of 1023 K. The
gas is quenched from 1023 K to 461 K in 4 mm (0.6 ms), corresponding to a gas
quenching rate of approximately 106 K/s. Particle quenching times are slightly longer
due to thermal inertia effects.
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Figure 2.8 Measured gas temperatures in the helium quench probe under
sampling conditions at a gas temperature of 1050 K.

A virtual impactor is used to reduce the flow rate of gas through the char filter, as
shown schematically in Fig. 2.9. The impactor design is similar to that developed by
Neninger et al. [1983]. The impactor utilizes the principle that the small tar particles
are are more responsive to changes in flow direction than the large char particles.
Velocities in the impactor are designed such that particles larger than 5 pum in
diameter flow straight down through the impactor and into the cyclone separator.
Approximately 70% of the gas changes direction and flows through the gap in the
virtual impactor. Most of the tars and aerosols follow this gas stream and are
collected on the primary tar filter (see Fig. 2.10). The remaining 30% of the gas
stream, containing the char particles and any remaining tars and aerosols, passes
through a three-stage Andersen cascade cyclone sampler (two cyclones and a filter).
The primary cyclone is designed to collect particles above 10 pm in diameter; over
97% of the char particles are collected in this cyclone, with the remaining char particles
depositing in the secondary cyclone. The tars and aerosols in the char leg of the
sampling system are collected on the secondary tar filter. Nuclepore polycarbonate
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filters were used, with avcrage pore diameters in the filters of 1.0 Mm for the primary
tar filter and 5.0 pm for the secondary tar filter.

As tars accumulate on the filters, the pressure drop across the filters increases, and
the suction pressure must be adjusted to maintain a constant sampling flow rate. An
automated feedback control system adjusts the vacuum pump control valves in order
to maintain a set flow rate on each sampling leg. The vacuum pumps are allowed to
maintain a constant suction rate, and make-up air is bled into the vacuum line through
a control valve. These valves are automatically opened or closed in order to maintain
set flow rates, as measured by Hastings flow meters (as shown in Figure 2.10).
Visual observations indicate that the flow of particles is undisturbed be the presence
of the probe, and hence corresponds to the same conditions studied in the pyrometry
experiments,

For the main series of devolatilization experiments, care was taken to reduce the
exposure of char and tar samples to ambient temperature. The parent coal was
generally stored in desiccators, although select samples were stored in a freezer at
0°C during the final series of experiments. The freezer storage was used to reduce
polymerization reactions in both the tar and char samples, based on the
recommendations of Professors Henk Meuzelaar and Ronald Pugmire from the
University of Utah. The syringe in the particle feeder was weighed before and after
charging with coal to determine the coal fed to the reactor. The syringe loading was
typically ~500 mg of coal. The collected char samples in the cyclone were also
weighed, and then placed in capped bottles in the freezer until analysis or shipment to
Coors Analytical Laboratories or the University of Utah for analysis, The tar filters
were also weighed carefully before and after tar collection, and then stored in sealed
polyethylene bags in the freezer until analysis, Char and tar samples were shipped to
the University of Utah in styrofoam dry ice chests (usually by personal automobile,
since airlines object to dry ice containers). Char samples sent to Coors were sealed
in additional polyethylene bags, but were not kept cold during shipment. Samples sent
to Coors were generally analyzed within two weeks.

CCL Flow Reactor

The flow reactor in the CCL is desvcribved in several publications [Mitchell and
McLean, 1982; Niksa, et al., 1984; Tichenor, et al., 1984; Hurt, et al., 1992], and is
illustrated in Fig. 2.11. Room temperature fuel and oxidizer gases enter the flow

reactor through small concentric tubes, creating a flat diffusion flame about 3 mm thick,

starting at a distance of approximately 5 mm above the burner. The flow rates of N,
09, CHy4, and Hy are adjusted independently to create a flame with the desired
temperature, velocity, and post-flame oxygen concentration. Typical char combustion
experiments in the CCL are conducted in post-flame environments containing 3, 6, and
12 mole-% Oj. Flame temperatures for typical operating conditions range from 1500
to 2000 K. Heat loss to the transparent quartz reactor walls decreases the
temperature by 200 to 300 K in the first 40 cm above the burner,
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Figure 2.9 Schematic of the virtual impactor used as the initial aerodynamic
separator of coal tar from char particles.
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Oxidizer (Nitrogen and ' Coal Feed Line
Oxygen)

Figure 2.11 Schematic of the laminar flow reactor in the Char Combustion
Laboratory, showing location of the diffusion flame and coal
particle devolatilization and char oxidation.
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Gas temperatures in the CCL are measured with a Pt/Pt-13% Rh thermocouple with a
bead size of ~ 100 um diameter. The measured thermocouple bead temperatures are
corrected for radiation heat losses to the surrounding walls in order to obtain gas
temperatures. Thermocouple beads are coated with aluminum oxide to reduce the
catalytic properties of the precious metals near the flame.

Entrained coal particles enter the flow reactor through a small tube located in the
center of the burner. Particles are entrained by the flow reactor gases, and travel
upwards through the flame and post-flame environment in a narrow stream. Coal
particles typically exhibit a bright luminous emission at a height of ~ 3 cm above the
burner, which persists for about 1 cm for any given particle. The bright initial emission
from the coal particle is due to soot particles generated from the cracking and
combustion of devolatilized tar species. The actual brightness and length of the soot
cloud emission surrounding any given particle are dependent on coal type and particle
size. Following the devolatilization region, the char particle continues to emit thermal
radiation in a duller orange color, depending on the post-flame oxygen concentration.

Sizes, temperatures, and velocities of individual particles are measured using a sizing
pyrometer, as described by Tichenor, et al. [1984]. A schematic of the sizing-
pyrometer system used in the CCL is shown in Fig. 2.12. The in situ calibration
system in the CCL, consisting of the tungsten strip lamp and the pinholes mounted on
the chopper wheel, are not shown in this figure, but operate in a manner similar to that
used in the CDL. This sizing-pyrometer system in the CCL is similar to that used in
the CDL, except that this system operates in the visible spectrum at 500 and 800 nm,
and therefore uses standard lenses and achromats (instead of mirrors) for collection of
particle emission signals. This system also uses 1:1 optics (no magnification), and
electrically-cooled photomultiplier tubes are capable of monitoring the emission
signals at these wavelength. The minimum particle temperature measurement
threshold for the CCL sizing-pyrometer is 1200 K for a 100 um particle, compared to
850 K for the CDL infrared sizing-pyrometer system. The sizing-pyrometer system
was not used in the devolatilization experiments described in these reports, since the
lowest measurable particle temperatures (1200 K) are above typical devolatilization
temperatures and since the soot cloud obscures the particle (especially at visible
wavelengths).

Gas velocities in the CCL flow reactor are inferred from measurements of the sizes
and velocities of pure carbon particles (Spherocarb) at low oxygen concentrations in
the post-flame gases [Niksa, et al.,, 1984]. Based on boundary layer growth
correlations and conservation of mass, a correlation was developed to describe the
gas velocity v, in the CCL flow reactor as a function of gas temperature T, and
distance from the burner z [Niksa, et al., 1984]:

Ve _ 1 Cow
<2 =01+ W+ 2.2
T 1+ 570 8 4T (2.2)
where units are in cm, sec, and K, and

w=zT, 6 | (2.3)
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In Eq. 2.2, the first term represents the superficial velocity based on the cross-section
(2in. x 2 in.) of the flow reactor; the second term represents the rise in average
velocity due to boundary layer growth (and hence flow restriction in the bulk stream)
along the walls; and the third term represents corner effects on boundary layer growth
in the flow reactor. The constants ¢ and ¢ are determined from extrapolations of
measured particle velocities as a function of size at different heights above the burner.
Particle size, temperature, and velocity measurements for Spherocarb particles are
made at heights as low as 6.35 cm above the burner, while gas temperature
measurements are made at heights as low as 1.3 cm above the burner.

The particle feeder and water-cooled helium quench probe in the CCL are similar to
those used in the CDL (see Figs. 2.3 and 2.7; Hurt, et al., 1992). The solids sampling
system in the CCL was modified in order to perform devolatilization experiments. A
cyclone system similar to that used in the CDL is attached to the end of the helium-
quench probe to aerodynamically separate tar from char; however, the sampling
system in the CCL does not include the virtual impactor or the porous liner in the
probe. Tars in the CCL undergo secondary gas-phase reactions, and hence do not
stick to the sides of the probe as much as in the CDL experiments. The suction rate
from the probe in the CCL is manually adjusted to achieve iso-kinetic sampling. Char
samples from the devolatilization experiments in the CCL were weighed, transferred
to sample vials, and then stored in the freezer in the CDL until analysis.

Nomenclature for Chapter 2

cl, €2 | constants in gas velocity expression

T, gas temperature

Vg gas velocity

w similarity parameter in gas velocity
| equation (w = z T40:68)

z height above burner
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3. SAMPLE ANALYSIS

Elemental Analysis of Organic Material

Collected char samples were analyzed by Adolph Coors Analytical Laboratories
Division in Golden, Colorado. A total of approximately 500 mg of of each sample was
used in the analysis, divided as follows: ~100 mg was used for analysis of moisture
and total ash content; ~250 mg was used for ICP analysis; ~5 mg was used for C,H,N,
and O analysis; and ~150 mg was used for sulfur analysis. Some of the data scatter in
the ICP and total ash analyses is due to the small sample size. The total ash content
and the moisture content were measured using ASTM procedures, modified for small
sample sizes.

The organic portion of the samples were analyzed as follows:

1. Fisher Sulfur analyzer for sulfur determination

2. Colorometric combustion technique by Champion and Houde for carbon and
hydrogen determination

3. Carlo/Erba nitrogen analyzer for nitrogen determination

4. Modified Unterzaucher pyrolysis technique for oxygen.

These four analyses were performed on four independent Leco instruments. The sum
of compositions of the five organic elements generally added to 100 +5%. All five
compositions were therefore renormalized by the sum for each sample.

Elemental Analysis of Inorganic Material

A tracer technique was used to determine mass loss due to devolatilization, since
occasional probe deposits consisting of tar and char agglomerates prevented complete
mass closure during sampling. Titanium, silicon, aluminum,and total ash were all used
as tracers in this study. The fraction of mass remaining in the char mplmp® was
determined from the concentration of the tracer elements x; in each sample (on a
moisture-free basis) from the following equation: '

= (3.1)

In this work, char is referred to as partially-reacted coal, and consists of unreleased
volatiles (if any), fixed carbon, and ash (unless referred to on an ash-free basis). The
mass of volatiles released (gas plus tar) is I - mp/my°.

The inorganic elements were analyzed by Inductively Coupled Plasma (ICP) using

ASTM Procedure D 3862 with the following revision: a lithium metaborate and lithium
tetraborate flux was used for the fusion. The coal samples were ashed at 750°C prior
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to fusion with the flux. The concentrations of the following elements were measured:
Si, K, Ti, Fe, Al, Ca, Na, and Mg. Analysis of NBS standard coals and flyash have
shown that each of these constituents of the ash can be measured within 5%. A 5%
error in the tracer concentration would cause as much as a 10% error in the mass loss
determination. Only the Si, Al, and Ti were used as tracers in this study; the
concentrations of other elements were measured in connection with an associated
mineral matter study. The total ash content was also used as a tracer. The use of
four independent analyses for tracers lowers the statistical uncertainty in the mass
loss determination, based on the 90% confidence limit, to less than 5% for most
samples.

Apparent Densities

The mean diameter and apparent density of the parent coal particles must be known in
order to calculate the initial particle mass mp°. As discussed later, mp? and dp® are
used to calculate the particle temperature and reaction history when determining
kinetic coefficients. Changes in the mean diameter were determined from
experimental measurements of mass loss and apparent density, as discussed later.
The apparent density is defined as the particle mass divided by its apparent volume
(i.e., the volume based on the particle diameter). In softening coals, the apparent
density changes significantly due to the formation of large internal voids. The true
density of the solid material, which does not include the void volume, may also change
due to preferential release of functional groups during pyrolysis. In this discussion,
the term bulk density refers to the mass of particles occupying a known container
volume, and is related to the apparent density through a packing factor.

Bulk densities of coal samples were determined using mercury intrusion porosimetry
at the Particle Characterization Facility at Lawrence Livermore National Laboratory.
Pressures as high as 60,000 psi were employed using an Autopore 9200 instrument;
pore sizes as low as 30 A were penetrated at this pressure. The apparent density of
the unreacted coal particles was obtained from the mercury intrusion data for raw
coals by associating all voids larger than 3 pm with interparticle spacing, as
suggested by Gan et al. {1972]. For char particles from softening coals, surface voids
are often larger than 3 um in diameter, and hence the interpretation of apparent
density from porosimetry measurements is difficult. However, if both the raw coal and
associated char particles exhibit similar packing factors (interparticle void fractions),
the apparent density ratio of the char to the parent coal can be approximated by the
ratio of the bulk densities obtained from the porosimeter when interparticle spacing is
not taken into account.

A second method was also used for determination of apparent density ratios, similar
to that used by Tsai and Scaroni [1987]. A graduated cylinder is filled with particles
and tapped. gently to allow uniform packing. The bulk density is measured, and the
packing factor is assumed to be constant for the both the parent coal and char
particles. The bulk density ratio of char to parent coal is therefore equivalent to the
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apparent density ratio. The apparent density ratios determined from these two
methods agree within 5%, while the error in the experimental method has been
estimated at 10% [Tsai and Scaroni, 1987].

Internal Surface Areas

Internal surface areas of char samples were measured at the Particle Characterization
Facility at Lawrence Livermore National Laboratory using nitrogen BET analysis.
Prior to the nitrogen adsorption analysis, each sample was baked under vacuum (10-3
torr) at 200°C for 10 hours to remove gaseous and liquid contaminants from the
surface. A vapor deposit on the walls of the analysis tube above the heat zone was
observed for each sample after the degas procedure. The analyses on the Digisorb
2600 consisted of a 5-point BET calculation for specific surface area.

Scanning Electron and Optical Microscopy

The physical features of the surface of coal and particles were examined using a
scanning electron microscope (SEM). The SEM micrographs were obtained in the
SEM laboratory at Sandia (Division 8314) in the secondary electron image (SEI)
mode. The internal structure of coal particles was examined by sectioning the
particles. Particles were mixed with EPON-828 resin, pressurized to 10,000 psig, and
cured overnight. The samples were post-cured at 70°C for three hours, and then
polished using a series of polishing powders to 0.5 pm resolution. The cross section
photographs were obtained using a standard optical microscope with a light source.

NMR Analyses

The 13C NMR data on the coal and char particles were obtained at the University of
Utah, under the direction of Professor Ronald Pugmire, using a variation of the method
described by Solum, et al. [1989]. Cross-polarization magic-angle spinning
(CP/MAS) spectra for coals and chars were obtained on a Bruker CXP-100
spectrometer with a 13C frequency of 25.15 MHz and a spectral width of 12 kHz. The
radio frequency fields were ycBic = yuBin = 48 kHz. Spinning speeds were
approximately 4.0 kHz. Delay times between acquisitions were 0.5 to 1.0 s. Contact
times in dipolar dephasing measurements were between 0.8 to 2.5 ms depending on
the maximum aromatic signal from the variable contact (VC) measurement, using 2.0
ms when signal to noise level permitted. The coal and char samples were run as
received with no degassing.

The total magnetization was obtained by a variable contact time experiment in which
the data were fit to a model employing a Gaussian (Tgcy ) and a Lorentzian (TLcH)
time constant and a single value for the spin relaxation time (T’ pH ). The time
constants, Tgcy and Tpcy and T pH , along with magnetization values Mgcy and
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M|.cH, were measured using a standard CP sequence while varying the contact time,
Tep. The carbon magnetization was fit to the following five parameter equation:

M (1) = (Mgen+ Mpcy) e o/ Tl - Mgey e- 05 (¢/ Tonf - Myoy e- 7/ T (3.2)

where (MgcH + MpcH) represents the total magnetization in the sample independent
of relaxation effects. The above equation was used separately for the aromatic and
aliphatic regions of the spectra, and the carbon aromaticity f, was calculated from
these values after including sideband intensity for the aromatic region. The second
cross-polarization time constant, TGcy, is included to take into account the first stage
of the two stage cross-polarization from carbons with directly bonded protons [Miiller,
et al.,, 1974; Wu, et al., 1988]. The second time constant Ty ¢y is then an average of
the time constants for nonprotonated carbons and the second stage for carbons with
directly bonded protons. Curve fits of variable contact time data from PSOC-1507D
aromatic region are shown in Fig. 3.1 for both the simple model [Solum et al., 1989]
representing a single stage cross-polarization model and the two -stage cross
polarization model given by Eq. 3.2. Between 17 and 25 different contact times from
5 us to 25 ms were used in variable contact time measurements.

6000 T | T | T | T

5000

4000

3000

Intensity

2000

1000

0
0 - 100 200 300 400
Time

Figure 3.1  Short time (us) behavior in a variable contact time measurement
for the aromatic region of PSOC-1507D Beulah Zap lignite. Fit of
data (circles) with the simple VC model using one T¢cy (dashed
line) and with Tgcp and Tpcy accounting for two stage cross
polarization for carbons with directly attached protons (solid line).
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Dipolar dephasing data were employed to separate the aromatic Gaussian (C-H) -
component from the Lorentzian (non-protonated) component of the carbon
magnetization. The dipolar dephasing pulse sequence has been described previously
[Alemany, et al., 1983], and the version used here has 180° refocusing pulses in both
the carbon and proton channels. There were 23 interrupted decoupling delays in this
analyses, ranging from 2 to 200 pus for the aromatic region. The decay of the carbon
magnetization was fit to the following four parameter equation [Sethi, et al., 1988]:

M(1)= Mo, e/ Te - Mpg e~ 05 (v/ To) (3.3)

In Eq. 3.3, T1, and Moy are the Lorentzian decay constant and initial magnetization,
respectively, for the weakly coupled spins. The variables T and Mg are the
Gaussian decay constant and initial magnetization, respectively, for the strongly
coupled spins. The sum of Mpg and M, has been normalized to unity.

Segmental motion in the aliphatic region of the 13C CP/MAS spectrum of coals creates
some uncertainty in the relative contributions of CH3 and CHy/CH groups [Soderquist,
et al., 1987; Vassola, et al., 1987], as measured in the dipolar dephasing experiments.
The methyl contribution was therefore approximated from the integrated intensities of
the 0-22 (alkyl and aryl methyl groups) and 50-60 (methoxy group) ppm regions of
the spectrum.

Using parameters from the above 13C NMR analyses, twelve structural parameters
relating to the carbon skeletal structure can be obtained. The average aromatic cluster
size and the number of attachments on an aromatic cluster can also be estimated.
This procedure for data analysis, including the cluster size estimation model, has been
described by Solum, et al. [1989].

The high mineral content of the Zap lignite and associated char samples caused a low
signal to noise level in the NMR analyses. This signal to noise difficulty was reduced
by demineralizing the lignite samples; all solid-state NMR data presented here for the
lignite and associated chars are from the demineralized samples. Demineralization
was achieved by leaching the samples successively in HCI, HF, and then HCI again
(all at 50-60°C), with warm water rinses between acid leaching steps. It is thought
that the organic skeletal structure is not significantly altered by the acid leaching
procedure. The bituminous coal and chars were not demineralized, since adequate
signal to noise levels were achieved with the native samples.

The 1H and 13C NMR data for each tar sample were obtained with a Varian VXR-500
spectrometer. Tars were removed from the tar filter and dissolved in 1 ml samples of
deuterated (98%) dimethyl sulfoxide (DMSO). The 13C NMR data on tars were
obtained by using a 30° carbon pulse with an acquisition time of 1.2 s and a 0.5 s pulse
delay. These conditions provide semi-quantitative data that slightly underestimate
the carbon aromaticity, Small amounts of particulate matter were observed in the
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tar/DMSO solutions, but no serious degradation of spectral resolution was observed
due to the presence of colloidal material. '

" Curie-Point GC/MS and Low-Voltage MS Analyses

Analyses of the tar samples by combined gas chromatography and mass spectrometry
(GC/MS) were performed at the University of Utah's Center for Micro Analysis and
Reaction Chemistry under the direction of Professor Henk Meuzelaar. Techniques
used were similar to those reported by Chakravarty, et al. [1988] and Yun, et al.
[1991]. The analyses were performed using a Hewlett Packard 5890 chromatograph
with a 15 m x 0.25 mm i.d. x 0.25 pm film thickness DB-5 column (J&W Scientific). A
schematic of the Curie point GC/MS system is provided in Fig. 3.2. The conditions
used in GC/MS were as follows: electron energy 70 eV, ion trap detector (ITD,
Finnigan MAT) scanned from m/z 40-450 at 1 scan/sec, pyrolysis time 2 sec, 883K
Curie-point wires in an inlet set at 523 K. The column was temperature programmed
from 313-573K at 15 K/min.

Low-voltage mass spectrometry (LV/MS) experiments were carried out using an
extranuclear Model 5000-1 Curie-point pyrolysis MS system (see Fig. 3.3). Twenty-
five microgram quantities of tar were coated on ferromagnetic wires from methanol
suspensions. The wires were inserted into borosilicate glass reaction tubes and
introduced into the vacuum system of the mass spectrometer. The ferromagnetic
wires were inductively heated at approximately 100 K/s to an equilibrium temperature
of 883 K. Total heating time was 10 sec. Low-voltage MS ‘conditions were as
follows: electron ionization at 12 eV (set value), scanning rate 1000 amu/s, total
scanning time 20 s, mass range scanned m/z 40-260. The LV/MS system allows for a
relatively quick, first-order analysis of the types of species that occur in tar samples,
whereas the GC/MS system is used to confirm results from the LV/MS system and to
provide further detail on specific species.
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Figure 3.2 Schematic of the Curie-point‘ desorption GC/MS system used at
the University of Utah.
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Nomenclature for Chapter 3

carbon aromaticity (fraction of carbons contained in aromatic groups)

Ja

mp particle mass

M magnetization parameter in NMR analysis

T time constant in NMR analysis

T; pH spin relaxation time in NMR analysis

T contact time in NMR analysis

X mass fraction of species i

Subscripts

G, 0G Gaussian component of NMR signal from dipolar dephasing analysis
GCH Gaussian component of NMR signal from variable contact time analysis
L,OL Lorentzian component of NMR signal from dipolar dephasing analysis
LCH Lorentzian component of NMR signal from variable contact time analysis
Superscripts

Lo

I parent coal
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4. OVERVIEW OF EXPERIMENTS PERFORMED

Experiments in the CDL in 100% N2

The main body of experiments in the Sandia Coal Devolatilization Laboratory (CDL)
were conducted on five coals from the PETC suite, ranging from a lignite to a low
volatile bituminous coal. Elemental compositions and other properties for the parent
coals, as determined by the Penn State coal bank, are shown in Table 4.1 (copies of
the complete Penn State analyses for these coals are found in the Appendix). The
coals were size classified under nitrogen using a sieve tray and Rho-Tap shaker
assembly, and then aerodynamically classified under nitrogen using a Vortec
classifier. The resulting samples were distributed to several investigators under
PETC funding. '

The coal devolatilization experiments were performed in parallel with a series of char
combustion experiments at Sandia for the same coals. The sizing-pyrometer systems
used in these two laboratories are limited to particles with diameters greater than
~ 50 pum, and work best with particles greater than 100 pm. Although 100 pum
particles are greater than the mass mean particle diameter typically used in pulverized
coal furnace applications (~ 50 pm), the rates and mechanisms for the two particle
sizes are thought to be similar under the temperature and gas conditions explored in
the two laboratories. For instance, total volatiles yields from Pittsburgh seam coal
particles heated at 1000 K/s differed by less than 1% (daf basis) over this size range
[Anthony, et al., 1974], which is well within the experimental accuracy of the
determination of volatiles yields.

Three of the size fractions that were provided by PETC were compatible with the
optical systems used in coal experiments at Sandia: 63 to 75 pm; 75 to 106 pm; and
106 to 125 um. Only limited supplies of certain size fractions from some coals were
available, due to grinding tendencies. The 106 to 125 um size fraction was used -
extensively in the Sandia char combustion experiments. Therefore, the 106 to 125 pm
size fraction was used in the Sandia coal devolatilization experiments when sufficient
quantities of that size fraction were available after the char combustion experiments.
For the PSOC-1507D Beulah Zap lignite samples, sufficient quantities of the 106 to
125 um size fraction were not available, so the 75 to 106 pm size fraction was used.
For the PSOC-1451D Pittsburgh #8 hva bituminous coal, a set of experiments were
performed on two different size fractions (63 to 75 m and 106 to 125 um).

The analyses of the size-graded coals used in the Sandia devolatilization experiments
are shown in Table 4.2. The differences in composition between the Penn State
analyses on the unpulverized coal and the analyses of the pulverized and size-graded
coal are due to particle size. A large effect of particle size is seen in comparing the
analyses of the two size fractions of the Pittsburgh #8 coal. The ash content changes
from 11.2% for the 106-125 um size fraction to 3.7% for the 63-75 um size fraction.
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The smaller size fraction also contains more carbon and less oxygen than the larger
size fraction.

The size-graded Illinois #6 hvb bituminous coal contains less carbon than the.
unpulverized coal. In fact, the size-graded Illinois #6 coal contains less carbon than
the Blue #1 subbituminous coal, making carbon content a poor indicator of coal rank for
these two coals. Perhaps this is why the standard coal rank classification uses
heating value for low rank coals to bituminous coals, and then switches to carbon
content. However, for research purposes, it is useful to have one scale to indicate coal
rank. The oxygen content of the parent coal provides a distinctive index of rank for
this suite of coals, and is therefore used to indicate coal rank in this report.

Two gas temperature conditions were used in this series of experiments, with
maximum centerline gas temperatures of 1050 K and 1250 K. Typical centerline gas
temperature profiles, measured as a function of the distance from the coal injection
tube, were shown in Section 2 of this report. Due to small, day-to-day changes in
heater performance, gas temperature profiles were measured for each gas condition
before each set of experiments on a particular coal. The measured gas temperature
profiles, corrected for radiation, are therefore tabulated in the appendix for each coal.

The majority of the coal devolatilization data was obtained over a period of three years
(1987 to 1990), after the infrared sizing-pyrometer system was fully operational.
However, during the time when the pyrometer system was being developed, a series
of solid sampling experiments for PSOC-1451D Pittsburgh #8 hva bituminous coal
particles were conducted in the inert gas flow reactor under gas temperature
conditions similar to those encountered in later experiments. This early set of
experiments was conducted in collaboration with Steve Hsu, a doctoral student (at
that time) studying under Professor Jack Howard at MIT. Although most of the early
sampling experiments were repeated after the development of the sizing-pyrometer
system, the mercury porosimetry and internal surface area analyses were not
performed on the most recent samples (due to cost considerations). Elemental
analyses and the extent of mass release are not available for these early samples.
The mercury porosimetry and internal surface area data for this coal are therefore
provided in this report for reference, but do not directly correspond to the rest of the
data for this coal. Some of these early data were reported elsewhere [Hsu, 1989,
thesis; Seery, et al., 1989].

Particle temperature histories, elemental organic and inorganic analyses of char
samples, and apparent densities are available for each coal and temperature
environment. However, the NMR analyses, GC/MS analyses, mercury porosimetry,
and N7 BET analyses were only performed on a select set of samples. The data
available for each coal in 100% Nj at each temperature condition in the coal
devolatilization laboratory are summarized in Table 4.3, and the data are tabulated in
the appendix as a function of coal type. The numbers in this table represent the
number of samples for which data are available at that temperature condition,
Numbers after a comma indicate duplicate experiments. In this table, ash analysis
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refers to the elemental composition of the ash as well as the total amount of ash;
mass release refers to the extent of mass release using inorganic tracers from the ash
analyses; mass release rates refer to the extent of mass release as a function of
residence time, including comparison with kinetic models, and elemental mass release
rates refer to the fractional mass release of the major organic elements (C, H, N, S,
and O) as a function of time and as a function of the total mass release.

Experiments in the CDL in 0 to 10% O,

Two types of experiments were conducted in the Sandia Coal Devolatilization
Laboratory (CDL) where up to 10 mole-% oxygen was added to the nitrogen in the
flow reactor. The first set of experiments was performed at the request of PETC
personnel as a consistency check on some char combustion experiments performed at
the University of North Dakota Energy and Environmental Research Center
(UNDEERC). In this set of experiments, particle temperatures for two coal types
were examined at a gas temperature of ~ 1000 K and an oxygen concentration of ~ 10
mole-%. This work involved only sizing-pyrometer experiments without solids
sampling experiments, and is described in Section 6.

A second set of experiments was performed in the CDL in 0 to 10 mole-% O to
determine the effect of oxygen on particle swelling characteristics. This purpose of
these experiments was to investigate possible reasons for notable differences in
particle swelling behavior between samples collected in 100% Nj in the CDL and
samples collected in post-flame combustion environments of 3 to 12% O3 in the Char
Combustion Laboratory (CCL). The experiments in the CDL were conducted mainly
with the solids sampling apparatus, and did not involve the sizing-pyrometer. These
data are discussed in Section 6.

Experiments in the CCL with 0% post-flame O,

A series of coal devolatilization experiments were performed in the Char Combustion
Laboratory (CCL) in order to examine particle swelling properties as a function of the
ambient oxygen concentration, As part of this project, a new gas operating condition
was developed in the laminar flame-fired flow reactor in the CCL that had 0% O in
the post-flame region. Modifications were also made to the sampling system in the
CDL in order to acrodynamically separate tar from char, including temporary use of the
cyclone system from the CDL. This set of experiments involved mainly solids
sampling studies. Data available for these samples include elemental organic and
inorganic composition, apparent densities, Np BET internal surface areas, and NMR
analyses of chemical structure: Samples in this set of experiments were obtained only
at one location in the flow reactor, corresponding to the end of volatiles combustion
and the beginning of char combustion. These experiments in the CCL were conducted
as part of the devolatilization project, and hence are not included in the milestone
report for the coal char combustion project [Hurt, et al.,, 1992]. The results of the
devolatilization experiments in the CCL are discussed in Section 6, and the data are
tabulated in the appendix.
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5. RESULTS AND DISCUSSION OF EXPERIMENTS IN 100% N,

This section describes the results of the main body of coal devolatilization
experiments preformed in the Sandia Coal Devolatilization Laboratory (CDL). As
described in the Apparatus section, these experiments were performed in 100% Ny in
a laminar flow reactor at two different gas temperature operating conditions. The data
are discussed in this section by topic: particle temperature histories, extent of mass
release, devolatilization rates, physical structure characteristics, elemental mass
release rates, chemical structure of char and tar, and spectral emissivities.

Particle Temperature Histories

One of the principal issues in the devolatilization literature at the start of this project
was the temperature at which coal particle devolatilize (see Chapter 1). The
determination of particle temperature histories during devolatilization is therefore one
of the major contributions of this work, and distinguishes these experiments from any
other devolatilization experiment. These results were published by Fletcher [1989a
and 1989b].

A. Theory

The energy conservation equation of a spherical particle in an inert laminar flow,
assuming negligible internal temperature gradients, is written as follows:

vpmp ey L= A, (T, - Ty)—B—- 66, A, (T}-TE)- v, dm A (5.1)
dz eB -1 dz

where h = Nu kg/ dp. This equation expresses the thermal inertia in terms of
convective heat transfer from the surrounding gas, radiative heat transfer, and the
global heat of reaction during devolatilization. The 0 term represents the effects of
high mass transfer on the convective heat transfer coefficient [Spalding, 1955], and is
defined by the following two equations:

6 =B/(B-1) (5.2)

where the transfer number B for heat transfer is defined by:

c dm
B = e ( ”) 5.3
2ray ke \ dt (5.3)

For small spheres near the gas velocity, the Nusselt number is 2. The gas thermal
conductivity kg is calculated based on the local film temperature (Tp + Tg)/2. At long
residence times, the thermal inertia term on the left side of Eq. 5.1 becomes negligible,
devolatilization is completed, and the equation reduces to a balance between the
convection term and the radiation term.,
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Moisture Evaporation Rate

The evaporation of water from lignites and high-moisture coals must be modeled
correctly in order to determine particle temperature histories and hence reaction rate
coefficients. The rate of evaporation of a spherical drop of water can be expressed as:

ity _ = ky md?

it (5.4)

(see Eq. 21.1-12, p. 641, ref. [Bird, et al., 1960]). The mass transfer coefficient is
obtained from a correlation with the Sherwood number:

_ kmdp

= 2 +0.6 Re®® 80333 (5.5)
pg Dw

Sh

For most practical problems involving evaporation of water from pulverized coal
particles, the particle Reynolds number is low enough to assume that Sh = 2.0. At
high rates of mass transfer, typical of rapid heating experiments, the rate of
evaporation (Eq. 5.4) becomes:

. X = Xy, oo
W o= Ok 70 d} [ (5.6)
1- X0
(Eq. 21.5-62, ref. [Bird, 1960]), where:
0y = By /(eBv-1) (5.7

A derivation of this expression is given in Appendix A. The transfer number By, for
water evaporation is defined as:

B, = W 5.8
"2 7w d,Dypy (58)

The mole fraction of water at the particle surface, xy,0, used in Eq. 5.6, is calculated
from the vapor pressure of water and the total pressure:

Xwo = Pyw/ Piot (5.9)
The Antoine vapor pressure correlation is used to obtain Py,

InP, = A--B 5.1
now T+C (5.10)
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The Antoine vapor pressure coefficients for water are: A = 18.3036 mm Hg; B =
3816.44 mm Hg-K; and C = -46.13 K. When moisture effects are considered, the rate
of evaporation is coupled with the particle energy equation through the heat of
vaporization term, and Eq. 5.1 becomes:

dr <. |
mp ¢y =L = Ohay (Ty-T)) - 06 A, (T4 - .T;t))+z WAH,  (5.11)
i

where the reactions i represent moisture evaporation, devolatilization, and char
oxidation. In practice, this equation is solved using a predictor-corrector technique
with time steps small enough to minimize computational errors. Gas and particle
properties are varied as a function of time and temperature.

Rapid Heating Effects on Heat Transfer

At rapid heating conditions for large particles, significant internal temperature
gradients may exist. It is difficult to quantitatively evaluate the effect of internal
temperature gradients, due to the uncertainty in the thermal conductivity as a function
of particle temperature, composition, and morphology. Gat [1986] used values of &,
between 0.14 and 0.36 W m-1 °C-1 to show the probable existence of internal
temperature gradients of several hundred degrees in 35 um coal particles heated at 2 x
105 K/s to 2040 K. At more moderate heating rates typical of drop tube reactors (less
than 104 K/s), internal temperature gradients of a 100 um particle injected directly into
a 1200 K gas stream were calculated to be on the order of 40 K using the Heisler
charts [Heisler, 1947]. For softening coals, cenosphere formation obscures the
standard thermal conductivity analysis, since large voids are formed inside the particle
early in the pyrolysis process, after which heat transfer through a relatively thin shell
should be treated.

In addition to effects of internal particle temperature gradients, some investigators
claim that the rapid particle heating is significantly influenced by transient boundary
layer effects. The rapid heating reportedly enhances the effective Nusselt number,
allowing more efficient heat transfer to the particle. These claims were based on a
quasi-analytical model of temperature gradients in the boundary layer of a rapidly-
heated particle. In an effort to further understand this mechanism, and the effects it
has on devolatilization rates, a detailed numerical model of heat transfer in and near
rapidly-heated particles was developed at Sandia by Fletcher and Baxter [see
Fletcher and Hardesty, 1990a]. A finite difference form of the energy equation was
used to calculate the temperature profile in the boundary layer near a particle and
throughout the interior of the particle. Only the inert particle case was considered.
The results of the full numerical model indicate that there is no significant contribution
to the particle temperature history due to an enhancement of the Nusselt number at
rapid heating conditions; claims to the contrary are erroneous. The temperature profile
in the boundary layer of the particle generally relaxes to the quasi-steady profile in a
few milliseconds. The full numerical model was compared to the simple approach
outlined above, where the Nusselt number is set to 2 and the internal particle
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temperature gradients are neglected; results indicate no 51gn1flcant differences related
to the assumption that the Nusselt number is 2. Results also indicate that the particle
surface is a maximum of 40 K higher than the particle center for a 100 wm particle

heated at 104 K/s to 1200 K, in accordance with results obtained using the Heisler.

charts. Internal particle temperature gradients and transient boundary layer effects
are therefore ignored in this work.

Sengitivity Analysis

A sensitivity analysis was performed to examine the influence of the various terms in
Eq. 5.1. The gas temperature profile used for this study (the 1250 K gas temperature
profile shown in Fig. 2.2) is typical of drop tube reactors, as discussed previously.
During the particle heating period, the thermal inertia and convective heat transfer
terms are important, emphasizing the need to know the particle heat capacity and the
local gas temperature. The base calculation was for a 115 pm diameter particle with
c¢p as a function of temperature, elemental composition, and ash content [Merrick,
1983]. The heat of reaction AH was set to -100 cal/g, which is slightly endothermic.
Figure 5.1 shows the differences in calculated temperature due to (a) assuming the
gas temperature is constant at 1250 K, (b) assuming ¢, = 0.3 cal g-1 K-1, and (c) for
different particle diameters representing the sieve sizes. Note that the temperature
dependence of the heat capacity was extrapolated from coal data at 300-500 K. . The
rate model used in these calculations is the two-step model with coefficients
recommended by Ubhayakar et al. [1976] to fit the data of Badzioch and Hawksley
[1970] and Kimber and Gray [1967]. Similar particle temperatures are predicted if
other rate models are used, since AH is small. The wall temperature in this case was
500 K. Particles were allowed to swell by 40% as a linear function of the fraction of
volatiles released [Smoot and Pratt, 1979], and the apparent density was adjusted
accordingly.

Note that the calculated particle temperatures during the heating period (30-50 ms)
differ by as much as 75 K at a given residence time, depending on the treatment of the
particle heat capacity. If the gas temperature is assumed to be isothermal, even near
the coal injector, calculated particle temperatures can differ by 250 K. If the particles
stray from the centerline of the flow reactor, the temperature will be somewhere
between these two extremes. For example, Tsai and Scaroni [1984] attempted to
measure the degree of radial particle dispersion using a honeycomb apparatus,
performed two-dimensional calculations of the gas temperature and velocity, and
averaged the gas temperature over the region of particle dispersion. Their calculations
were sensitive to the degree of radial particle dispersion during particle heatup, since
significant radial gas temperature gradients exist near the coal injector in typical drop
tube reactor studies.

The effect of particle diameter, even from a narrow size distribution (say 105-125 um,

or -140 to +120 mesh), can result in temperature differences as large as 100 K during
heatup. Additional calculations have shown that the predicted temperatures are only

5-4



l | v | T I l I T
& 1200 o
X TR
8 3 ,-"'.‘.“ ’ ’;":::::""" N
2 1000f- S Lnn -
(1] .,n" ’ l'.’ ',-‘ A
e proca S /7 ‘l' e e
g ;o Base Case, 115 um
§ YL . -
g 800 ; 7/ T, = 1250 K
2 -/ -- ¢1:,°2 : 0.3 i
. :..' .I"o ..... um
% 600~ 4 |- 105 um -
- i
T 7 ¥ -
; 4
& a0l -
3 I | 1 ] 1 ] ] ] 1
0 50 100 150 200 250

Particle Residence Time (ms)

Figure 5.1  Effect of local gas temperature, particle heat capacity, and particle
diameter on calculated particle temperature in the 1250 K gas condition
in the CDL.

mildly sensitive to particle swelling (less than 50 K difference), and are relatively
insensitive to particle velocity (less than 25 K difference when constant particle
velocity was used), or heat of reaction (changing AH from -100 to 0 cal/g caused less
than a 25 K difference in particle temperature). The reduction in heat transfer from the
blowing parameter (Eq. 5.2) is negligible at these temperatures and heating rates.
When the initial apparent density of the particles (grams per particle volume based on
the diameter) was changed from the commonly used value of 1.3 g/cm3 [Smoot and
Pratt, 1979] to 0.65 g/cm3, differences in calculated particle temperature as high as
125 K were observed.

This analysis demonstrates the need for careful determination of the particle time-
temperature profile as a function of particle size, even if the particles have been tightly
screened and aerodynamically classified. Cloud measurements assuming a mean
particle size may be skewed towards the smallest sizes, since the number density of
small particles affects the optical measurement rather than the mass fraction. A
physically unrealistic description of the time-temperature profile causes large
differences in kinetic parameters derived from the experimental data, emphasizing the
need for careful experimental verification of the time-temperature profile.
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B. Results and Discussion

Particle Velocitie

The size, temperature and velocity of individual Spherocarb particles (non-reacting

carbon spheres) were measured as a function of vertical distance in the flow reactor in
order to calibrate the sizing-pyrometer system. Knowing the gas temperature, along
with particle size and velocity, the local gas velocity can be calculated from the particle
momentum equation assuming quasi-steady behavior, as follows:

| -, .
Vg = Vp - (——pfg Zgg) (5.12)

Gas and particle velocities at the injector tip were 72 cm/s. Figure 5.2 shows particle
velocity measurements for Spherocarb particles and calculated gas velocities as a
function of distance in the flow reactor. It can be seen that the local gas velocity is low
in the cool region near the coal injector (0-75 mm). If the radial gas temperature and
velocity profiles were uniform, the gas velocity would be 77 cm/s. The velocity
decrease at the flow reactor exit is caused by a local pressure increase due to buoyant
forces; the hot buoyant gas from the flow reactor is compressed against the cooler
dense air at the exit of the flow reactor, and the exhaust suction was inadequate to
compensate. Pressure differences on the order of a few pascals can cause noticeable
velocity gradients in high temperature flows. The measured particle velocities are
integrated numerically in order to convert vertical distances in the flow reactor to
particle residence times.

Signal Conditi_qning

Emission signals from multiple particles in the optical path are occasionally detected;

emission signals with extraneous peaks are discarded. At the particle loadings used
in this study (5-10 mg/min), relatively few multiple particle events were detected. -As
an additional method to screen particle emission signals, particle emissivity was
calculated from the signal intensity of the 2.2 um channel using the measured particle
temperature and diameter. This calculation of emissivity reflects all of the errors
associated with both the size and temperature measurement [Mitchell, 1987]; a
calculated emissivity outside the normal range represents an erroneous emission
signal. The emissivity calculation includes one system calibration constant, which
was set such that the average Spherocarb emissivity was close to 0.85. In a typical
screening procedure, particles with calculated emissivities greater than 1.1 and less
than 0.6 are ignored. ' '
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Figure 5.2  Measured Spherocarb and coal particle velocities as a function of
vertical distance in the 1050 K gas condition in the CDL. Gas velocities
calculated from the respective Spherocarb and coal particle velocities
are also shown. Solid lines are the curve fits used in the particle
temperature calculations.

Spherocarb Particle Temperatures

Spherocarb particle temperatures at axial locations of 200-250 mm were used to
determine the system spectral response factor for the detection optics. In this region
of the reactor, gas and particle temperatures are in quasi-steady equlibrium, and
particle temperatures can be calculated from the gas temperature based on the particle
diameter and emissivity. Spherocarb emissivities of 0.85 were employed. The system
response factor is a combination of the optical response of each optical component
(windows, mirrors, lenses, and detectors) as well as the response of the amplifiers
and electronic filters used in conjunction with the detectors. The voltage signal
recorded on the oscilloscope is the combination of all of these response functions, as
well as the optical properties of the coal particle and surrounding gas. Nitrogen is
transparent at the wavelengths examined in this study. The system response factor
is therefore used a calibration constant to account for the spectral response of the
particle, optical system, and electronic system, and is determined experimentally.

The measured particle temperatures and velocities are grouped into size bins of 10
um, and each size bin is analyzed for mean properties as well as standard deviations.
Typical standard deviations in the Spherocarb particle temperature were 20 K at T =
900 K and 5 K at Tp = 1200 K. The temperature threshold of approximately 850 K is
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due to the lack of signal on the 1.36 pm channel. Standard deviations in the particle
velocity are typically 2 to 3 cm/s.

Calculations of Spherocarb temperature in the flow reactor were performed for both
125 and 149 pum diameter particles, which represents the maximum and minimum
sieve sizes. Measured. particle velocities and gas tempcratures were used in the
calculations. The particle heat capacity expression used in these calculations is that
recommended for pure carbon [Merrick, 1983]. '

The dominant mode of heat transfer in this reactor is convection, especially during
particle heatup. However, a small amount of radiative heat is transferred from the
interior of the heater system to partlcles near the coal injector. Radiation from the
heater section above the flow reactor is modeled as if from a flat disk at the same
temperature located at the coal injection plane. The view factor from a disk to a
particle [Siegell and Howell, 1981] is:

Fro=1-—L__ (5.13)

V1 + R?

where R is defined as the ratio of the separation distance (z) to the disk radius (rg).
The radiation loss:to the coal injection tube is modeled in a similar fashion. The
radiation term in Eq. 5.1 is changed to contain contributions from the heater, the coal
injection tube, and the flow reactor walls, as follows:

Oraa=eTA(1 - Fp) (T8 - T+ (Fp - Fp)(Th - T3) + Fpi (T - )] (5.14)

where Ty and T; are the temperatures of the heater section and the coal injection tube,
respectively. The view factors between the particle and the heater (F p-h) and

between the particle and the injector tube (Fp.;) are calculated as a function of axial

position. At the 1250 K gas condition, the heater radiation raised the particle by as
much as 100 K in regions of the reactor near the coal injector. The thermocouple
measurements are corrected in a similar fashion in order to obtain gas temperature.

Measured Spherocarb particle temperatures are compared in Fig. 5.3 with predictions
from Eq. 5.1 for two different gas temperature conditions. Duplicate data points
represent a combination of repeat measurements and the range of particle
temperatures for the size distribution. It can be seen that predicted and measured
particle temperatures agree to within 50 K at long- remdence times, although
agreement is not as good during the heating region.

Coal Particle Temperatures
A careful study was performed to determine the errors in the particle size and

temperature measurements induced by the tar cloud surrounding each coal particle.
The particle sizes determined from the emission signal are close to. the sizes expected
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Figure 5.3 Comparison of measured (discrete points) and calculated (curves)
Spherocarb particle temperatures as a function of residence time in the
two gas conditions in the CDL. Multiple points here represent the
range of three particle size bins.

for coal particles and not representative of the particle cloud (observed visually to be
at least 10 times the particle diameter). This is strong evidence that the tar cloud
does not interfere with the particle emission signal. The emission intensities per unit
surface area (i.e. detector signal) for Spherocarb and bituminous coal are very similar
in magnitude, indicating that the emissivities are similar. The calculated emissivity is
generally used as a self-consistency check, as mentioned above. However, the fact
that the calculated emissivities are similar for the Spherocarb and bituminous coal is
additional evidence that the tar cloud does not influence particle temperature
measurements. Measurements reported by Fletcher et al. [1987] show that
Spherocarb and partially reacted char particles have similar emissivities (0.9 and 0.7,
respectively). '

Since the tar cloud is expected to exhibit a diameter of at least 10 times that of a coal
particle, any partial tar cloud interference on signals from the infrared sizing-
pyrometer would be observed in the baseline signal before and after the particle
emission signal. Examination of numerous coal particle emission signals indicates
that no baseline deviations are present in the region before or after the particle,
indicating that the tar cloud emission is not observed by the infrared detectors. Based
on the facts that no baseline deviations due to the tar cloud are observed, measured
particle diameters are in the appropriate range for particles and not tar clouds, and that
the emission intensity for Spherocarb and coal particles are similar, tar cloud effects
are though to be negligible in this system.
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Table 5.1 shows representative particle temperature and velocity measurements as a
function of particle size for the 105-125 pm size fraction of PSOC-1451D hva

Pittsburgh bituminous coal. The broad size distribution in Table 5.1 is indicative of

particle swelling, and agrees with recent size distribution measurements for the same
coal at similar conditions [Mallin and Jenkins, 1987]. Standard deviations in the
measured particle temperature are higher than for Spherocarb, indicative of non-
sphericity and of particle to particle differences in composition. Calculated
emissivities are similar to those obtained for Spherocarb particles. Coal particle
velocities are slightly lower than those measured for Spherocarb particles, since the
apparent density of the coal decreases significantly due to devolatilization (from 1.27
to 0.27 g/ce). Gas velocities calculated from the coal particle data, using Eq. 5.12 and
measured apparent densities, agree to within 5% of the gas velocities calculated from
the measured Spherocarb particle velocities. The open symbols in Fig. 5.2 are
measured coal particle velocities and the corresponding gas velocities are calculated
from Eq. 5.12.

. : Table 5.1
Representative Particle Temperature and Velocity Measurements
as a Function of Particle Size
(PSOC-1451D, 106-125 pm, 1250 K gas condition, 120 mm)

Size # Tp oT Vp Oy € Og
(um) (X) (X) (cm/s) | (cm/s)

115 6 983 23 0.80 0.02 0.69 0.09
125 15 953 23 0.81 0.03 0.86 0.16
135 17 966 23 0.81 0.02 0.73 0.13
145 10 948 29 0.83 0.02 0.72 0.11
155 11 951 17 0.83 0.03 0.61 0.12
165 12 951 18 0.82 0.02 0.64 0.09

Coal particle temperatures are calculated from Eq. 5.1 using measured gas
temperatures, particle velocities, and apparent particle densities. The heat of reaction
AH was set to -100 cal/g, according to the recommendations of Freihaut [1980]. As
mentioned earlier, these calculations were found to be relatively insensitive to the
value used for AH. The particle heat capacity is calculated as a function of
temperature and ash content according to Merrick [1983]. Particle swelling was
calculated as a linear function of the extent of volatiles release [Smoot and Pratt,
1979]. Based on the apparent density and weight loss determinations, as well as the
measured particle sizes, the final particle diameter was increased by 40% due to
swelling. :

Figure 5.4 shows a comparison of calculated and measured coal particle temperatures
as a function of particle residence time at two different gas temperature flow
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conditions, based on the measured centerline gas temperature profile. The system
response factor which matched predicted coal particle temperatures after heatup was
15% lower than that used for the Spherocarb particles. This may indicate a different
spectral emissivity ratio for the two types of particles.

The assumption made here is that the ratio of the spectral emissivities of the coal
particles at the two wavelengths of interest (1.3 and 2.2 um) does not change as a
function of residence time or extent of reaction. Release of functional groups is known
to change spectral emissivities in certain infrared wavelength regions [Fletcher et al.,
1987; Baxter et al., 1988]. Emission from specific functional groups begins at
wavelengths of 3.0 um due to -OH and -NH stretching, but emission peaks from
specific functional groups are not found in the near infrared region (1.0-2.7 pum).
Spectral characteristics of coal particles in the near infrared region should therefore not
change as different functional groups are released into the gas phase, but may
possibly change as a function of coal type.

T T T T T T 1 | — T T T
1200 mMax Ty = 1250 K N

100} B ¥, =T -

800~

Particle Temperature (K)

— 105 um
600 - =125 um -
400 B
] | | I 1 ] 1 | ] | 1
0 50 100 150 200 250 300 350

Particle Residence Time (ms)

Figure 5.4  Comparison of measured (discrete points) and calculated (curves)
particle temperatures as a function of residence time in the two gas
conditions in the CDL for PSOC-1451D, Pittsburgh #8, coal (106-125

KWm size fraction).

The particle temperature calculation is mildly sensitive to the mass of the particle mp
during the heating period (see left-hand term of Eq. 5.1), hence the devolatilization
rate used to model the temperatures can affect calculations. Calculated temperature
histories are shown in Fig. 5.4 for two different initial particle sizes, representing the
bounding screen mesh sizes. The data points represent the range of average particle
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temperatures measured for the different size bins. The spread in measured particle
temperatures at any given residence time is roughly equivalent to the spread in the
predicted particle temperatures due to differences in particle size. The predicted

particle temperatures are much lower than the measured temperatures during the.

heating region, indicating that particles heat faster than expected based on the
centerline gas temperature. : '

Possible reasons for this increased heat transfer are (1) radial particle dispersion in
regions of severe gas temperature gradients near the coal injector, (2) local flow
disturbances generated by rapid devolatilization, and (3) changes in the Nusselt
number due to non-uniform boundary effects and/or particle spinning effects on non-
spherical particles. It is interesting that the measured and calculated particle
temperatures are in better agreement for Spherocarb than for the coal. The particle
loading and apparent degree of particle dispersion (based on visible emission and
laser scattering observations) are very low in this study, suggesting that the gas
temperatures experienced by the coal particles is close to the measured centerline gas
temperature. The Nusselt number is derived assuming steady flow conditions and an
infinite, fully-developed boundary layer. In regions of large radial and axial gas
temperature gradients and transient gas and particle temperatures, the Nusselt
number may not adequately describe convective particle heating. Regardless of the
reason for the increased heat transfer, the value of performing the particle temperature
measurements is very apparent.

Since particle temperatures below 850 K are not possible with this apparatus, it is
necessary to fit the measured particle temperature history using the correct form of the
particle energy equation. Particle heating is governed by a characteristic heating time
Tp, where:

_Prds ¢
Tp = ‘lz—kg-‘ (5.15)
when Nu = 2.0. Since 1y is really a function of time and the extent of reaction, only the
initial value (7,°) is changed to fit the experimentally measured particle temperature
history. Changes in 7, can be interpreted as changes in the convective heat transfer
coefficient (or Nusselt number) for the particle, or changes in the particle diameter,
apparent density, or heat capacity not accounted for in the calculations using the
methods described above. .

Figures 5.5 and 5.6 show a comparison of the calculated and measured particle
temperatures when 7,2 is adjusted to obtain agreement with the measured particle
temperatures. The mean particle size is used in these calculations, rather than the
range of particle sizes. Best agreement for the Spherocarb particles was obtained by
lowering 7, by 22% at both temperature conditions. Best agreement for the coal
particles was obtained by lowering 7, by 42% and 17% at the 1250 K and 1050 K gas
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Figure 5.5 Comparison of measured (discrete points) and calculated (curves)
Spherocarb particle temperatures as a function of residence time in the
two gas conditions in the CDL, showing the effect of 7,2, Initial particle
diameter in these calculations is 140 pm.
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Figure 5.6  Comparison of measured (discrete points) and calculated for PSOC-
1451D, Pittsburgh #8, coal particle temperatures as a function of
residence time in the two gas conditions in the CDL, using 0.58 17, for
the 1250 K gas condition and 0.83 7,° for the 1050 K gas condition.
Initial particle diameter in these calculations is 115 pm,
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conditions, respectively. The most severe heat transfer correction was required to
match the coal particle temperatures at the 1250 K gas condition. This implied change
in heating characteristics is thought to be within the combined uncertainties of
estimates for the apparent density and heat capacity of the particles as a function of
temperature and reaction history. '

This method for fitting the measured particle temperature history attempts to account
for changes in local gas temperature and radiant heat transfer as well as changes in
particle properties. Since the particle temperature history of this system is well
characterized, future determination of devolatilization kinetic parameters from weight
loss measurements should be physically realistic.

Other Coals

The procedure to obtain a particle temperature history was repeated for all of the other
coals in each temperature condition. The measured gas and particle temperatures,
along with the calculated temperature histories, are shown in the Appendix for all five
coals. For all of the coals examined, the initial characteristic particle heating time 7,°
had to be lowered from published values in order to obtain good agreement with
measured particle temperatures. Good agreement was achieved with the sizing-
pyrometer data from all five coals in both temperature conditions by lowering the value
of 7,0 by 58%.

C. Conclusions

The large differences in reported devolatilization rates can be attributed to the
difficulty in determining accurate particle time-temperature profiles during
devolatilization under rapid heating conditions. This difficulty arises because a major
portion of volatiles are released during particle heating. Particle temperature histories
are acutely sensitive to the local gas temperature and to the diameter, heat capacity,
and apparent density of the particles.

In order to avoid the difficulties associated with inferred particle. temperatures, an
optically accessible entrained flow reactor and infrared sizing-pyrometer system was
used to measure simultaneously the size, temperature, and velocity of individual
particles in the flow reactor at different residence times. This is the first time that this
measurement technique has been applied to the study of coal devolatilization.
Comparison of measured sizes and temperatures of pure carbon spheres with those of
pyrolizing coal particles shows that the temperature measurement is not influenced
significantly by the tar cloud surrounding each particle. Gas and particle temperatures
and velocities. in the flow reactor are significantly influenced by local cooling near the
point of injection, which may be a cause for the large discrepancy in reported
devolatilization rates measured in conventional drop tube reactors.

Key assumptions made in the determination and analysis of particle temperatures are
as follows:
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1. Particle emissivities at the two wavelengths of interest do not change
during devolatilization (g)1/e)2 = constant).

2. The population of particles for which temperatures are measured is
representative of all particles.

3. Temperature differences between the surface of the particle and the center
are small in these experiments, and can be neglected.

4. Inteference from the surounding tar cloud is negligible in these flow reactor
conditions.

Temperatures as low as 850 K were measured for 100 pum diameter particles.
Spherocarb and coal particle temperatures, measured as a function of particle size,
were compared with calculated temperatures as a function of residence time.
Measured particle temperatures were found to be higher than predicted using on the
centerline gas temperatures and published particle properties (i.e., heat capacities),
emphasizing the need for the particle temperature measurements. These temperature
measurements are being combined with solid sampling experiments in order to
determine coal devolatilization rates. Rates determined in this apparatus should be
physically meaningful since particle temperature histories are well understood.

Extent of Mass Release

The devolatilization behavior of five coals was studied in a 100% nitrogen environ-
ment. Samples of PSOC-1507D, PSOC-1445D, and PSOC-1493D were collected in
the CDL in two different gas conditions (1050 K and 1250 K) at various stages of
devolatilization. The samples were analyzed for elemental composition of organic and
inorganic material, as discussed in Section 3. These analyses are listed in the
Appendix. The choice of particle sizes is discussed in Section 4.

The major mineral elements are used as tracers to determine the fraction of mass
released as volatile matter. The elemental mineral matter data for the PSOC-1507D
samples were widely scattered, however, and only the total ash determination is
suitable for use as a tracer. The elemental mineral matter for the PSOC-1508D
samples were also widely scattered, including the total ash content. This is a low
volatile coal, which exhibits a very low reactivity, and the standard ASTM ashing
technique may be at too low of temperature to obtain adequate data for this coal.
Mass balances (amount fed to the reactor minus amount collected in the probe) were
therefore used to determine the extent of mass release for this coal. A collection
efficiency of 93% was determined for this coal by sampling at early residence times
where no devolatilization occurs. Tracers used for the other three coals (PSOC-
1445D, PSOC-1451D and PSOC-1493D) include titanium, aluminum, and silicon, as
well as total ash. The mass release on a dry, ash-free (daf) basis is shown in
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Figures 5.7-5.11 for these five coals, along with the average value for each sample.
The ASTM volatiles matter determination is also shown in these figures.

The total volatiles yields obtained at the 250 mm sampling position in each gas
condition to the ASTM volatile matter content are shown in Table 5.2 for the five coals
examined. At the 1250 K gas condition, this ratio corresponds directly to the Q factor,
since it is thought that little or no volatile matter remains in these samples. However,
at the 1050 K gas condition, devolatilization is not complete, and this ratio must be
factored by the volatile matter remaining in order to compute Q factors. The ASTM
volatile matter was not determined on these samples, and hence Q factors are not
presented.

Table 5.2 - :
Comparison of Volatile Yields Measured in the CDL
to the ASTM Volatile Matter Content - -

Vastv | Vioso | Vioso/ | Vizso | Viaso/
' a VASTM VASTM
Coal Type E (% daf) | (% daf) (% daf)
PSOC-1507D (Zap lignite, 49.6 52.5 1.06 53.7 1.08
75-106 pm)
PSOC-1445D (Blue #1 46.8 39.6 0.85 53.6 1.15
subbituminous,106-125 um) | = ‘ ‘ S
PSOC-1493D (Illinois #6 hvb 434 - 43.5 1.00 52.9 1.22
bituminous, 106-125 wm) ' ’ SN
PSOC-1451D (Pittsburgh #8 38.7 55.5 1.43 53.1 T1.37
hva bituminous, 63-75 pm) " ‘ :
PSOC-1508D (Pocahontas #3 | 17.2 6.6 - 0.38 16.1 - 0.94
lv_bituminous, 106-125 um)

The mass of volatile matter released in the CDL exceeds the ASTM volatile matter
content for four coals at the 1250 K gas condition. The mass release measured in the
CDL for the low volatile coal is comparable to the ASTM yield, within the limits of
experimental error for this coal. The data shown for the 106-125 um size fraction of
the Pittsburgh #8 coal are not shown here, since these were the first samples obtained
in the CDL and analyzed by Coors Analytical Laboratories, and the yields seem to be
low compared to the 63-75 pum size fraction. Volatiles yield data as a function of
particle size [Anthony, et al., 1974] indicate that no such trend should exist. The data
for the 106-125 um size fraction are therefore thought to be incorrect and are ignored
in this analysis. o
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The ratio of volatile matter released in the CDL to the amount of volatile matter
determined using the ASTM method increases as the rank increases from lignite to
bituminous coal; the hva bituminous coal exhibits the largest ratio, while the lignite
ratio is close to unity. However, at even higher rank (i.e., the low volatile bituminous
coal), the yield in the entrained flow experiment again approaches the ASTM yield.
Maximum particle temperatures in the 1250 K gas condition are approximately 1150-
1200 K due to radiative loss through the transparent flow reactor walls, and the
heating rate is approximately 104 K/s. The temperature of the ASTM proximate
analysis is 950°C (1223 K), which is a comparable temperature. The difference in
yield is therefore due to differences in heating rate and the lack of tar redeposition in
the flow reactor experiments. Three of the coals (PSOC-1507D, 1493D, and 1451D)
investigated here exhibited volatile yields exceeding the ASTM volatile content at the
1050 K gas condition (maximum gas temperatures of 1000 K), which is 200 K lower
than the ASTM analysis condition.

The inadequacy of ther ASTM proximate analysis has been known for many years
[Howard, 1981]. The data in Table 5.2 provide evidence that the proximate analysis
does not even correctly reflect the trends in the amount of volatile matter released
from different coals of different rank. The coal with the second lowest ASTM volatile
content (PSOC-1451D) exhibits the same yield at the 1250 K gas condition as the
coal with the highest ASTM volatile content (PSOC-1507D). In fact, four of these
coals exhibit nearly identical volatile yields on a dry ash-free (daf) basis, even though
the ASTM volatile contents, ash contents, and elemental compositions are markedly
different.

Devolatilization Rates

Measured kinetic rates of devolatilization must be compared using some type of rate
model. Under high heating rate conditions, tars are rapidly released from the coal
particles followed by a slower release of gases. These two mechanisms of mass
release can be seen in the data for PSOC-1451D coal particles in the 1250 K gas
condition. For means of comparison, a 1-step Arrhenius rate expression was used to
fit all four sets of data for this coal (two gas conditions, two particle size fractions)
simultaneously. The computational model involves a predictor-corrector technique to
solve Eqgs. 5.1 to 5.11 and 5.13 to 5.14 as a function of residence time. This method of
comparison is independent of the mechanisms proposed by more sophisticated
models, which are often a cause for disagreement among investigators. The tar yield
for this hva bituminous coal has been reported to be 25% [Freihaut, et al., 1987], and
the majority of the tar is released before substantial gas release. The total mass
release rate should therefore be similar to the tar release rate during the majority of
devolatilization for this coal.
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A. Comparison with 1-Step Model

The best agreement between the 1-step model and the mass loss data, as determined
from the average of the four tracers, was achieved using A = 2.3 x 1014 51 when the
activation energy E was set to 55 kcal/mole. These 1-step calculations are
represented by the solid lines in Figures 5.12-5.13. The ultimate yields in the
calculations were adjusted to match the average measured yield of each size fraction.
These kinetic coefficients are very similar to the 1-step Arrhenius coefficients for tar
release presented by Solomon, et al. [1986] of E = 55 kcal/mole and A = 4.3 x 1014, 1t
is well known that the 1-step kinetic formulation does not adequately describe
devolatilization rates over a wide range of temperatures and heating rates. The
particle heating rates in Solomon's entrained flow reactor are similar to those
encountered in this experiment. It is interesting to note the agreement between these
data and those of Solomon, which are the only other published kinetic rates which
have been obtained using particle temperature measurements during rapid
devolatilization. This small difference in reported rates can be explained by a 50 K
difference in particle temperatures, which is comparable to the accuracy of the
pyrometry experiment.

B. Comparison with Other Rates

It is well known that the one-step Arrhenius expression is not applicable to pyrolysis
rates over a wide range of temperatures or heating rates. Several engineering models
of devolatilization, developed from a wide range of temperatures and heating rates,
have been commonly used in combustion applications, i.e., the 2-step model
[Kobayashi, et al., 1976; Ubhayakar, et al., 1976], the distributed activation energy
model (DAEM) [Pitt, 1962; Anthony, et al., 1974], and the distributed-energy chain
statistics model (DISCHAIN) [Niksa, et al.,, 1987]. The four-tracer mass loss data
are compared in Figs. 5.14-5.15 with data from three other investigators using the
models developed to fit those data: Kobayashi's flow reactor data [Kobayashi, et al.,
1976] (2-step model), Ubhayakar's fit to two sets of flow reactor data [Ubhayakar, et
al.,, 1976] (2-step model), and Niksa's screen heater data [Niksa, et al., 1984]
(DISCHAIN). The DAEM with coefficients by Anthony [Pitt, 1962; Anthony, et al.,
1974] yields rates very similar to those calculated using DISCHAIN, and hence are
not presented here. This comparison is intended- to compare the proposed rate
coefficients; new coefficients can be generated for any of these models to fit these
data. :

The continuous lines in Figs. 5.14-5.15 represent the different model predictions using
the measured particle velocities and temperatures, as outlined previously. The 2-step
model with coefficients proposed by Ubhayakar et al. [1976] seems to agree most
closely with the experimental data, while the coefficients of Kobayashi et al. [1976]
yield poor agreement. A representative time scale for the different kinetic models 1is
calculated by the difference in time between V/V* = 0.1 and 0.9. For the 106-125 um
size fraction at 1050 K, these time scales are shown in Table 5.3. From this
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comparison, the differences in the predicted time scales for this condition are indicative
of the large variation in rates obtained from devolatilization experiments where
particle temperatures are not measured.

Table 5.3

Reported Times Scales for Devolatilization
Model v 101 v* 109 y* At
2-Step 28.2 342 5560 5218
(Kobayashi)
2-Step 34,7 104 . 189 85
(Ubhayakar) '
DISCHAIN 37.7. 209 3440 3231
(Niksa)
Present work 33.0 128 280 152

C. Deterniination of Coefficients for Other Models

The well-characterized temperature histories and mass release data during devola-
tilization allows determination of rate coefficients for proposed models. The two-step
model consists of two reactions which compete for the raw coal material:

Coal = y1 V+(1-y1)C (5.16)
Coal = y, V+(1-y2)C (5.17)

where "Coal" represents unreacted coal, V represents volatile matter, and C
represents char. The factors y; and y2 represent different yield factors for the two
competing reactions. The low yield reaction is favored at low temperatures, while the
high yield reaction is favored at high temperatures. This also allows prediction of
changes in ultimate yield as a function of heating rate. '

The determination of coefficients for the two-step devolatilization model from the
Sandia data uses experimentally-measured particle velocities, temperatures, and
apparent densities in the manner described earlier for the description of the particle
temperature histories. Particle properties such as heat capacity, diameter, and
apparent density are estimated as a function of time, temperature, and reaction
history. Kinetic coefficients for the devolatilization model are determined by matching
the mass release data in terms of both rates of release and final yields. The yield
factors y1 and yp which permit the best fits of the two-step model to the Sandia
devolatilization data for all five coals are listed in Table 5.4. The same activation
energies and pre-exponential factors are used to describe the devolatilization
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behavior of all five coals; only the yield factors were changed as a function of coal type.
The activation energies E; and Ep, and the pre-exponential factors Aj and A, in
these calculations are taken from Ubhayakar, et al. [1976]. The yield coefficient for
the high activation energy reaction (y2) was set to 1.0 for all five coals, and the other
yield factor (y;) was essentially 0.53 for coal ranks from lignite to bituminous. The
yield factor y; for the low volatile bituminous coal was 0.14.

Table 5.4
Coefficients Determined for the Two-Step Devolatilization Model
for Five Coals

dmldt = (k] + k2) m
dvidt = (yiky + y2k2) m
dCrdt = {(1-y1)k1 + (1-y2)k2} m

A7 (5D 3.75 x 103

E; (kcal/mole) 17.6

As (s 1.46 x 1013

E» (kcal/mole) 60.0
PSOC- bal y2
1507D 0.53 1
1445D 0.53 1
1493D 0.51 1
1451D 0.53 1
1508D 0.14 1

The fits of the devolatilization data using the two-step devolatilization model are
shown in Figs. 5.16 to 5.20. These figures show the data on a daf basis.. .The data
shown here is the average of the different tracers, except for the PSOC-1507D data
which is taken only from the ash tracer, and the PSOC-1508D data, which is from a
mass balance. The agreement between experimental data and model predictions is
fairly good in terms of the ultimate yield and the residence time at which rapid
devolatilization occurs. However, the 2-step model does not seem to accurately
predict the gradual tapering of the devolatilization rate at 75 to 125 ms indicated by
the data at the 1250 K gas condition for the two low rank coals (PSOC-1445D and
PSOC-1507D). The two-step model predicts a higher volatiles yield than indicated
by the data for the high rank coal (PSOC-1508D) at the 1050 K gas condition. The 2-
step model is a simple empirical expression, and is not expected to capture all of the
features of coal rank, Most of these features are related to the product distribution of
gases and tar, and must be modeled using more detailed descriptions of the chemical
structure of the coal and the resulting reaction rate mechanisms.
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More sophisticated devolatilization models have been developed to describe
differences in devolatilization rates as a function of coal rank based on chemical
mechanisms rather than empirical formulations. The chemical percolation
devolatilization (CPD) model [Grant, et al.,, 1989; Fletcher, et al., 1990; Fletcher, et
al., 1991] was developed at Sandia to describe coal devolatilization behavior as a
function of coal rank, based on the chemical structure of the parent coal. Coal-
dependent input parameters relating to chemical structure are selected from recent
analyses performed using 13C nuclear magnetic resonance (NMR) spectroscopy. Two
yield parameters are currently specified from measured gas and tar yields [Fletcher, et
al., 1991]. The CPD model uses one set of kinetic rate parameters that are assumed
to be independent of coal type. The model quantitatively describes tar yields and
molecular weight distributions as a function of temperature, heating rate, ambient
pressure, and coal type. Predicted total volatiles yields for the five coals in two
different gas temperature conditions are shown in Figs. 5.16 to 5.20. Input parameters
for these predictions are shown in Table 5.5, along with the source for each input

parameter.

Table 5.5
Coefficients Determined for the CPD Model for Five Coals

a. Determined from tar yield data

New Mexico | Illinois No. 6| Pittsburgh | Pocahontas
Beulah Zap Blue #1 hvb No. 8 hva No. 3 lv

lignited subbitum.b | bituminous¢ | bituminousd | bituminous®
£0 0.44 0.53 0.62 0.47 0.82
co 0.16 0.04 0.00 - 0.00 0.00
fogs.co 0.55 0.47 0.33 0.25 0.10

b. Determined from NMR measurements

o+1 4.5 5.8 4.1 4.8 4.3
g 145 195 . 145 195 260

aCoal samples and data for a Zap lignite from Serio, et al. [1987]; NMR analyses
by Solum, et al. [1989]

bCoal samples and data for a Montana Rosebud subbituminous coal from Serio, et
al. [1987]; NMR analyses on Rosebud coal by Solum, et al. [1989]; feas,eo
raised to better match yield for PSOC-1445D.

¢Coal samples and data for PSOC-1493D, with the tar/gas ratio set to equal that
measured for an Illinois #6 by Serio, et al. [1987]; NMR analyses by Fletcher,
et al. [1990b]

dCoal sample from Argonne premium coal sample bank, pyrolysis data from
Gibbins-Matham and Kandiyoti [1988]; NMR analyses by Solum, et al. [1989]

¢Coal sample from Argonne premium coal sample bank; NMR analyses by Solum,
et al. [1989]; data from Solomon, et al. [1990]
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Best agreement between the CPD model and the data is observed for the two

bituminous coals (PSOC-1451D and PSOC-1493D), where this model has been

extensively validated by comparison with data over a large range of heating rates.
For the Illinois #6 coal (Fig. 5.18a), the CPD model explains the gradual tapering of
the measured total mass release curve by allowing rapid tar release followed by
degassing of the char at a slower rate. The lower yield observed at the 1050 K
condition for this coal is also quantitatively predicted by the CPD model (and not the
2-step model). The CPD model predictions also agree well with the observed time
scales of the onset of rapid mass release (tar evolution) and the completion of mass
release for this coal. For the Pittsburgh #8 coal, the CPD model predicts a region of
gas evolution at the 1250 K gas condition (Fig. 5.17a) following the initial mass
release period, which is also observed in the data. At the 1050 K gas condition, the
CPD model agrees with all but the data point at 290 ms, whereas the 2-step model
agrees with the data point at 290 ms at the expense of disagreement with the data
points at 175 and 200 ms. Repeat experiments for the Pittsburgh #8 coal at the
1050 K gas condition, especially at late or extended residence times, are
recommended in order to verify the data points at 175, 200, and 290 ms.

The CPD model agrees well with the mass release data at the 1250 K gas condition
for the two low rank coals (PSOC-1507D and PSOC-1445D), as shown in Figs. 5.16a
and 5.17a. In particular, the CPD model predicts a low tar yield for these coals, and
hence a significant amount of light gas release. This is evidenced by a significant
rounding of the mass release curve predicted by the CPD model, as compared to the
2-step model.  Both of these sets of data for the low rank coals at the 1050 K gas
condition contain a data point that seems out of place, suggesting repeat experiments.
However, at the 1050 K gas condition, the CPD model predicts significantly lower
total yields than observed experimentally. The fact that the CPD model predicts lower
yields than the data at the 1050 K gas condition suggests that coal-dependent kinetic
parameters must be used.

Comparison of CPD model predictions with data for the high rank coal (PSOC-1508D
Pocahontas #3) support the notion that pyrolysis kinetics may be dependent on coal
rank. The yield coefficients for this coal were taken from comparison with TGA data
[Solomon, et al., 1990a] for the Argonne premium coals. The predicted yield at the
1250 K gas condition (Fig. 5.20a) is ~ 5% higher than the data on a daf basis, but this
may be due to the fact that the Pocahontas coal from the PETC suite is slightly
different than the Argonne coal. However, the predicted yield at the 1050 K gas
condition is 10% daf higher than the data, indicating that the predicted reaction rate is
too fast for this coal at 1050 K. When coupled with the observations for the low rank
coals, the trend is seen that the pyrolysis rates predicted by the CPD model at 1050 K
are (i) too slow for low rank coals; (2) accurate for bituminous coals; and (iii) too fast
for high rank coals. This is consistent with the postulate that the activation energies
for gas release and/or tar release increase as a function of increasing coal rank.
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Coal-dependent activation energies (and standard deviations) have been suggested
by Burnham, et al. [1989] and by Solomon et al. [1990; Serio, et al., 1990; Solomon, et
al., 1991; Carangelo, et al., 1991] based on thermogravimetric analyses (TGA) of coal
pyrolysis products. The temperature of maximum mass release at slow heating rates.
in these TGA studies steadily increases as a function of increasing coal rank.
Activation energies extracted from TGA data for a simplistic model also increase by
as much as 15 kcal/mole with increasing coal rank [Burnham, et al., 1989]. Based on
similar TGA data, Solomon, et al. [1991] use coal-dependent activation energies for
evolution of specific gases, such as CO and COg, that vary by as much as 10
keal/mole. The Sandia data presented here as a function of coal rank may be the first
published indication of coal-dependent kinetic rates at rapid heating conditions
(~ 104 K/s). It is recommended that the effect of coal-dependent reaction rate
parameters should be studied in the future, and that some of the Sandia experiments
should be repeated to eliminate some of the scatter in the data.

D. Summary

Gas and particle temperatures and velocities in the flow reactor are significantly
influenced by local cooling near the point of injection, which may be a cause for the
large discrepancy in reported devolatilization rates measured in conventional drop
tube reactors. Particle size, temperature, and velocity measurements were therefore
performed in a laminar flow reactor to study coal devolatilization rates of a bituminous
coal. Comparisons of measured sizes and temperatures for pure carbon spheres and
pyrolyzing coal particles show that the temperature measurement is not influenced
significantly by the tar cloud surrounding each particle. Temperatures as low as 850 K
were measured for 100 um diameter particles. Measured coal particle temperatures
and velocities are fit using the general form of the particle energy equation in order to
extrapolate to particle temperatures lower than 850 K.

Char particles were collected from the flow reactor using a helium quench probe with
an on-line aerodynamic separation of tars and gases from char particles. Char
samples were analyzed for elemental inorganic composition, and several elements
were used as tracers to determine the extent of mass release during devolatilization.
The statistical uncertainty in the mass release data is reduced by using the average of
four independent tracers. The measured mass of volatiles released in the flow reactor
has been compared with several commonly used rate models.

The data show evidence that the volatiles release is very rapid, and agrees quite well
with the 1-step Arrhenius expression for tar release reported by Solomon, et
al., [1986] for coals experiencing similar heating rates. Three simple rate models,
with constants taken from other experiments, have also been compared with these
temperature-resolved experimental data. Only the 2-step model with coefficients
recommended by Ubhayakar et al. [1976] gives pyrolysis time scales comparable with
this set of data. A more sophisticated model based on the chemical structure of the
coal (the CPD model) used these data as a basis to determine rate coefficients.
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The particle temperature measurements are viewed as critical to the determination of
pulverized coal pyrolysis rates under rapid heating conditions. Kinetic coefficients

derived from this experiment should be more universally applicable than previous data.

where particle temperature measurements were not performed. The facts that the
minimum particle temperature measurement threshold is 850 K, and that
devolatilization commences at lower temperatures than 850 K, do not impede the use
of these data. On the contrary, if the kinetic rates were slower, as proposed by other
investigators, 850 K would be the temperature at which devolatilization begins. The
data presented here, however, indicate that 850 K corresponds to the middle of
devolatilization, and hence kinetic rates obtained from these data are higher than
initially expected. These data therefore serve as a good indication of the kinetics of
devolatilization, even though temperature measurements over the entire extent of
mass release are not available. When this project started, the range of
devolatilization rates at any temperature was on the order of 105 s-1. As a result of
these experiments, the current uncertainty in devolatilization rates at rapid heating
rates is thought to be less than a factor of five.

Physical Structure Characteristics of Char Particles

One of the most important products of coal devolatilization is char, which must be
characterized in order to determine the heterogeneous burning rate, Char may burn in
several regimes, depending on the particle size, temperature, and ambient oxygen
concentration. At low temperatures, referred to as Zone I combustion, the oxygen
penetrates the entire interior of the coal particle, and the overall reaction rate is
controlled by the surface reaction in the pores. At moderate temperatures (Zone II),
the overall reaction rate is controlled by the combined effects of diffusion of oxygen
from the particle surface through the pore structure and the chemical reaction rate on
the surface. At high temperatures (Zone III), the overall reaction rate is controlled by
diffusion of oxygen from the ambient environment to the particle surface, and little or
no penetration of oxygen past the particle surface occurs. '

In Zone II and Zone III combustion, the principal physical characteristics of the char
formed during devolatilization that affect heterogeneous reaction are: (1) size; (2)
density; and (3) internal surface area. These three features of the char change as a
function of the parent coal type and the pyrolysis conditions. For example, low rank
coals are thermal-setting materials, and are not expected to swell during
devolatilization. On the other hand, bituminous coals are thermal-plastic materials,
resulting in particle softening and swelling behavior that is related to the heating
conditions.

A. Internal Surface Area

Internal surface area measurements were performed using nitrogen BET adsorption,
as discussed in Section 3. The samples obtained in the CDL in 100% nitrogen were
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analyzed at the Lawrence Livermore Particle Characterization Laboratory. As
indicated in Section 4 (Table 4.2), internal surface area measurements are available
for three of the five coals, although the Pittsburgh #8 coal samples were from.
preliminary sampling experiments conducted in collaboration with Steve Hsu before
the sizing-pyrometer and the technique for organic and inorganic elemental analysis
were completely developed. Some of these data were reported in publications
involving Steve Hsu and Jack Howard [Hsu, 1989; Seery, et al., 1989].

The internal surface area of the low rank coal chars obtained in the 1250 K gas
condition increase dramatically at long residence times, corresponding to the late
stages of devolatilization, as shown in Fig 5.21. The Ny BET surface area increases
from ~ 5 m2/g in the parent coal to ~ 200 to 300 m?/g in the fully-pyrolyzed char for the
subbituminous coal and the lignite in the 1250 K gas condition. No such increases in
internal surface area are observed for coal samples obtained in the 1050 K gas
condition. The bituminous coal particles exhibited only a slight increase in internal
surface area during devolatilization; the 63-75 pm particles exhibits an increase in
internal surface area from 4 to 17 m2?/g in the 1050 K gas condition, while no increase
in internal surface area is observed in either gas condition for the 106-125 pm size
fraction.
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Figure 5.21 Internal surface areas of char particles from different coals as a function
of residence time, as measured by the No BET method.

The increase in the internal surface area of the low rank coals is caused by light gas
evolution form a rigid matrix, which tends to fracture the coal structure to create
escape paths for trapped gases. Bituminous coals soften during devolatilization,
closing up the underlying pore structure and then solidyfing. The chars of bituminous

5-39



coals exhibit large macropores (pores in the 10 to 50 um diameter range), but very few
micropores which contribute to internal surface area. The macroporous structure is
observed with optical and SEM micrographs, as discussed later.

B. ‘Apparent Density and Average Diameter

The apparent density of a coal particle is defined here as the mass of the particle
divided by its outer surface volume (p, = 6mp/7rdp3). The particle mass, apparent
density, and diameter are therefore all related, and only two can be specified
independently. Since the extent of mass release is determined from inorganic tracers,
measurement of the apparent density also specifies the average particle diameter.
‘The apparent density of char samples is measured relative to that of the parent coal
using a volumetric technique (referred to as tap densities), assuming that packing
factors for the parent coal are similar to those of the char (see Section 3). The
apparent density ratio (p/p,) is therefore related to the fraction of mass remaining
(m/my) and the swelling ratio (d/d,).

A few of the samples obtained early in the experimental sequence were analyzed by
mercury porosimetry, before the tap density technique was used. The mercury
porosimetry data gives volume of pores filled as a function of pressure, and the
pressure is interpreted as the pore size. For particles with no macropores, such as
unreacted coal particles, the pore sizes greater than 3 um are attributed to
interparticle voids, and not counted as porosity. However, for pulverized coal chars,
the macropores on the surface of the particles are of the same size as the interparticle
voids, and interpretation of the apparent density is impossible. However, the
apparent density ratio can still be estimated from the mercury porosimetry
experiments by assuming that the interparticle voids are of the same size for the raw
coal particles and the macroporous char particles. The ratio of the measured bulk
densities (uncorrected for interparticle voids) therefore is the same as the ratio of the
apparent densities of the coal and char. '

A comparison of the apparent density ratios obtained for the identical char samples by
the tap density and mercury porosimetry techniques is:-shown in Fig. 5.22. The
apparent density ratios obtained by both techniques agree to within 5%, which is
probably the accuracy of wither measurement. Since the tap density technique is
significantly easier to perform (i.e., less costly) than the the mercury porosimetry
measurements, only tap densities were measured for the majority of the collected char
samples.

The apparent density ratios and diameter ratios for the coal and char samples from five
coals in the 1050 K and 1250 K gas conditions are shown in Figs. 5.23 to 5.28. The
diameters of Pittsburgh #8 coal particles increase by as much as 62% during
devolatilization in 100% N in the CDL. The typical swelling behavior observed in the
samples collected in the CDL is a rapid diameter increase during or just after the tar
release period, followed by a decrease in diameter as the internal pressure decreases
and crosslinking reactions change the coal from a thermal plastic-material to a
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thermal-setting material. The existence of particle shrinkage after the maximum
swelling period is also observed in the SEM micrographs, as shown in the next
section.
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Figure 5.22 Comparison of apparent density ratios measured by Hg porosimetry and
by the tap density technique for PSOC-1445D subbituminous char and
PSOC-1507D lignite char samples obtained in the 1250 K gas condition.

Hsu [Hsu, 1990, thesis; Seery, et al., 1989, final report] attributed the large changes
in particle diameter in the Pittsburgh #8 coal to particle coalescence. The probability of
particle collisions in the lightly-loaded entrained flow reactor is very low, especially
during the optical experiments where single particle behavior is observed. Inside the
helium quench probe, the gas stream is further diluted by at least a factor of five, which
even further decreases the probability of particle collisions. The particles are
quenched long before reaching the cyclone, so coalescence after collection is not
possible. Since particle collisions are thought to be highly improbable, changes in
particle diameter are therefore attributed to swelling in this report.

For comparison as a function of coal rank, the maximum degree of swelling, the final
degree of swelling, and the final apparent density of the char for five coals are listed in
Table 5.6 and illustrated in Fig. 5.29. The Pittsburgh #8 coal exhibits the highest
degree of swelling in these experiments. The degree of swelling decreases uniformly
as rank either increases or decreases from Pittsburgh #8 coal. The degree of swelling
observed in the CDL as a function of coal rank mirrors the trend observed in the free
swelling index, even for the lv bituminous coal. However, the quantitative swelling
behavior of the coal particles in the rapid heating experiments in the CDL do not
correlate with the free swelling index.
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Figure 5.24  Apparent density ratios (p/p,) and diameter ratios (d/d,) as a function
of particle residence time for the 106-125 um size fraction of PSOC-
1451D hva bituminous coal in 100% N3 in the CDL.
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Table 5.6
Swelling Characteristics and Apparent Densities of Coal Particles
in 100% N3 in the CDL

Free Maximum d/dg Final d/d, Final p/po
PSOC- Swelling . ‘
Index@ 1250 K 1050 K | 1250K 1050 K 1250 K | 1050 K

1507D 0.0 1.0 1.0 0.85 0.83 077 | 084
1445D 0.0 1.19 1.15 1.12 1.11 0.32 0.39
1493D 3.0 1.28 1.18 1.12 1.01 0.38 0.58
1451Db 7.5 1.35 1.50 1.31 1.50 0.27 - 0.21
1451D¢ 7.5 1.49 1.62 1.37 1.37 0.19 0.18
1508D 6.5 1.32 1.42 1.22 1.25 0.48 0.48

afrom Penn State coal data base for PSOC-1451 (unsized).
b106-125 um size fraction; ©63-75 pm size fraction

o 2.0 - T I T I T | T [ I | ! -
T 1.8 1250 K 1050 K -
o ] 6: a 0= -A- d/dy (Max.)| 7
. 6 ,.'Q. - -—-A- d/d, (final) | .
% 1.4} N -&-  plpo (final) | —
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Figure 5.29 Apparent density ratios (p/p,) and diameter ratios (d/do)ras a function
of coal rank (oxygen content in the parent coal) in 100% Ny in the CDL.

The maximum degree of swelling is observed in the 1050 K gas condition, rather than
in the 1250 K gas condition. This may indicate that in the 1050 K condition,
crosslinking reactions are not as rapid compared to the tar release, and the coal has
more time to swell. However, the final states of the char from the two gas conditions
seem to coincide, meaning that if the particle swells more at a lower temperature, it
then shrinks to the same final state that is observed at higher temperatures.
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The lignite shows only small decreases in apparent density, which correspond to
slight decreases in diameter (i.e., shrinkage). The final char particle diameter is 15%

less than the unreacted lignite particles. It is interesting to compare the swelling data.

with the measurements of internal surface areas (discussed previously). The lignite
chars exhibit a large increase in internal surface area in the late stages of
devolatilization, even though the particle diameter decreases. In contrast, the highly-
swelling coals show little or no increase in internal surface area during
devolatilization. The subbituminous coal shows a modest degree of swelling along
with a s1gn1flcant increase in internal surface area.

The apparent density of the char from the hva bituminous coal (PSOC-1451D) in the
experiments in 100% Ny decreases by over 80%, resulting in a very porous material.
The SEM analyses in the next section confirm that most of these particles are
cenospheres with large internal voids with diameters in the 30 to 50 um range. The
apparent density of the lignite char particles decreases by only 20%, although the
extent of mass release during devolatilization is approximately the same as for the
bituminous coal. This is consistent with the increases in internal surface area for the
lignite chars, and the fact that the lignite chars exhibit layered fissures rather than
large bubble-like internal voids.

Diameter changes during devolatilization are shown as a function of mass release in
Fig. 5.30. Particle swelling for the bituminous coals occurs before significant mass
release occurs, as metaplast is generated inside the coal particle. The Pittsburgh #8,

1.75 — T T T T T T T
PSOC-1451
—  [1250 K 1050 K &, 7
-~ A 106-125um| i e
1'50 L _O— "A" 63'75 }.Lm A ~‘~?‘h .

Diameter Ratio (d/d,)

60

Mass Release (% daf)

Figure 5.30a Diameter change due to swelling during devolatilization as a function of
mass release for PSOC-1451D hva bituminous coal.
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Tlinois #6, and Pocahontas #3 coals exhibit diameter changes of 10 to 20% before 5%
daf mass release. Particle shrinkage is observed in these plots in the late stages of
mass release, after the peak swelling occurs. This means that particle swelling is a
complicated function of the transient chemical and physical features of the coal particle,
rather than a simple linear function of the extent of mass release, as commonly used in
combustion calculations [Smoot and Pratt, 1979].

Low rank coals do not swell before principal mass release period (the lignite actually
shrinks). However, for the subbituminous coal (PSOC-1445D), the degree of
swelling during the principal mass release period is followed by a shrinkage period in a
manner similar to that observed for the bituminous coals. It has been suggested
[Suuberg, et al., 1985; Solomon, et al., 1990b] that crosslinking reactions occur early in
the pyrolysis of low rank coals, which prevent any softening behavior. Early
crosslinking would explain the lack of early swelling behavior observed here in the low
rank coals.

It is important to remember that these data regarding swelling and apparent density
are from rapid heating experiments in 100% nitrogen, with particle heating rates of
approximately 104 K/s. These data will be compared in Section 6 with other
experiments performed in the CDL with different amounts of oxygen added to the flow
reactor gas, and to pyrolysis experiments performed in the Sandia Char Combustion
Laboratory (CCL) at slightly higher heating rates. The goal is to describe the physical
and chemical properties of coal particles during devolatilization under current typical
combustion conditions and under possible future alternative conditions.

C. SEM Analysis

The physical characteristics of PSOC-1451D coal chars were examined using
scanning electron microscopy (SEM) and optical microscopy of cross sections of
particles. The samples analyzed by SEM were collected before the sizing-pyrometer
was completed, and hence no residence times are available for these samples.
However, the particle temperature histories are thought to be similar to those for the
1050 K condition. Due to the lack of precise residence times, the samples from this
early study are referred to here by their axial distance from the coal injection tube.

Figure 5.31 shows changes in physical structure of PSOC-1451D (106-125 pum) coal
particles in the 1050 K gas environment in 100% N3 in the CDL as a function of
residence time. Early in the devolatilization process, (z=70 mm), large fissures
appear in the particle which may be caused by thermal expansion of the carbon matrix.
At 90 mm, surface bubbles appear near the corners of the particles, but the particles
still retain their jagged edges. At 120 mm, significant rounding of the particle has
begun, and the surface is seen to be full of individual bubbles that are approximately 5
to 10 pm in diameter. Some of these surface bubbles have ruptured but a large number
of bubbles remain intact. At 140 mm, many of the particles are almost spherical with
large blowholes on the surface. A large particle is shown that has different light
scattering properties than the surrounding coal, indicating some type of mineral
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30 mm

70 mm

90 mm

Figure 5.31 Scanning electron miorégraphs of 106-125 um PSOC 1451d hva
Pittsburgh bituminous coal particles collected at 30 mm, 70 mm and
90 mm from the injector for the 1050 K gas temperature condition.
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120 mm

160 mm

Figure 5.31 Scanning electron micrographs of 106-125 um PSOC 1451d hva
Pittsburgh bituminous coal particles collected at 120 mm, 140 mm
and 160 mm from the injector for the 1050 K gas temperature

condition.
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Figure 5.31

180 mm

250mm

Scanning electron micrographs of 106-125 um PSOC 1451d hva
Pittsburgh bituminous coal particles collected at 180 mm, 200 mm,
and 250 mm from the injector for the 1050 K gas temperature
condition.
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particle that has not passed through a molten stage. As devolatilization proceeds, the
surface bubbles merge and form large central bubbles and particles with thin shells.
Finally, at 250 mm, there is evidence for particle shrinkage as the metaplast inventory
is depleted and as the particle cools slightly from the peak temperature.

The internal structure of these coal particles is shown in in the cross-section
micrographs in Fig, 5.32 for the same char samples examined in Fig 5.31. Small voids
begin to form at 30 mm, and significant voidage appears at 90 mm. The fissures in the
particle are visible in the 90 mm sample, but have disappeared and coalesced with the
surrounding interior bubbles in the 140 mm sample.

The significant voidage seen in the cross-section micrograph of the 90 mm sample is
not apparent in the surface SEM of the same sample. Under no conditions, in fact, is
there any visual evidence of changes in surface structure without changes in internal
structure. This fact supports the argument that internal thermal gradients are not
important under these flow reactor conditions.

Elemental Mass Release Rates

Samples collected in the CDL at various stages of devolatilization were analyzed for
elemental composition of C, H, N, S, and O. The analysis for each element was
performed independently, and the closure was generally within 5%. The elemental
analyses presented in Appendices D-H. It is useful to compare the release of each
element to the amount of mass release. The fractional mass release of each element i
is calculated as follows:

fi = 5 (5.18)

where f; is the fraction of the initial amount of element i remaining in the char, x; is the
mass fraction of elemental in the char sample, and m represents the mass of the
particle. The subscript o represents the parent coal. This equation holds true on
either a moisture-free basis or on a DAF basis. .

The percentage of each element released as a function of the mass released during
devolatilization for all five coals, as calculated from Eq. 5.18, is shown in Figs. 5.33-
37. The solid 45° line in each plot represents the total mass release rate (1-m/my).
As expected, the carbon is released from the Pocahontas #3 coal (PSOC-1508D),
Pittsburgh #8 hva bituminous coal (PSOC-1451D), Illinois #6 hvb bituminous coal
(PSOC-1493D), and New Mexico Blue subbituminous coal (PSOC-1445D) in a
manner directly proportional to the total mass release, and hence the data points fall
on the 45° line. Carbon is the principal component in these coals, and hence should be
released proportionally to the total mass. The data for the North Dakota lignite,
however, show that the carbon is not released at the same rate that the total mass is
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Figure 5.35 Elemental mass release rates for PSOC-1493D Illinois #6 hvb
bituminous coal particles (106-125 um) during devolatilization in
100% N2 in the CDL.
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Figure 536 Elemental mass release rates for PSOC-1507D North Dakota
Beulah Zap lignite particles (75-106 um) during devolatilization in

100% N2 in the CDL.
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released. The lignite contains more oxygen than the three coals (see Table 4.1), and
the oxygen seems to be released preferentially to the carbon. The rapid release of
CO2 in the early stages of the devolatilization process is characteristic of lignites
[Suuberg, et al., 1970].

A small amount of preferential oxygen release is observed in the early stages of
devolatilization for the Illinois #6 and New Mexico Blue #1 coals. In contrast, the
oxygen is released at a lower rate than carbon in the early stages of devolatilization
for the Pittsburgh #8 coal. This is consistent with known occurrences of oxygen in
coals as a function of rank. In low rank coals, such as lignites and subbituminous
coals, oxygen is found in carbonyl groups, which release CO; early in the pyrolysis
- process since the C=0 bonds are generally peripheral chain ending groups and not
very strong. In the bituminous coals, oxygen is bound in aliphatic and aromatic ether
groups, and significant scission of carbon bonds must occur before such strongly bound
oxygen can be released. These three coals exhibit an increase in the rate of oxygen
release during the late stages of devolatilization (40 to 60% daf mass release), with
the most pronounced effect observed for the Illinois #6 coal. The late oxygen release
is most likely caused by breaking ether linkages in the coal molecule, which are more
stable than the carbonyl groups.

The hydrogen in all five coals is initially released faster than the the other elements,
and hence the data points lie above the 45° line representing the total mass release.
This results from the fact that the molecular weight of hydrogen-rich pyrolysis
products is low enough to vaporize at the temperatures studied here. Pyrolysis
products that are low in hydrogen content, such as polycyclic ring structures, have
higher molecular weights and remain in a solid or liquid state, with a high probability of
cross-linking to the solid matrix. For example, light gases such as methane and
ethane are enriched in hydrogen, and are released as volatiles. The resultant char,
after volatiles are completely released, consists mainly of carbon (on a mass basis).
The hydrogen release seems to be somewhat independent of the rank of the coal, and
also correlates to some degree with the oxygen release.

In the low volatile b1tum1nous coal (PSOC-1508D), the oxygen hydrogen, nitrogen,
and sulfur are all released preferentially to carbon. The carbon aromaticity in the low
‘volatile coal is higher than in the other coals, as is the carbon content. This means
that the labile bridges are very small, and the the entire coal molecule is more tightly
bound than the lower rank coals. The non-carbon elements are present in such low
concentrations that they almost behave as impurities, rather than significant features
of the coal structure. ‘

The data from all five coals indicate that nitrogen is released from the coal at a rate
only slightly different than the carbon release. This is better seen when the nitrogen
release is plotted versus the carbon release, as shown for all five coals in Fig. 5.38.
The strong correlation between carbon and nitrogen release as a function of coal rank
indicates that the nitrogen is primarily bound in secondary amine structures with the
carbon, such as cyclic ring heteroatoms, rather than in loosely bound NHj groups. The
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correlation between release of carbon and nitrogen is strongest for the mid-rank coals
(subbituminous through bituminous); the nitrogen reléase is slightly lower than the
carbon release in the lignite, while the nitrogen release is slightly higher in the low
volatile coal.
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Figure 5.38 Correlation between elemental release of nitrogen and carbon for five
coals.

The sulfur release data seem to be more scattered than the release data for the other
elements. This is due in part to the small sample sizes analyzed and to the low sulfur
contents of the parent coal. The trends seem to be that the sulfur is released early in
the devolatilization process for the low volatile bituminous.and the subbituminous
coals, late in the devolatilization process for the Illinois # 6 coal and the North Dakota
lignite, and roughly proportional to the total mass release for the Pittsburgh #8 coal.
The sulfur release is obviously related to the proportion of pyrite present in the coal,
which was not measured in these samples. -

It is interesting to consider the elemental mass release in terms of the process of
coalification. Elemental compositions of parent coals lie in a coalification band when
the hydrogen to carbon ratio is plotted versus the oxygen to carbon ratio. As low rank
coals age, the oxygen is given up preferentially to hydrogen. However, after coals
reach the bituminous coal stage, hydrogen is lost preferentially to oxygen, causing a
bend in the coalification band. When coals devolatilize, the elemental release profiles
do not follow the coalification band, as shown in Fig. 5.39 for chars collected at
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Figure 5.39 Coalification chart showing locations of initial coals and progress
of chars during devolatilization, based on elemental composition.

different residence times in 100% N in the CDL. Oxygen and hydrogen are released
during devolatilization at similar rates, and hence the low rank coal char profiles
bypass the bend in the coalification band. The fully-devolatilized coal chars all lie in a
small region of the coalification chart compared to the diversity of the parent coals.
However, the fully-devolatilized chars collected do exhibit slight differences, and none
have approached the composition of graphite, which is located at (0,0) on the
coalification chart.

Chemical Structure of Char and Tar Determined from NMR Analysis

The chemical structures of coal char and tar samples from devolatilization experiments
are examined using 13C NMR spectroscopy. The data for two coals have been
published [Fletcher, et al.,, 1990a; Pugmire, et al., 1991]. The data from these two
coals are presented here along with the data from the other three coals examined at
Sandia.

A. Evolution of Char Structure
Representative chemical structures identified in the 13C NMR analyses of coal and

char samples are illustrated in Fig. 5.40. The measured variations in several of these
parameters are shown in Fig. 5.41 as a function of residence time during
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devolatilization in the 1250 K gas condition for two coals. The data shown at 0 ms
residence time are for the parent coal; analyses of two separate samples of lignite
indicate the experimental error involved in each chemical structure parameter, For
clarity, only the carbon aromaticities (fraction of carbon contained in aromatic
structures) with the carbonyl subtracted (f,, not f;) will be discussed in this section. '

CH,
R
R O
o)
Side Chain
CH2 /

Bridges ——— /
CH,

Clls O CH, — CH, CH,
Loop
' Aromatic Clusters — O

R

Figure 5.40 Representative chemical structures identified in 13C NMR
analyses of coal and coal chars.

The ultimate volatiles yield at the 1250 K gas condition was 51% on a dry ash free
(daf) basis for the Illinois No. 6 coal, and 53.7% for the Zap lignite. Approximately
40% of the volatiles from Illinois No. 6 are released by 43 ms, and 75% of the total
mass release occurs by 65 ms. Tar is released at residence times from ranging from
30 to 65 ms, based on model predictions [Fletcher, et al., 1990b] and comparison with
similar data [Serio, et al., 1987]. During this tar release period, the percentage of
aromatic carbon for the bituminous coal char has changed by less than 5% (see Fig.
5.41), suggesting that the carbon aromaticity of the initial tar is similar to that of the

coal.
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The number of aromatic carbons per cluster in the bituminous coal char at 223 ms
reaches a final value of 15, a modest 40% increase in cluster size when compared to
anthracite coals and graphitized samples where the number of aromatic carbons per
cluster may be in the range of 50 to 350 [Sethi, et al., 1988; Orendt, et al., 1990]. The
number of aliphatic carbons per cluster in the bituminous coal char remains relatively
constant until the late stages of devolatilization, and then decreases. The number of
aliphatic carbons per cluster in the bituminous coal char at 223 ms is almost a factor of
two lower than in the parent coal, but has changed by less than the experimental error
at the point where 75% of the volatiles have been released (65 ms).

As shown in Fig. 5.41b, the chemical structure of the Zap lignite changes in a manner
similar to the changes exhibited by the Illinois No. 6 coal. The other three coals also
exhibit similar behavior, and hence data for these coals are not shown in this type of
plot. A careful examination of the relationship between mass release and carbon
aromaticity for the lignite (Fig. 5.41) clearly indicates differences from those observed
for Illinois No. 6. Approximately 20 to 25% of the total mass release for the lignite
occurs over the time period where 75% of the mass release was noted for the
bituminous coal. On the other hand, the carbon aromaticity in the lignite char changes
in the early stage of pyrolysis as compared to the bituminous coal chars, indicating
that the structural relationship between the initial lignite tars and chars is quite
different from those observed in the Illinois No. 6 samples. The carbon aromaticities
for both sets of chars ultimately reach comparable values, but the parent lignite has a
lower carbon aromaticity value (f,"= 0.57) than the parent bituminous coal
(f,' = 0.67). Hence, some of the restructuring of the aromatic species occurs earlier in
the lignite than in the Illinois No. 6 coal.

The number of aromatic carbons per cluster in the lignite chars shows no significant
change with residence time, within experimental error. However, the total number of
carbons per cluster decreases as the result of the release of aliphatic carbons, as
indicated by the number of aliphatic carbons per cluster. The high number of aliphatic
carbons per cluster in the parent Zap lignite, relative to Illinois No. 6 coal, correlates
with the higher gas release of the lignite during pyrolysis.

Attachments to aromatic clusters (see Fig. 5.40) consist of alkyl groups and oxygen
functional groups (e.g., phenols and/or alkyl and aryl ethers). These attachments are
bridges and loops between aromatic clusters or side chains that are not connected on
one end to another aromatic cluster. The bond strengths of the aromatic rings are
much greater than the bond strengths of the labile bridges and loops. During
devolatilization these labile bridges break, generating finite-size fragments containing
one or more aromatic clusters. The light fragments are released as tar, while the
heavier fragments stay in the char as metaplast and eventually reattach to the infinite
char matrix. Broken bridge fragments (i.e., side chains) are eventually released as
light gas. In this analysis, it is assumed that the fractured bridge fragments may be
distinguished from intact bridges by the presence of methyl groups. Hence, the
number of side chains per cluster can be estimated together with the number of intact
bridges and loops per cluster. It is important to note that aliphatic carbons still remain
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at the end of the pyrolysis process and represent the presence of stable aliphatic
bridge material and/or side chains that have not been expelled at the pyrolysis
temperatures employed.

In the Illinois #6 coal and char samples, the total number of carbons per cluster
(aromatic plus aliphatic) has not changed relative to the experimental error (estimated
at £3). Furthermore, in the bituminous coal chars, the number of aromatic carbons
with attachments remains essentially constant as a function of residence time, even
though the number of aliphatic carbons in the 223 ms sample is a factor of two lower
than in the parent coal. The number of attachments to aromatic rings for the lignite
chars increases by approximately 25% while the number of aliphatic carbons
decreases by 65%. These data suggest that the pyrolysis process eliminates
functional groups from the aromatic clusters in the lignite, with a net loss of aliphatic
carbons. At the same time, however, additional crosslinking sites are formed.

_The total number of attachments per cluster (referred to as the coordination number,

o+1) is shown in Fig. 5.42 for char samples from all five coals. The coordination
number either remains relatively constant or decreases during devolatilization for all
five coals. This means that no new attachment sites are generated during pyrolysis;
any reattachment of metaplast occurs at existing side chain sites. Decreases in the
coordination number can be explained by the release of side chains with no
subsequent crosslinking at that site. The implication of the data in Fig. 5.42 is that
crosslinking does not generate any new attachment sites, and occurs only at existing
sites that are occupied by a side chain.

The number of bridges and loops (i.e., bridges between aromatic rings and aliphatic
loops on aromatic rings, such as tetralin) per cluster does not change significantly in
the Illinois #6 coal char until the end of the mass release period, as shown in Fig. 5.43.
The increase in the number of bridges and loops per cluster is an indication of the
extent of crosslinking that occurs between neighboring aromatic clusters. The total
number of attachments per aromatic cluster (o+1), however, does not change
significantly, indicating that bridge material is released at a rate proportional to the
formation of crosslinking bridges. These stable char bridges likely are formed at the
site of the original bridge. These data at rapid heating conditions clearly indicate that
the average molecular structure of the Illinois No. 6 coal does not undergo major
changes in functional group distribution until after most of the tar is released, at which
time reactions occur in the char/metaplast that are associated with gas release.

However, the crosslinking behaviors of the chars from other coals are different from
that observed in Illinois No. 6. The changes in the number of bridges and loops per
cluster in the late stages of mass release for the other bituminous coal (PSOC-
1451D) are more scattered, and do not exhibit the clear indication of crosslinking
observed in the Illinois #6 coal (PSOC-1493D). The number of bridges and loops is
slightly higher in the parent lignite, and increases in a monotonic progression with the
extent of mass release. The lignite data reflect the early crosslinking that is observed
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Figure 5.42 The total number of attachments per cluster vs. the extent of
mass release due to devolatilization for chars collected at
different residence times in the 1050 K (dashed lines and open
symbols) and 1250 K (solid lines and filled symbols) gas
temperature conditions.
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Figure 5.43 The number of bridges and loops per cluster vs. the extent of
mass release due to devolatilization for chars collected at
different residence times in the 1250 K gas temperature condition.
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swelling measurements of lignites as compared to the high volatile bituminous coals
[Suuberg, et al.,, 1985; Solomon, et al., 1990b; Solum, et al., 1990]. This early
crosslinking is only indicated in Fig. 5.43 for the lignite; none of the other coals show
significant increases in the number of bridges and loops per cluster until the late
stages of mass release (including the subbituminous coal). The highest rank coal
(PSOC-1508D Pocahontas lv bituminous) shows a slight decrease in the number of
bridges and loops per cluster as mass release proceeds.

Coordination numbers for char samples obtained in the 1050 K gas condition in the
CDL are shown as dashed lines and open symbols in Fig. 5.43. In the 1050 K gas
condition, the coordination number determined for the chars from the subbituminous
coal (PSOC-1445D) does not decrease as much with mass release as indicated at
1250 K. The lower temperature condition does not permit the same degree of gas
release as the higher temperature condition, and hence more side chains remain
attached to the clusters. The coordination number data at 1050 K for the high rank
coal (PSOC-1508D) follow the data indicated at 1250 K. In general, the data at 1050

K support the conclusion inferred from the 1250 K data; no increases in the number of

attachments per cluster are seen, indicating that crosslinking occurs only at existing
side chain sites.

The ‘relationships between the carbon aromaticity and the fractional elemental mass
release of C,H,0,N, and S for the Illinois No. 6 coal and the Zap lignite at the 1250 K
gas temperature environment are shown in Fig. 5.44. For the Illinois No. 6 coal,
hydrogen and oxygen are released at a higher rate than carbon in the early and
intermediate stages of mass release (0 to ~ 45%), corresponding to the release of
light hydrocarbons, CHg, H2O and CO, [Solomon, et al., 1990a] at the same time tar
is released. The sulfur and nitrogen release also correspond to the carbon release,
although there is some scatter due to the small samples used for elemental analysis.
During the late stages of mass release (~ 45 to 51%), corresponding primarily to
release of side chains as light gases, the loss of carbon seems to reach a plateau at a
value of 40%, while rapid hydrogen and oxygen release continues. The increase in
carbon aromaticity, rapid release of hydrogen and oxygen, and plateau in carbon
release are indicative of dehydrogenation of aliphatic ring structures. Possible gases
evolving from the char during the later stages of devolatilization are Hp, CO, CO», and
CoHy4 [Suuberg, et al., 1978].

For the lignite, the oxygen, carbon, and hydrogen release are comparable in the early
stage of mass release (0-10%), where light gases are evolved. A slight rise in
hydrogen release is noted at approximately 15% mass release, which occurs at the
point where tar release begins. The rates of oxygen and hydrogen release are
consistently higher than the release rate of carbon through all stages of
devolatilization. The carbon aromaticity increases rapidly in the early to mid-point
ranges of the mass release and then begins to level off during the latter stage of
pyrolysis. The elemental mass release and aromaticity data for the lignite in the latter
stage of pyrolysis is associated with loss of peripheral oxygen containing groups on
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the total mass release during devolatilization for the Illinois No. 6
coal and Beulah Zap lignite. Carbon aromaticity is also shown,
Solid lines represent curve fits to the data.
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the aromatic cluster, as opposed to the apparent ring dehydrogenation noted in Illinois
No. 6 coal. It appears that major changes in functional group distribution and
restructuring of the aromatic rings occurs in the lignite at an earlier stage in the
pyrolysis process than was noted for Illinois No. 6 coal.

The proton spin relaxation time constant T pHa’ is a complex function of the motion
within the lattice and the effects of free electrons that are present. This parameter
may therefore be related to the concentration of metaplast in the coal char. The value
of Ty pH ar in the rotating frame passes through a minimum in the chars and then rises
to values similar to or higher than those observed in the parent coals. Similar
behavior has been noted in other chars prepared at both rapid (~ 104 K/sec) and slow
(~ 0.5 K/sec) heating conditions [Solum, et al.,, 1990]. The relationship between
Tip Har and the free electrons present in coals and chars has been discussed by
Jurk1ew1cz et al. [1990]; the variations in the value of ijHa’ and the relationship the
the amount of metaplast present in the char warrant further study.

B. Chemical Structures of Fully-Devolatilized Coal Chars

One of the interesting chemical structure features determined in the NMR analyses is
the molecular weight per cluster in the char. The coal macromolecule is thought to
consist of a number of fused aromatic rings connected by aliphatic bridges, as
illustrated earlier in Figure 5.40. The average cluster molecular weight determined
from the NMR analyses includes the average number of aromatic carbons per cluster
plus the average number of attachments (bridges and side chains) per cluster, i.e. the
contributions from both the aromatic and aliphatic material in the vicinity of a cluster.

NMR analyses of chars collected in the CDL at the 1250 K gas condition as a function
of residence time are shown in-Fig, 5.45. The average cluster molecular weight for
parent coals ranges from 270 amu for the Illinois No. 6 coal to 440 amu for the Zap
lignite, as shown in Fig. 5.45 at a residence time of 0 ms. However, as these coals
are heated and the volatiles are released, average cluster molecular weights for the
chars of these different coals become very similar. This is consistent with the
similarity observed.in the elemental compositions of the fully-devolatilized coal chars
discussed earlier and shown in Fig. 5.39.

The fraction of carbon contained in aromatic rings (i.e., the carbon aromaticity) is
shown as a function of residence time in Fig. 5.46 for all five coals. The carbon
aromaticities of the fully-devolatilized chars only range from 79% for the
subbituminous coal to 88% for the Pittsburgh No. 8 and the Pocahontas coals, whereas
fa' in the parent coals range from 53% for the subbituminous coal to 77% for the
Pocahontas coal. The carbon aromaticity measured for the subbituminous coal and
char is uniformly lower than measured in the other four coals (and their chars). The
carbon aromaticities of the fully-devolatilized chars from the other four coals lie in a
narrow range from 84% to 88%. '
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Figure 5.45 Average cluster molecular weights in coals and chars collected in
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Figure 5.46 Carbon aromaticities in coals and chars collected in the 1250 K
gas condition in the CDL, determined from 13C NMR analyses.
Parent coals are represented at 0 ms residence time.
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It is well known that the physical structures (i.e., apparent densities and internal
surface areas) of these chars vary significantly, causing a difference in the apparent
reactivities of these chars (based on external surface area). However, the similarity
in chemical structure of the fully-devolatilized chars from different coals may imply
that the intrinsic chemical reactivities of these chars are similar. The exact
relationship between cluster molecular weight, carbon aromaticity, and intrinsic
chemical reactivity is not yet clear.

The fact that the chemical structure of these chars are similar is somewhat surprising
because the chemical compositions of these chars are different. The carbon contents
of the fully-devolatilized chars vary from 83% on a dry ash-free (daf) basis for the
lignite char to 92% daf for the Pocahontas char. The oxygen contents of these chars
range from 9.9% daf for the lignite char to 3.3% daf for the Pocahontas char. The NMR
chemical structure data on chars are new; further examination of these data is needed,
along with comparison with char composition, physical structure, and reactivity data.

Another comparison of chemical structure as a function of coal rank is the average
molecular weight of attachments to clusters in the parent coal. Attachments to
clusters include labile bridges (£), char bridges (c), and side chains (). As explained
by Fletcher, et al. [1991], the molecular weight of attachments mq can be calculated
from the cluster molecular weight by subtracting the mass in the aromatic fused
structure (the number of aromatic carbons per cluster multiplied by the molecular
weight of carbon) and dividing by the number of attachments per cluster:

Mclust - Cclust MC
o+1

Mayt = (5.19)

The definition of the molecular weight per cluster (M) used here includes the mass
in the aromatic part of the cluster plus the surrounding aliphatic material. The cluster
molecular weight therefore includes the mass of side chains, and one-half the
molecular weights of labile bridges and char bridges attached to the cluster, as
follows:

£ my + C—r-nc—h(’l—'L + 6m5
May = —2 2 (5.20)
‘ £+c+06

where £, ¢, and & represent the populations of labile bridges, char bridges, and side
chains, respectively. The factor of 2 in the mp and m, terms reflects the fact the only
one-half of an intact bridge is attributed to a cluster. Unreacted coals contain very few
char bridges (i.e., ¢ = 0), and hence Eq. 5.20 reduces to the relation mgy = ms§,
assuming that mg = mp/2. For fully-devolatilized chars, £ = 0, and Eq. 5.20 becomes:

¢ Mchar 4§ s

Mgy =~ (5.21)
' c+0 '
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Attachment molecular weights have been thus determined for all five .coals examined
in the Sandia devolatilization experiments, as well for chars at different residence
times, as shown in Fig. 5.47. Attachment molecular weights for other parent coals are
also shown, as reported by Solum, et al. [1989] for the Argonne premium coals
[Vorres, 1989] and for three coals examined at Advanced Fuel Research (AFR)
[Serio, et al., 1987]. The continuous lines in this figure represent linear correlations of
the data. The oxygen content of the parent coal is an indicator of coal rank; the oxygen
content of the parent coal decreases as coal rank increases. The attachment molecular
weights of the parent coals exhibit a definite trend as a function of coal rank; values of
mg range from 52 amu in the lignite and subbituminous coal (25% daf oxygen) to 13
amu for the highest rank coal (Pocahontas #3 lv bituminous, Argonne sample).
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Figure 5.47 Average molecular weight of attachments to aromatic clusters in
unreacted and fully-devolatilized coals as a function of coal type.
Data for non-Sandia coals are taken from Solum, et al. [1989].
Fully-devolatilized chars are from the longest residence time
(~ 250 ms) in the 1250 K gas condition in the CDL.

The fully-devolatilized chars are from the longest residence time (~ 250 ms) in the
1250 K gas condition in the CDL (in 100% Np). The molecular weights of attachments
for the fully-devolatilized chars vary from 18 to 11 amu, which is not a significant
dependence on coal rank. The fully-devolatilized chars do not contain any labile
bridges, and hence the attachments to the cluster consist solely of char bridges and
side chains. The fact that the average molecular weight of attachments to aromatic
clusters in the fully-devolatilized chars is low enough (11 to 18 amu) to compare with
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bridges consisting of one atom (12 amu for carbon, 16 amu for oxygen). Low molecular
weight side chains may consist mainly of methyl groups (15 amu) and OH groups (17
amu), which are more stable than longer side chains such as COOH or ethyl groups
(C2Hs).

Stable char bridges are thought to mainly consist of three types: (a) biphenyl bridges,
where a bridge is formed between neighboring carbons on different aromatic clusters
(Ar-Ar); (b) ether-type bridges where a single oxygen atom forms a bridge between
neighboring clusters (Ar-O-Ar); and (c) a carbon bridge, thought to mainly consist of
single carbon atoms between clusters (Ar-C-Ar). These three types of char bridges
are illustrated in Fig. 5.48, Two bridges may link the same two aromatic clusters, and
are defined here as a loop. Only the sum of bridges and loops is determined in the
NMR analysis. The molecular weights of these three types of bridges are low enough
to be consistent with the NMR data: 0 amu for the biphenyl bridge; 16 amu for the
oxygen bridge; and 12 amu for the carbon bridge.

CH,
Ar
Ar O
Carbon Bridge o
Side Chain (5 /
\ ©) CH, Oxygen Bridge /
O .0

Biphenyl —”
Bridges

Aromatic Clusters —

Ar

Figure 5.48 Characteristic chemical structures found in fully-devolatilized
coal chars, illustrating the postulated forms of char bridges.

The NMR data obtained thus far from the coal and char samples obtained in the
Sandia devolatilization experiments seem to be self consistent, and are of value in
determining the chemical transformations that occur in the char and tar. = The
differences in chemical structure of the parent coal, such as the average cluster
molecular weight and the average molecular weight of attachments, are smoothed
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during the devolatilization process, and the chemical structures of the fully-
devolatilized chars become remarkably similar. These data are currently being used
as a test for the CPD model, so that the model agrees with tar and total volatiles
mass release data of tar based on measured chemical mechanisms rather than
empirical interpretation.

C. Evolution of Tar Structure

The devolatilization experiments conducted at Sandia were performed on the same
coals used in a parallel set of experiments conducted at United Technologies Research
Center (UTRC) [Freihaut, et al., 1989; Freihaut and Proscia, 1989; Seery et al., 1989].
The focus of the UTRC work was to characterize the tars produced during
devolatilization using Fourier transform infrared (FTIR) spectroscopy. The tars
produced in the Sandia experiments are analyzed using !H and 13C NMR
spectroscopy. This section describes the results of both 1H and 13C NMR analysis of
the tars from both the bituminous coal and the lignite, collected as a function of
residence time in the two gas conditions. The results for the Illinois #6 coal and Zap
lignite have been published [Fletcher, et al., 1990b; Pugmire, et al., 1991]; data are
shown here for tars from all five coals examined at Sandia.

Aromatic Structure

Perhaps the best indication of the extent of pyrolytic transformation of evolved tars is
the changes in the carbon and hydrogen aromaticity, The carbon and hydrogen
aromaticities of tars collected at the two gas temperature conditions, measured by
standard 13C and 'H NMR spectroscopic techniques, are shown as a function of
residence time in Figs. 5.49 for tars from the Illinois No. 6 coal. The fraction of coal
released as volatile material is also shown for reference. The data points shown in
these figures at zero residence time correspond to the aromaticities derived from
solid-state 13C NMR analyses of the parent coal. The hydrogen aromaticity f, 4 of
the parent coal is easily estimated from the the measured fraction of aromatic carbon
with proton attachments f,/7 and the measured C/H ratio in the char, as follows:

fal = faxc. (5.22)

Mc xy

where M ¢ is the molecular weight of carbon. For the Illinois No. 6 tar samples at
1250 K, the carbon aromaticity rises rapidly during the period of initial mass release
and then continues to rise gradually to a final value of 0.97. The hydrogen aromaticity
of the tars follows a similar pattern to that of the carbon aromaticity values. This
continual rise in the aromaticity of the tar is in dramatic contrast to that observed for
the char residue, where the carbon aromaticity (f;) remains largely unchanged until
the last stages of pyrolysis. The carbon and hydrogen aromaticities of tars from long
residence times in the 1050 K gas condition are considerably lower than those seen in
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Percentages of hydrogen and carbon contained in aromatic groups
in Illinois No. 6 coal tars vs. residence time in the 1250 K and
1050 K gas conditions. The hydrogen and carbon aromaticities at
0 ms are derived from NMR analyses of the parent coal.

5-76



the 1250 K gas condition. The hydrogen aromaticities actually double in tars at long
residence times in the 1250 K gas condition. These data imply that gas phase
secondary reactions occur in the evolved tars in the 1250 K gas environment but not in
the 1050 K gas environment.

The hydrogen and carbon aromaticities in tars from four coals as a function of
residence time are shown in Fig. 5.50. Tar data for the high rank coal (PSOC-1508D)
are not available due to the small quantities of tar produced by this coal. The same
trends appear in Fig. 5.50 as shown in Fig. 5.49 for the Illinois #6 coal. At the 1050 K
gas condition, the hydrogen aromaticities rise gradually from about 30% in the initial
tars released to 40% in the long residence times. The carbon aromaticities in the
1050 K gas condition increase from approximately 60% to a final state of ~ 75%. The
aromaticity values for tars from the high temperature experiments (1250 K) exhibit a
rapid initial increase similar to that observed in the Illinois No. 6 tars. However, the
final carbon and hydrogen aromaticity values of the subbituminous coal and lignite tars
are generally 10% (absolute scale) lower than those of the bituminous coal tars at
both temperature conditions. This observation suggests that the fundamental
differences in the structures of the parent coals are still manifest in the final pyrolysis
products. Some of the differences between the components of these tars have been
noted in the pyrolysis mass spectroscopy data of Lo et al. [1990], which are presented
later in this report. '

The aromaticities of the initial tars evolved at the 1250 K gas condition and the tars
evolved at the 1050 K condition are very similar to the aromaticities of the parent coal.
For example the tar from the Illinois #6 coal at 50 ms in the 1250 K condition exhibits
carbon and hydrogen aromaticities that are within ~ 5% of the aromaticities of the
parent coal and of the tars from the 1050 K condition. However, by 75 ms, the
aromaticities of the tars start to increase due to cracking and polymerization reactions.
The similarity of the coal tar to the parent coal structure is expected for the bituminous
coals, but not expected for the low rank coals [Freihaut, et al., 1989; Solomon, and
Hamblen, 1985]. :

The percentage of hydrogen in the tar attached to 1-ring, 2-ring, and 3-ring or greater
condensed aromatic species can be estimated from the IH NMR data, as shown in
Figs. 5.51 for the tars from Illinois #6 coal collected at the two different gas
temperature conditions. These data reveal some of the more subtle changes that
occur in the tars in the gas phase. The percentage of hydrogen in aromatic structures
with three or more rings increases in the Illinois No. 6 tars as a function of residence
time at the 1250 K gas condition (Fig. 5.51), seemingly at the expense of the hydrogen
in 1-ring aromatic structures, which decreases as a function of residence time. Tars
collected at a residence time of 223 ms contain twice as much hydrogen in aromatic
structures with three or more rings than the initial tars evolved during the 40-70 ms
residence time period. The hydrogen in 2-ring aromatic structures also increases
substantially at this temperature condition. In contrast, the data obtained from tars
collected at the 1050 K gas condition, although somewhat scattered, do not show any
such trend.
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The hydrogen aromatic ring data (Fig. 5.52) for subbituminous coal and lignite tars
exhibit patterns similar to those observed in the bituminous coal tars. However, the
decrease in the concentration of one-ring aromatic compounds in tars collected from
the lignite at long residence times in the 1250 K gas condition is not quite as great as
observed in the bituminous and subbituminous coal tars. However, the pyrolysis
mass spectroscopy data for the lignite tars [Lo, et al., 1990; Fletcher and Hardesty,
1990b] show decreases in 1-ring compounds and increases in multi-ring compounds
as a function of residence time in the 1250 K gas condition. The implication is that gas
phase secondary reactions of coal tar may be somewhat independent of coal type.

The evolution of condensed polynuclear aromatic species can occur by two different
processes: 1) dehydrogenation reactions such as the conversion of tetralin type
species to napthalenes, etc.; and 2) ring condensation reactions such as those
associated with the formation of soot precursors where aliphatic side chains serve as
sites for polymerization and subsequent dehydrogenation to form condensed
polynuclear aromatic species,

Aliphatic structure

The aliphatic hydrogen attached to carbons at the o—, B—, and y—positions (relative to
an aromatic group as defined in Fig. 5.53) and measured by !H NMR is classified into
methyl groups (CH3) and the combination of CH and CHp groups. For tars from the
Ilinois No. 6 coal in the 1250 K gas condition, the hydrogen in the B— and y-positions
decreases from 19% to 4% during the period of mass release, as shown in Fig. 5.54a.
These data indicate preferential release, at 1250 K, of B- and y-hydrogen relative to
o-hydrogen, and suggest that CH3 or remote CH and CHj groups are released
preferentially to the a-CH and CHy groups. The release of aliphatic chain ends is
more energetically favored than breakage of fairly stable aliphatic bridges and loops
between aromatic structures. The number of hydrogens associated with y-CH3
groups decreases quite rapidly in the gas phase to only approximately 1% of the total
hydrogen present in the tar. The decrease in a-methyl hydrogen concentration by a
factor of four indicates a low concentration of methyl groups attached to aromatic rings
at the final stage-of pyrolysis. On the other hand, the total hydrogen present at the o-
position only drops approximately 50% and a relatively large fraction of the total
protons observed in the final tar are present on functional groups (i.e., CH, CHp and
CH3) adjacent to the aromatic rings. The low concentration of o-CH3 and B- and y-
groups requires the presence of three- to four- fold more CH and CHj groups than
methyl groups at the a-position. The CH and CHjp groups are probably present in the
form of bridges between aromatic rings or loops (hydroaromatic structures), as shown
earlier in Fig. 5:48 for coal chars. These data are consistent with the processes
associated with formation of condensed polynuclear aromatic species discussed
previously. '

The bituminous coal tars from the 1050 K gas condition exhibit different behavior as a
function of residence time than the tars from the 1250 K condition. The concentration
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of B- and y- hydrogéns decrease by only 50% in the gas phase. The concentration of
v-CHj3 groups drops by a factor of two, but the amount of a-CH3 groups present
actually increases slightly. This observation, together with the overall increase in
a-hydrogen, indicates that the cracking of - and y- groups from the aromatic rings
leaves an increasing amount of a-CH3 groups intact. Furthermore the overall
increase in a-hydrogen demonstrates that structures such as ethylene bridges and
loops (two a.-carbons per bridge) are. not substantially disrupted in the gas phase
reactions at 1050 K.

Tars obtained from other coals exhibit similar characteristics to the tars obtained from
the Illinois #6 coal, and the results are summarized in Figs. 5.55 and 5.56. The initial
tar from the 1050 K gas condition is compared with the long residence time tar from
the 1250 K condition to show the effects of gas phase reactions of tar. The decrease in
o-hydrogen in the 1250 K gas condition is rank-dependent; the lignite tar does not
lose a-hydrogen while the Pittsburgh #8 coal tar shows the most severe decrease in
o-hydrogen. The decrease in o-H is greater than the decrease in a-CHas; hence, the
initial release of tar appears to be rich in CH and/or CHjy groups present as ethylene
bridges or in hydroaromatic species. The chemical structures of the initial tars
produced exhibit a dependence on coal rank; the initial tars from the low rank coals
contain more B- and y-hydrogen, while the initial tars from the high rank coals are
enriched in o-hydrogen. The tars from all of the coals in the 1250 K condition exhibit a
30 to 80% decrease in the concentration of - and V- hydrogen, based on the
concentrations measured in the initial tars.

The chemical structures in the final tars produced in the 1250 K condition do not vary
significantly as a function of coal rank. A significant amount of a-hydrogen remains in
the final tars from the 1250 K condition, as opposed to the drastic reduction in - and
v-hydrogen in these same tars. Since the a-CH3 concentration in the final tars from
the 1250 K condition is low, the majority of the o-H is present in CH and CHj groups.
Since the final tars at the 1250 K condition contain very little B- and y-hydrogen, these
CH and CH» groups are most likely contained in one-carbon bridges between aromatic
clusters, in a manner similar to the carbon brldges in fully-devolatilized coal chars
(see Fig. 5.48).

In the tars obtained at 1050 K, the - and y-hydrogen content decreases by nearly
30% while the y-CH3 and a-CH3 groups are essentially invariant. Furthermore, the
concentration of a-hydrogen containing groups increases slightly in some of the coal
tars from the 1050 K condition at long residence times. The loss of material
associated with relatively long chain functional groups (i.e., chains with three or more
carbons) without a concomitant loss of y-CH3, a-CH3, and o-hydrogens suggests the
loss of substances such as paraffins and/or biomarkers that are released at the lower
temperature [Meuzelaar, et al., 1989; Yun, et al.,, 1989] whereas, at higher
temperatures, they may become incorporated into the metaplast before the material
can be released into the gas phase.
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D.

Conclusions

Char Structure

Based on the NMR analysis of the chars formed during devolatilization of five coals of |

different rank at the 1250 K gas condition, the following conclusions are reached:

1)

2)

3)

4)

NMR data can be used to track lattice parameters associated with average cluster
size and cross linking reactions. Under rapid heating conditions the NMR data
demonstrates that the Zap lignite undergoes early cross linking behavior, while
higher rank coals exhibit a slower overall rate of crosslinking.

Under rapid heating conditions (104 K/sec), the data exhibit: a) little evidence of
cluster size growth in the macromolecular structure; b) crosslinking at the same
time that aliphatic carbons are released; c) little evidence for graphitization under
the temperature and residence time conditions of these experiments.

In the Illinois No. 6 coal, most of the mass release has occurred before significant
changes in carbon aromaticity has occurred. In chars from Zap lignite, the changes
in carbon aromaticity occur much earlier than for the bituminous coal.

The carbon skeletal structure of the final chars from coals of all ranks are quite
similar, even though the structures of the initial coals are quite different.

Tar Structure

Based on the 'H and 13C NMR analysis of the tars collected from four coals of
different rank in the 1250 K and 1050 K gas conditions, the following conclusions are
reached:

1)

2)

3)

The pyrolysis temperature has a major effect on the tar structure. The proton and
carbon aromaticities of the tars from a given coal in the 1250 K gas condition are
higher than for samples collected at comparable extents of mass release in the
1050 K gas condition.

The carbon aromaticities of the bituminous and subbituminous coal tars at 1250 K
are higher than the values for the corresponding chars collected at the same
residence time. On the other hand, the carbon aromaticities found in the Zap
lignite tars are comparable to those observed in the chars.

The proton NMR data suggest that in the 1250 K gas condition, hydrogens
associated with 2- and 3-ring aromatic compounds increase, while that of 1-ring
compounds decrease for the Illinois No. 6 tars. Similar but less compelling
evidence is noted for the lignite and subbituminous coal tars. These data may
suggest the conversion of hydroaromatic species to condensed polynuclear
aromatic species and/or ring polymerization.
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4) The a-hydrogen content in the initial tars evolved increases as a function of coal
rank. The o-hydrogen in the tars from the three non-lignitic coals decreases with
residence time at the 1250 K condition but not at the 1050 K condition. This
observation suggests that relatively stable CH and/or CHj bridges exist at the
1050 K gas condition in the higher rank coals. However, at 1250 K substantial
bond rupture may be occurring.

5) The ai-methyl groups are released early in tars from all four coals at 1250 K, but do
not decrease significantly at 1050 K.

6) The y-methyl groups in both tars are the most susceptible to cracking reactions in
the gas phase, but the extent of release of the B- and y-hydrogens is based on gas
temperature conditions and residence time. The percentage of y-methyl groups in
the initial tar evolved decreases as coal rank increases.

The NMR data presented here for char and tar samples from the CDL have led to
greater understanding of the pyrolysis process. The chemical percolation devolatil-
ization (CPD) model [Grant, et al., 1989; Fletcher, et al, 1990a; Fletcher et al., 1991]
currently uses such information on the chemical structure of coal as input parameters.

Chemical Structure of Tar Determined from Mass Spectrometry

Tars collected in the CDL were analyzed at the University of Utah using two different
mass spectrometric techniques, in collaboration with Professor Henk Meuzelaar.
Curie-point desorption low voltage mass spectrometry (LV/MS) was used to provide
a first-order analysis of the composition of the tar samples. Tar samples were
subsequently analyzed by Curie-point gas chromatography/mass spectrometry
(GC/MS) to confirm the LV/MS results and to provide further detail. These MS data
are presented in graphical form only, and are not tabulated in the appendix.

A. Curie-Point Desorption Low-Voltage Mass Spectrometry Analyses

Low-voltage mass spectra of tars obtained by Curie-point desorption directly in front
of the ion source are shown in Fig. 5.57a-¢ for two different coals. Beulah Zap tar
samples obtained in the 1250 K gas condition at 70 ms and 250 ms are compared in
Figs. 5.57a and 5.57b. Comparison of these two samples shows (1) a marked
decrease in hydroxyaromatic signals (e.g., alkylsubstituted phenols,
dihydroxybenzenes, and naphthalenes) accompanied by (2) a strong increase in
polycondensed aromatic hydrocarbons (e.g., phenanthrenes and pyrenes) in the 250
ms sample (organic structures are illustrated in Fig, 5.58). The marked change in the
nature of the tars collected at 70 and 250 ms is attributed to secondary reactions of tar
in the gas phase, subsequent to release from the coal particle. Especially significant
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Figure 5.58 Structures of organic compounds referred to in the mass spectrometric
analyses of coal tars.
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is the dominance of unsubstituted pyrene among the various alkylsubstituted
homologs. This is a telltale sign of high temperature gas phase reactions and may
perhaps be seen as a first step in the direction of soot formation.

The Beulah Zap tar pattern at 70 ms, on the other hand, compares well with direct
Curie-point pyrolysis mass spectra of North Dakota coal [Metcalf, et al., 1987]. This
indicates that at 70 ms, primary pyrolysis products (e.g., dihydroxybenzenes) still
dominate, although the yield of polycondensed aromatic hydrocarbons (e.g., alkyl
phenanthrenes) is already higher than would be observed under vacuum
micropyrolysis conditions.

The tar patterns of Pittsburgh #8 coal at 1250 K (Figs. 5.57¢ and d) are in excellent
agreement with the observations from tars from the Beulah Zap lignite. The short
residence time pattern (80 ms) corresponds quite well with the Curie-point pyrolysis
mass spectrum, as reported by Chakravarty et al. [1988], whereas the long residence
time (250 ms) tar shows a pronounced shift towards polycondensed aromatic
hydrocarbon. Due to the higher rank (hva bituminous) of the Pittsburgh #8 coal,
however, the short residence time spectrum (Fig. 5.57c¢) is clearly different from that
of the Beulah Zap lignite. For example, the tar from the Pittsburgh #8 coal exhibits
lower (alkyl) dihydroxybenzene intensities and increased (alkyl) naphthalene series
than tar from the Beulah Zap lignite. This is in agreement with trends observed in
earlier LV-MS studies of coals of different rank [Meuzelaar, et al., 1984]. The higher
oxygen content of the lignite tar is consistent with the increased oxygen content of low
rank coals.

Finally, the effect of temperature is briefly illustrated by comparison of Figs. 5.57¢ and
5.57¢ (Pittsburgh #8, 70 ms at 1250 K vs. 250 ms at 1050 K). 1In spite of the long
residence time (250 ms), the MS pattern in Fig. 5.57e is highly similar to that in
Fig. 5.57¢, indicating the absence of marked secondary reactions at this lower
temperature.

B. Curie-Point Desorption Gas Chromatography/Mass Spectrometry Analyses

The Curie-point desorption GC/MS technique confirms and further elucidates the
trends observed in the LV/MS analyses, as illustrated in Figs. 5.59 and 5.60.
Tlinois #6 tar sampled at 250 ms (Fig. 5.60) in the 1250 K gas condition shows an
approximate 100-fold reduction in the relative abundance of (alkyl) phenols
(intensities in left-hand panels of Fig. 5.60 are multiplied by 100) relative to the tar
sampled at 70 ms (Fig. 5.59). A corresponding ten-fold increase in selected
polycondensed (4-6 ring) aromatic hydrocarbons is observed in the 250 ms sample
(compare scaling factors of right-hand panels of Figs. 5.59 and 5.60).

Changes in relative composition as a function of residence time are illustrated for New

Mexico Blue tars at 1050 K in Fig. 5.61 and for Beulah Zap, Illinois #6, and Pittsburgh
#8 tars in Figs. 5.62a, b, and ¢, respectively. At 1050 K, fragment ions of aliphatic
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hydrocarbons (e.g., at m/z 85, 57, 43, in Fig. 5.62c) dominate the short residence time
(120 ms) tar. Based on previous, time-resolved pyrolysis field ionization MS studies
[Yun, et al., 1990], early evolution of aliphatic hydrocarbon moieties during
devolatlhzanon of low-rank coals is likely to represent the desorption of low MW
biomarker-type compounds (e.g., branched and/or alicyclic terpenoids). At 150 ms the
relative intensities of the aliphatic hydrocarbon moieties start to decrease due to the
strong increase in hydroxyaromatics (e.g., dihydroxybenzenes at m/z 110 and 124,
Fig. 5.61b). At 250 ms, the relative abundance of compounds such as naphthols are
still increasing, suggesting that the devolatilization process may not yet be fully
completed. However, suspected secondary reaction products such as pyrenes and
perylenes are starting to increase slightly. Nevertheless, the relative abundance of
the highly reactive dihydroxybenzenes appears to be more or less stable. Altogether,
the conclusion is that at 1050 K the devolatilization process of New Mexico Blue coal
is close to being complete after 250 ms.

A much different picture is obtained at 1250 K, as illustrated for the three coals in
Fig. 5.62. Concentrations of compounds such as pyrenes, perylenes, and even picenes
appear to increase continuously after the first sampling position, whereas the relative
abundances of naphthols and even phenanthrenes decrease after approximately 100-
150 ms. This is further evidence of marked secondary gas-phase reactions. The
above observations at 1050 and 1250 K suggest that devolatilization at 1150 K should
be completed within 100-200 ms, and that the onset of secondary gas-phase reactions
should become clearly visible at longer residence times. A set of experiments will be
performed during the next quarter to collect and analyze tar and char samples at (a) an
1150 K gas condition, and (b) longer residence times in the 1050 K gas condition.

C. Comparison with 1H and 13C NMR Analyses

The same tars examined in this study were analyzed previously by 1H and 13C NMR
spectroscopy [Fletcher, et al., 1990b, Pugmire, et al., 1991]. The NMR data indicate
that tars evolved from the Illinois #6 coal are similar in chemical structure to the
parent coal. In the 1250 K gas condition, the NMR data indicate that tar reacts in the
gas phase, while little or no evidence of gas phase reaction of tars is indicated in the
1050 K gas condition. The tar samples collected at long residence times (250 ms) in
the 1050 K gas condition were similar in chemical structure to the initial tar evolved in
the 1250 K gas condition (70 ms). The tar samples collected at long residence times
(250 ms) in the 1250 K gas condition exhibited: (1) a decrease in 1-ring aromatic
compounds; (2) an increase in aromatic ring compounds with 3 or more rings; (3) an
increase in the carbon and proton aromaticity (at the expense of aliphatic material);
and (4) a decrease in the aliphatic carbons in the B and y positions relative to the
aromatic rings.

The LV/MS and GC/MS data presented here are consistent with the NMR data, and
show further detail regarding gas phase reaction of specific organic compounds in the
tar. For example, one ring compounds indicated in the MS analyses of the tars are
alkyl phenols and dihydroxybenzenes; these compounds were shown to decrease in
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abundance in the long residence times in the 1250 K gas condition. Similarly, the MS
data for tar samples collected at long residence times in the 1250 K gas condition
indicate an increase in polycondensed aromatic compounds with 3 or more aromatic
rings, such as phenanthrenes and pyrenes. The detail provided by the MS analyses
helps to interpret the coarse but quantitative chemical groups identified in the NMR
analyses.

D. Conclusions

Based on the Curie-point GC/MS and low-voltage MS analyses of the tar formed
during devolatilization of Beulah Zap, New Mexico Blue, Illinois #6, Pittsburgh #8, and
Pocahontas #3 coals, the following conclusions are reached:

1. The degree of aromaticity increases rapidly in tars from all five coals as a
function of residence time at the 1250 K gas temperature. However, little
increase in aromaticity in the tars is detected at the 1050 K gas temperature.

2. At a gas temperature of 1250 K, devolatilization is complete within 70 msec
and secondary gas-phase reactions of tar vapors can be observed within 100
msec. At 1050 K, the devolatilization process appears to be more or less
complete after 250 msec.

3. In order to study the complete devolatilization process and the possible onset
of secondary reactions, further experiments should be conducted at an
intermediate temperature, e.g., 1150 K.

These conclusions are consistent with the 1H and 13C NMR analyses performed
previously on these same tars [Fletcher, et al., 1990b].
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Nomenclature for Chapter 5

O T

Celust

area; pre-exponential rate constant

blowing coefficient (transpiration parameter)
char bridge population

char

carbons per aromatic cluster

heat capacity

diameter

diffusivity

activation energy

fraction of element i remaining in the char
carbon aromaticity

hydrogen aromaticity : :
fraction of aromatic carbopn with hydrogen attachments
radiation view factor from surface 1 to surface 2
convective heat transfer coefficient

heat of reaction

thermal conductivity

labile bridge population

mass

molecular weight

pressure

radiation heat transfer rate

reaction rate for reaction i _
disk radius for radiation correction to particle heating
ratio of the separation distance to the disk (z/rg)
Reynolds number

Schmidt number

Sherwood number

time

temperature

spin relaxation time in NMR analysis

velocity

volatiles

ultimate volatiles yield

moisture evaporation rate

mass fraction

yield factor for two-step devolatilization rate
distance from injection point
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Nomenclature for Chapter 5 (cont.)

Greek

€ emissivity

) side chain population

p density

c Stefan-Boltzman radiation constant; standard deviation
o+1 coordination number (number of total attachments per cluster)
0 Correction factor for blowing

) viscosity

T time constant

subscripts

att attachments to clusters

b labile bridge

C carbon

clust aromatic clusters

) side chains

€ emissivity

8 gas

h heater

H hydrogen

i ith reaction; injection tube

m mass

0 surface

p particle

T temperature

tot total

v velocity

w water; wall

oo bulk gas condition (distance from surface = o)
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6. RESULTS OF ADDITIONAL EXPERIMENTS
Transition from Coal Devolatilization to Char Combustion
A. Introduction .

Coal devolatilization affects the combustion performance of pulverized fuel boilers in
many different ways. The primary influences of coal devolatilization on combustion
performance are the amount of mass released as volatile matter and the heating value
of the pyrolysis products. The volatile matter is released quickly compared to the
subsequent heterogeneous char oxidation, and significantly influences near-burner gas
temperatures and stoichiometry. Equally important is the amount of mass remaining
in the char, since this is the mass that must be oxidized in the available residence
time in the furnace. The physical structure of the char subsequent to devolatilization
(ie., internal surface area, pore size, and porosity) determines the rate of char
oxidation. Many devolatilization experiments have been conducted at moderate
temperatures (800 to 1300 K) and moderate heating rates (103 to 104 K/s), since this
regime allows definition of primary devolatilization products and rates of evolution. At
higher temperatures and heating rates, the primary devolatilization products
decompose in the gas phase. Secondary devolatilization products formed from gas
phase decomposition of primary volatiles include additional light gases as well as
soot. The physical and chemical nature of the char is dependent on the devolatilization
conditions, which are dependent on the heating rate and oxygen concentration. In
order to understand the transition from coal devolatilization to char oxidation, the
effect of high temperatures (1300 to 2000 K) and rapid heating rates (> 105 K/s) on
devolatilization must be characterized.

Coal particle swelling must be understood as a function of heating rate and
temperature before a description of the transition from coal devolatilization to char
oxidation can be completed. As high volatile bituminous coals are heated, the
aliphatic bonds between the aromatic clusters are broken, and fragments are formed
with small enough molecular weight to become liquid. The liquid in the coal is termed
metaplast. Further increases in temperature raise the vapor pressures of the lower
molecular weight species in the metaplast, and tar vapor is released from the particle.
Light gases are formed from the aliphatic bridge material. High volatile bituminous
coals contain enough metaplast for the particle to exhibit liquid properties in certain
temperature regimes. As internal gases (light gases and tar vapors) are generated,
bubbles are formed. With sufficient bubble formation, the internal pressure becomes
larger than the surface tension of the particle, and the particle diameter increases. In
low rank coals, crosslinking reactions scavenge much of the metaplast before it can be
released as tar, and no particle swelling is observed.

The degree of particle swelling during devolatilization may affect the particle
temperature in a practical coal combustion system; thermal radiation to the particles is
significant in large combustors. Heat transfer to and from particles is a function of the
particle surface area, which is proportional to the square of the particle diameter.
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Particle size, density, and internal surface area also significantly affect the rate of char
oxidation. Small particles may burn in a regime where oxygen penetrates the pores of
the particles (Zone I), and hence the reaction rate is controlled by the intrinsic
chemical reactivity of the char. Intermediate size particles may burn in a regime where
time scales of internal diffusion of oxygen through the pores and the intrinsic chemical
reactivity are of the same order (Zone II). Large particles may burn in a regime where
the rate is controlled by the diffusion of oxygen to the particle surface from the ambient
gas stream (Regime III).

The physical properties of a coal char are rank dependent. Chars from low rank coals
do not swell, and exhibit high internal surface areas. Chars from bituminous coals may
soften, resulting in large internal voids caused by bubbles in the particle during
pyrolysis. The large internal voids generated in softening coals reduce the diffusion
resistance in the particle in Zone II combustion conditions, although for simplicity
most char combustion studies assume a continuous pore structure throughout the
particle.

In an oxidizing atmosphere, devolatilized gases and tar vapors combust with the
oxygen. At rapid heating conditions typical of pulverized fuel furnaces, the mass
release from the particle is high enough to reduce the amount of heat transfer to the
particle (particle blowing). The oxygen is partially consumed by combustion with the
volatiles, and the mass flux of volatiles is large enough to prevent diffusion of oxygen
to the surface. However, during the late stages of devolatilization, the mass flux is
not as high, and it is therefore possible that oxygen may react heterogeneously with
the char before complete devolatilization.

The purpose of this study is to investigate the transition from coal devolatilization to
char oxidation, including the differences in the physical and chemical char structures
formed during devolatilization and combustion experiments. This study also includes
investigation of the total mass release attributable to devolatilization as a function of
temperature, and possible regimes where devolatilization and char oxidation at rapid
heating conditions may occur simultaneously.

In the following section, a literature review of previous research on high temperature
devolatilization yields and particle swelling behavior is presented. Results of Sandia
experiments in the CDL and CCL in different gas phase oxygen environments are then
presented.

B. Background

High Temperature Coal Devolatilization gT,2 > 1300 K)

Many coal devolatilization experiments have been conducted at temperatures less
than 1300 K. However, relatively few detailed studies of devolatilization have been
performed at temperatures higher than 1300 K. The results of experiments performed
without an aerodynamic separation of tars and soot from char particles [e.g.,
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Kobayashi, et al., 1976; Ubhayakar, et al., 1976] are questionable, since the
redeposition of pyrolysis products onto the char makes interpretation difficult.
Wornat, et al. [1987] studied the soot/tar ratio from a bituminous coal at temperatures
ranging from 1100 to 1500 K; total mass release was not reported as a function of
temperature. Serio, et al. [1987] reported volatiles yield for a lignite at 1073 K
(V =55% daf) and 1873 K (V = 68% daf), although the lignite was not held at 1073 K
long enough to achieve complete devolatilization. The most notable high temperature
products from the 1873 K experiment were CO and Hp. Kimber and Gray [1967] used
a plasma torch for a heat source in a drop tube furnace, with graphite resistance
heaters for walls. Samples were collected in a water cooled probe equipped with a
cyclone separator. The total volatiles yields (% daf) reported for a low rank coal were
48% at 1370 K, 60% at 1720 K, and 72% at 2170 K.

Tamhankar, et al. [1984] used a modified thermogravimetric analyzer (TGA) to study
the pyrolysis behavior of lignite at heating rates ranging from 100 to 1000 K/s and
temperatures between 973 and 1873 K in Nj, COp, and H2O. A plateau in the
volatiles yield was observed at 1473 K, followed by additional rapid rise at 1700 K.
Morgan and Dekker [1987] used a drop tube to measure volatiles yields for three
coals (hvb, mvb, lvb) at 1473, 1673, and 1773 K. A gas quench probe and a cyclone
separator were used in these experiments. Residence times were estimated at 80 ms
maximum. All three coals showed increase in yield at each increase in temperature.
Blair, et al. [1976] studied nitrogen evolution from coal using a graphite ribbon. The
experiments were conducted at high heating rates, with temperatures ranging to
1400 K. The data show increases in yield with increasing temperature for Illinois #6,
Wyodak and one other coal. Pohl and Sarofim [1976] used an entrained flow reactor
and a crucible heater to examine nitrogen evolution during pyrolysis. Temperatures as
high as 2300 K were achieved in their experiments. Continual increases in yield with
temperature were observed for a bituminous coal and a lignite.

Particle Swelling Behavior

Lightman and Street [1968; Street, et al., 1969] examined the characteristics of chars
from pyrolysis of high volatile bituminous coals in a drop tube furnace with air or
nitrogen as the carrier gas. Their findings indicated a sequence of swelling that
included: (i) fissures in the particles (~ 573 K); (ii) larger fissures, with internal gas
bubbles evident (~ 723 K); (iii) large interconnected internal voids, with surface
bubbles apparent (~ 773 K), (iv) ignition (~ 913 K). They classified the particles into
four categories: (a) relatively solid particles with fissures and ash sandwiches; (b)
lacy cenospheres with many internal partitions; (¢) thin-walled balloons; and (d) thick
walled cenospheres. Particles treated in nitrogen possessed a more open structure
and were more swollen than those treated in air. Swelling was shown to be influenced
by the duration and temperature of treatment. Swelling ratios were obtained for four
different coals, with furnace temperatures of 1073 K, as summarized in Table 6.1.
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Table 6.1

Summary of Swelling Data from Lightman and Street (1968)

Coal Size (Wm) B.S. Swelling Swelling Ratio
Number
Air Nitrogen

Rawdon 63-75 1/2 1.04

53-63 1.16
Ackton Hall 24-30 5 1.09
53-63 1.10

90-105 1.09 1.57
Grange Ash 53-63 8 1.16
Yniscedwyn 63-63 0 1.00

The data for the bituminous coal (Ackton Hall) indicated 57% diameter change when
particles were heated in nitrogen, but only 10% diameter change when heated (and
combusted) in air. The lower rank coal (Rawdon) exhibited less diameter change
when heated in the nitrogen environment. These data suggest that the
devolatilization of coal in oxidizing atmospheres may inhibit particle swelling for
bituminous coals.

Tsai and Scaroni [1987] studied the structural changes in bituminous coal particles
heated in a drop tube furnace to 1200 K (estimated heating rate of 104 K/s). Data
‘were presented for 112 um diameter particles heated in nitrogen and in air. Diameter
increases were determined by combining measurements of apparent density (tap
density technique) with measurements of mass release (ash tracer technique).
Pyrolysis in nitrogen showed a swelling region with particle diameter increases of up
to 20%, followed by shrinkage region with subsequent deceases in diameter of
approximately 10%. In the combustion tests with the same coals, the swelling was
more pronounced (up to 30% swelling), with subsequent large extents of shrinkage
(partially due to combustion). The internal particle surface area was characterized by
COy adsorption. Particles heated in air and in Nj exhibited identical changes in
internal surface area as a function of mass release, until the onset of char oxidation in
the combustion experiment.

Melia and Bowman [1983] suggested a three zone model for particle swelling during
devolatilization: (1) a rigid coal matrix; followed by (2) a low viscosity plastic state;
followed by (3) a rigid char matrix. Their model suggests that the extent of swelling is
dependent on particle heating rate. At low heating rates (~1 K/s), little swelling
occurs, while maximum swelling occurs at heating rates of 104 to 105 K/s. At even
higher heating rates, little swelling occurs. This model relies heavily on data obtained
by Pohl, et al. [1978], where particle diameter increases of 1000% were reported.
However, diameter increases reported in the literature are generally less than 100%;
the large diameter increases reported by Pohl and coworkers may. have been caused
by particle agglomeration.

6-4



C. Approach to the Present Experiments

Recent coal combustion research at Sandia includes both devolatilization experiments
(discussed in this report) and char oxidation experiments [Hurt, et al.,, 1992]. A
description of both of the Sandia Coal Devolatilization Laboratory (CDL) and the
Sandia Coal Combustion Laboratory (CCL) is presented in Section 2 of this report.
The goal of this research effort is to describe the reaction behavior of coal particles
throughout their lifetime in a typical pulverized coal-fired boiler. The devolatilization
experiments have been conducted in 100% nitrogen to isolate the pyrolysis reactions,
with typical particle heating rates of 104 K/s and particle temperatures as high as
1200 K. The char combustion experiments have been conducted in oxidizing
environments (6-12 mole-% oxygen) after the pyrolysis process is complete, with
minimum particle heating rates of approximately 105 K/s and particle temperatures of
approximately 1500 K [Hurt, et al., 1992]. In order to adequately describe combustion
behavior in a large scale system, it is important to bridge the gap between the
devolatilization experiments and the char oxidation experiments.

Common coal samples were used in the coal devolatilization and char oxidation
experiments. Char samples collected in the two laboratories were analyzed for
organic and inorganic elemental composition. The ratio of the apparent density of the
char sample to that of the parent coal is measured using a tap density technique. The
mass mean diameter of the char sample is determined from the combination of the
extent of mass release and the apparent density, using the following relationship:

(ﬁ
Po
where d is the particle diameter, m is the mass of the particle, p is the apparent
density of the particle, and the subscript o refers to the parent coal sample.

(i)g (), | 61

do Mo

The differences in swelling behavior between experiments conducted in the CDL and
the CCL are attributed to three independent reactor parameters: (a) gas phase oxygen
concentration;(b) particle heating rate; and (c) the presence of post-flame combustion
products (i.e., HoO, COy, and radicals such as OH). The experiments described here
were performed to investigate the effects of gas phase oxygen concentration on coal
particle swelling behavior during devolatilization. In particular, the effect of oxygen is
studied by performing experiments in the CDL with controlled amounts of oxygen
added to the nitrogen environment, and by performing experiments in the CCL with
little or no oxygen present in the post-flame environment. The particle temperature
histories in the two flow reactors are not changed significantly by adding or
subtracting oxygen. Future experiments should characterize the effects of heating
rate and post-flame combustion products on coal particle swelling during
devolatilization.

The CCL experiments with no post-flame oxygen required modifications to the
sampling system to aerodynamically separate tars, soot and aerosols from char
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particles. The cyclone from the CDL was therefore used in these experiments to
prevent the tar and soot from recondensing on the char particles. The extent of mass
release from the char particles was determined from the trace mineral species (Si, Al,

Ti, and total ash). Apparent density was determined as described above. Samples

were obtained in the CDL at two different residence times in the 1250 K gas condition:
130 ms (subsequent to tar release) and 250 ms (reactor exit). Samples were taken
just subsequent to the pyrolysis zone (47 ms, 6.4 cm above the burner) in the CCL.
Maximum gas temperatures in the CCL experiments were approximately 1600 K,
corresponding to the temperatures used in previous char combustion experiments.

D. Results

Analyses of char and tar samples obtained during devolatilization in the CDL in 100%
N, are tabulated in the appendix. Also included in a separate appendix are the
analyses of char samples collected in the CCL in the 0% post-flame oxygen condition.
This section discusses the results obtained in the devolatilization experiments in the
CDL and the CCL.

Total Volatiles Yield

The total volatiles yield data from the experiments performed in the CDL and in the
CCL are shown in Table 6.2 for five different coals. The percentage of oxygen in the
parent coal is used as-an indicator of rank. The terms CCL-0, CCL-6 and CCL-12
denote experiments in the CCL with 0, 6, or 12% oxygen in the post flame gas. All of
the data shown for CCL-6 and CCL-12 were obtained for the size fraction 106-
125 um (see Hurt, et al. [1992]). The 106-125 pum-size-fraction was -also-used-for the
CDL-0 and CCL-0 experiments on PSOC-1445D, 1493D, and 1508D. In the CDL-0
and CCL-0 experiments, however, due to insufficient quantities of the 106-125 um
size fraction, the 75-106 um size fraction of PSOC 1507D and the 63-75 um size
fraction of PSOC-1451D were used. ‘ '

Table 6.2 ,
Comparison of Total Volatiles Yields in the CDL and CCL Experiments

Coal Type| Oxygen | ASTM | CDL-0 | CCL-0 | CCL-6* | CCL-12*
(PSOC-) | (% daf) | V(% daf) | V(% daf) | V(% daf) | V (% daf) | V (% daf)

1507D 25.2 49.6 537 58.6 61.7 61.7
1445D 16.3 46.8 534 56.2 64.2 69.3
1493D 13.6 43.4 53.5 583 58.0 58.0
1451D 7.6 387 53.1 52.2 54.0 54.0
1508D 4.8 17.2 15.9 17.4 204 22.8

 *see Hurt, et al. [1992]
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The total volatiles yield data are shown in Fig. 6.1 as a function of the oxygen content
of the parent coal. The measured yields in the CDL and the CCL exceed the ASTM
total volatiles yields for all five coals. The yields from the CDL-0 low rank coal
experiments are 3-4% lower than the yields in the CCL-0 experiments, indicating that
the increased temperature in the CCL resulted in additional mass release. However,
for the Pittsburgh #8 hva bituminous coal (1451D) and the Pocahontas low volatile
bituminous coal (1508D), the yield obtained in the CDL-0 experiments was nearly
identical to the yield obtained in the CCL-0 experiments. The extent of mass release
in the CCL-6 and CCL-12 experiments was 3 to 13% higher than in the CCL-0
experiment, with the most dramatic increase in yield with oxygen observed for the low
rank coals. The increase in yield seen for the low rank coals is most likely due to the
onset of heterogeneous char oxidation in the late stages of devolatilization. This
hypothesis is consistent with the fact that lignite char reactivities are higher than
bituminous coal char reactivities. The data for the low volatile coal (1508D) indicate
that the presence of oxygen increases the extent of mass release at comparable
residence times from 16% daf to 23% daf. The reactivity of high rank coals is much
lower than the lignites, and hence chars from high rank coals shouldn't be expected to
react with oxygen during the late stages of devolatilization. On the other hand, since
the volatiles flux is quite low for such high rank coals, and oxygen may penetrate to
the particle surface during devolatilization. This may allow enough residence time and
high enough surface oxygen concentrations for char oxidation to occur before the
completion of devolatilization.

Elemental Composition

The changes in elemental composition of coal chars during devolatilization in
experiments conducted in the CDL are discussed in Chapter 5 in connection with a
coalification diagram. The H/C vs. O/C coalification diagram also provides a useful
visualization of the change in elemental composition of coal chars during the transition
from devolatilization to char oxidation. Figure 6.2 shows the elemental compositions
of chars from five coals examined in the CCL under the following conditions: (a) 0%
post-flame oxygen (CCL-0), 47 ms; (b) 6% post-flame oxygen, 47 ms; and (c) 6%
post-flame oxygen (CCL-6), 72 ms. :

In general, the elemental compositions of the chars from the CCL-0 condition closely
match those of the chars taken immediately after tar release in the CDL. However,
chars taken from the CCL in the 6% post-flame oxygen condition at the same
residence time (47 ms) contain substantially less hydrogen than chars from the CDL
or CCL-0 condition (except for the Pittsburgh #8 char). Chars from the higher rank
coals in the CCL require longer residence times to release the hydrogen, and reach the
H/C ratio of the low rank coals at 72 ms in the CCL-6 condition. The oxygen content
of the chars obtained at 72 ms in the CCL-6 condition is remarkably similar to the
oxygen content of the chars from the CDL obtained at the longest residence times.
This implies that in the early stages of char combustion, the hydrogen is attacked
heterogeneously by oxygen, although this is difficult to distinguish from degassing
reactions. Since the hydrogen in these chars exists as either attachments to aromatic
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rings (Ar-H), attachments to aliphatic carbon (Ar-CH3z, Ar-CHj3-Ar), or phenols
(Ar-OH), it is easy to see that the gas-phase oxygen likely reacts with hydrogen
preferentially to carbon in the initial stages of char combustion.
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(1]
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g subbituminous
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— 0,
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o —&— CCL 6% O,
0 1508 -A— CCL 12% O,
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Figure 6.1 Comparison of mass release due to devolatilization in different
experiments in the CDL and CCL for five PSOC-D coals. The ASTM

total volatiles yields are shown for reference. The elemental oxygen level -

in the parent coal is used as an indicator of coal rank.

Chemical Structure of Coal Chars

Char samples from five coals collected at 47 ms residence time in the CCL with 0%
post-flame oxygen were analyzed by !13C NMR spectroscopy at the University of Utah
in collaboration with Professor Ronald Pugmire and Dr. Mark Solum. These analyses
are tabulated in the appendix. The chars taken from the CCL-0 condition are very
similar in chemical structure to the chars taken immediately after tar release in the
CDL experiments at 1250 K (residence times of approximately 70 to 100 ms). In the
CDL, these chars have finished releasing tar, and are beginning the slower gas
release phase. The chars in the CCL-0 condition at 47 ms have just completed tar
release as well, and hence should be followed by a slower light gas release region.
Examples of the similarity in chemical structure of chars from the 1250 K gas condition
in the CDL and from the CCL-0 condition are shown in Figs. 6.3 to 6.5. The solid
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lines in these figures represent the CDL-0 data at different residence times, while the
dashed line represents data from the CCL-0 experiments.

The NMR analysis of the parent coals from the CDL was performed approximately
two years earlier than the NMR analysis of the coals used in the CCL-0 experiments.
These duplicate analyses are indicated by the solid circles in Figs. 6.3 to 6.5, and
represent possible changes in composition of the parent coal as well as experimental
errors in the NMR techniques. For the most part, the two sets of NMR analyses are
in good agreement; the most notable exception is the cluster molecular weight of the
parent Illinois #6 coal (~ 13 % daf oxygen). The 106-125 pum size fraction of this coal
came to Sandia in two separate bottles from PETC, and the coal used in the CDL
came from a different jar than that used in the CCL experiments. The elemental
analyses of these two sets of Illinois #6 coals also indicate two different sets of coals,
since the average compositions of the two sets of coal analyses differ by more than
the experimental error. The carbon aromaticities and molecular weight of attachments
to aromatic clusters for the two Illinois #6 coals agree much better than the cluster

molecular weights.
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Figure 6.2  Coalification diagram showing the elemental compositions of
parent coals and reacted chars from the CDL (solid lines and
points) and the CCL (dashed lines and open points). The
shaded area represents the typical range of compositions of
unreacted coals.
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Figure 6.5  Comparison of molecular weights of attachments to aromatic
clusters in char samples from the CCL-O condition and the
1250 K gas condition in the CDL.

The carbon aromaticities (percentage of carbon in aromatic rings) in the CCL-0 chars
from low rank coals (i.e., high oxygen content) are similar to the carbon aromaticities
in chars collected at 70 ms in the 1250 K gas condition in the CDL. However, the
carbon aromaticities in CCL-0 chars from the high rank coals are similar to the chars
collected at 100 ms in the CDL. The molecular weights of clusters and attachments to
clusters (Figs. 6.4 and 6.5) in the CCL-0 chars from the low rank coals lie halfway
between the values observed in the chars collected at 70 and 100 ms in the CDL. In
contrast, the molecular weights of clusters and attachments to clusters in CCL-0
chars from the high rank coals are most similar to the CDL chars collected at 100 ms.

Quantitative measures of chemical structure (e.g., carbon aromaticities, cluster
molecular weights) for the CCL-0 chars always lie close to the values observed in the
chars collected at 70 or 100 ms in the CDL, and do not approach the values observed
at 250 ms in the CDL. The chemical structure data for the CCL-0 chars therefore
indicate that tar release in the CCL is complete at 47 ms, but that further release of
light pyrolysis gases is still underway in the early stages of char combustion. This is
consistent with the observations of the elemental compositions of the CCL-0 chars
discussed in the previous section of this chapter. Simultaneous char combustion and
light gas evolution occur as the char ignites, and must both be considered in the
determination of reactivities early in the char combustion process.

Swelling Behavior

The results of Lightman and Street [1968; Street, et al., 1969] indicate that particle
swelling is reduced in the presence of oxygen. A possible physical explanation for this
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phenomenon is that oxygen scavenges the radicals in the coal particle as the particle
begins to soften, forming a rigid structure before the onset of devolatilization drives
the oxygen from the particle surface. Differences in swelling behavior between

experiments in the CDL and CCL for Pittsburgh #8 hva bituminous coal particles are

observed that may be caused by the difference in the gas phase oxygen concentration
in the two experiments. Experiments were therefore performed in the CDL to
determine the effect of ambient gas phase oxygen concentration on the swelling
behavior of a Pittsburgh #8 hva bituminous coal (PSOC-1451D). Oxygen was added
in controlled amounts to both the flow reactor gas and the coal entrainment gas.
Oxygen concentrations in the flow reactor were checked with an oxygen analyzer.
Initial experiments were performed at low oxygen concentrations to reduce wear of
flow reactor components and to limit the amount of char oxidation in the reactor. The
apparent densities of the samples are an indicator of the amount of particle swelling,
since the extent of mass release is virtually identical for all samples. For this coal,
apparent density ratios of 0.2 correspond to 50% diameter change, while density ratios
of 0.4 correspond to diameter changes of less than 10%.

The first set of samples were collected at the exit of the flow reactor (250 mm from the
point of coal injection) in both the 1050 K and 1250 K gas conditions. Two general
types of particles were encountered in the collected samples: (1) round, partially-
transparent, balloon-like cenospheres; and (2) molten opaque particles with many
blow holes. These two types of particles are illustrated in Fig. 6.6; the transparent
nature of the particles is difficult to see in these photographs. The balloon-like
cenospheres are much larger (110 to 180 pm) than the opaque particles (50 to
130 pm). Roughly 30-40% of the particles in a given sample were balloon-like
cenospheres. The two types of particles were observed in electron micrographs and
cross section photographs (see Figs. 5.31 and 5.32 in Chapter 5; see also Lightman
and Street, 1968), although the electron micrographs do not reveal the transparent
nature of the balloon-like cenospheres. Cross-section photographs show large
internal voids (30-50 um in diameter) in most of the particles. The balloon-like
cenospheres are much lighter (lower apparent density) than the opaque particles, and
accumulate at the top of the sample vials. Initial tap density measurements were
performed on only a portion of the collected samples; the densities from these
experiments were skewed because the balloon-like cenospheres were located at the
top of the sample vial. This may be a source of error in previously reported
experiments. Care was taken to use all of the sample from a given experiment during
the tap density measurements reported here in order to avoid density classification.

Results of the sampling experiments conducted in the 1250 K gas condition in the CDL
for PSOC-1451D (63-75 um) are shown in Fig. 6.7. Samples were obtained at an
axial distance of 250 mm, corresponding to residence times of 250 ms. Particle ignition
was not observed in these experiments. The data indicate that the apparent density
of the particles begins to rise at an ambient oxygen concentration of 3%. Optical
microscopy of these samples showed, however, that the rise in apparent density is
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a. Balloon-like cenospheres from the top of the sample vial

b. Opaque particles from the bottom of the sample vial

AT it sy g w"' haad, 4 3/ » 0

Figure 6.6 Photographs of char particles from PSOC-1451D (63-75 tm initial size
L) fraction) collected at 250 ms in the 1250 K gas condition in 3% oxygen in
i‘ g the CDL. Ten divisions on the size scale are equivalent to 139 pm.,
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due to the partial oxidation and fragmentation of the balloon-like cenospheres. The
apparent density of a broken shell fragment is much greater than that of an intact
hollow sphere, since apparent density is the mass per external volume. The thin walls

of balloon-like cenospheres burn more rapidly than the thick-walled cenospheres, and

it is possible that the balloon-like cenospheres fragment due to oxidation prior to the
first sampling location in most char combustion experiments, An examination of
samples obtained in the char combustion experiments in the CCL revealed the
absence of any transparent cenospheres; these types of particles were either not
formed or were consumed upstream of the sampling location [Hurt, et al., 1992].

A second set of experiments was performed in the CDL to determine the effect of gas
phase oxygen concentration on the degree of swelling during pyrolysis before the
onset of char oxidation. The 75-106 um size fraction of PSOC-1451D Pittsburgh #8
hva bituminous coal was used for these experiments, due to limited quantities of the
63-75 and 106-125 pum size fractions. As indicated in Chapter 5, the main region of
mass release for the 1250 K gas condition occurs at residence times between 70 and
100 ms. Samples were therefore collected at residence times of 130 ms to ensure
completion of devolatilization and to minimize residence time for oxidation of the
balloon-like cenospheres. Oxygen concentrations of 0, 5, and 10 mole-% were
employed in these experiments. Ignited particles were observed in the 10% oxygen
experiments, with ignition of a few particles starting at 90 ms; no particle ignition was
observed in the 5% oxygen experiments. Particle luminosity ceased at the probe tip
due to the helium quench jets. Balloon-like cenospheres were observed in samples
from all three oxygen conditions, since any ignited particles were quenched within 10-
40 ms. The apparent density ratios of samples obtained in the CDL are all on the
order of 0.15, as shown in Fig. 6.8. From these experiments, it is concluded that the
ambient oxygen concentration does not affect the particle swelling behavior during
pyrolysis at heating conditions encountered in the CDL (~10% K/s).

Pyrolysis experiments were conducted in the CCL at higher heating rates and
temperatures by adjusting the flame stoichiometry to achieve post-flame oxygen
levels in the 50 ppm range (referred to as 0% O2). Mass release for this set of
experiments are reported above in Table 6.2. - The apparent density ratios (p/po) and
the swelling ratios (d/do) obtained in the CDL and CCL for different coal types are
given in Table 6.3. These data indicate that the oxygen concentration has little effect
on the swelling behavior of coal particles sampled in the CCL-0 experiments (where
heating rates are slightly higher than in the CDL, as indicated in the next section).
Pittsburgh #8 coal particles swell by approximately 50% in the CDL experiments in
oxygen concentrations ranging from 0 to 10%, and the apparent density ratios range
from 0.15 to 0.20. These same particles swell by less than 10% in the CCL, even in
the 0% post-flame oxygen condition. The differences in particle swelling behavior
observed in the two reactors is therefore attributable to (a) differences in particle
heating rate, or (b) the presence of combustion products (H20O, CO», and radicals such
as OH) from the flame in the CCL.
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Figure 6.7 Apparent density ratios (p/po) for char particles from PSOC-1451D (63-
75 um size fraction) collected at 250 ms in the 1250 K gas condition in the
CDL at different gas phase oxygen concentrations.
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Figure 6.8 Apparent density ratios (p/po) for char particles from PSOC-1451D (75-
106 um size fraction) collected at 130 ms in the 1250 K gas condition in

the CDL at different gas phase oxygen concentrations.
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Table 6.3
Apparent Densities and Swelling Ratios for Chars Collected
in the CCL at Three Different Gas Phase Oxygen Concentrations

a. Results of CCL, 0% Oxygen Experiments (47 ms residence time)

Apparent Mass Diameter

PSOC- Coal Size Fraction | Density | Remaining| Change

(Lm) (p/pg) (m/mg) (d/dg)
1507 Beulah Zap 75-106 0.64 048 - 0.90
1445 New Mexico Blue 106-125 0.32 - 040 1.08
1493 Illinois No. 6 106-125 0.35 0.48 1.11
1451 Pittsburgh No. 8 63-75 0.39 0.50 1.08
1508 WYV Pocahontas 106-125 0.57 0.86 1.14

b. Results of CCL, 6% Oxygen Expérimehts (47 ms residence time)

Apparent Mass Diameter

PSOC- Coal Size Fraction | Density | Remaining| Change

(Um) (P/Po) (m/mg) (d/dg)
1507 Beulah Zap 106-125 0.61 0.47 0.92
1445 New Mexico Blue 106-125 0.46 0.49 1.02
1493 Illinois No. 6 106-125 0.52 0.49 0.97
1451 Pittsburgh No. 8 106-125 0.38 0.50 1.10
1508 WYV _Pocahontas 106-125 0.46 0.83 1.22

c. Results of CCL, 12% Oxygen Experiments (47 ms residence time)

Apparent Mass Diameter

PSOC- Coal Size Fraction | Density | Remaining} Change

(um) (0/pg) (m/mg) (d/dg)
1507 Beulah Zap 106-125 0.63 0.47 0.91
1445 New Mexico Blue - 106-125 0.39 0.49 1.08
1493 Illinois No. 6 106-125 0.47 0.49 1.01
1451 Pittsburgh No. 8 106-125 0.39 0.50 1.08
1508 WYV _Pocahontas 106-125 0.51 0.81 1.17
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E. Heating Rates in the Char Combustion Laboratory

The most probable cause for the difference in particle swelling behavior in samples
collected in the CDL and CCL is a difference in the particle heating rate. The particle
heating rate in the CDL was carefully determined by measurements of particle size,
temperature, and velocity, coupled with the use of a model of the transient heating
process [Fletcher, 1989a and 1989b]. A similar detailed investigation of the particle
heating rates in the CCL was not performed previous to this work, as it is not in
general necessary for the determination of char oxidation rate parameters at
measurements heights above this transient heating zone.

Inlet gas flow rates for the gas condition in the CCL flow reactor with 0% post-flame

“oxygen are listed in Table 6.4 and the corresponding gas temperatures as a function of

height above the burner are listed in Table 6.5. The total volumetric gas flow rate into
the reactor was 59.53 standard liters/min (slpm), corresponding to an initial gas
velocity of 38.4 cm/s at the burner surface. The velocity constants c¢; and c2
determined for this gas condition are 0.298 and 2.16 x 10-5, respectively. The gas
temperature between the burner surface and the first thermocouple measurement
height (1.3 cm) is assumed to increase linearly, and hence the gas velocity in this
region is assumed to also increase proportionally to temperature without any
boundary layer effects. Gas velocities obtained using this method for the pre-flame
region, along with velocities calculated from Eq. 2.1 for the post-flame region, are
shown in Table 6.6.

The gas flow rate to the particle feeder is typically 5 standard cm3/min (sccm) of No,
This flow rate through a tube with an inside diameter of 0.102 cm results in an
entrainment gas velocity entering the flow reactor of 72 cm/s. Particle velocities at the
entrance to the flow reactor are calculated from the initial gas velocity using following
expression for the gas-particle relative terminal velocity:

d2 _ .
Vierm = _ﬁi(%;g_pé’_) (62)

where terms are defined in the nomenclature for this chapter.

With the gas temperature and velocity defined, as well as the initial particle velocity
and temperature, the particle continuity, momentum and energy equations are solved
as explained by Fletcher [1989a; see also Fletcher and Hardesty, 1989]. This work is
limited to devolatilization in inert environments, where the particle temperature is not
influenced by the combustion of volatiles near the particle surface. Properties of
PSOC-1493D Illinois No. 6 hvb bituminous coal (106-125 um) and initial reactor
conditions used in these calculations are listed in Table 6.7. Particle heat capacities
are taken as a function of particle temperature from the correlation of Merrick (1983)
based on elemental composition of the parent coal. Additional calculations were
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Table 6.4
Gas Flow Rates for Gas Condition 106 in the CCL
Species Inlet Gas Flow Rates
(standard liters/min)
CHy 1.34
Hjp 7.34
07 5.40
N (fuel stream) 3.34
No(oxidizer stream) 42.11
Total 59.53
Table 6.5 ,
Centerline Gas Temperatures for Gas Condition 106 in the CCL
Height above Thermocouple bead Corrected gas
burner (cm) temperature (K) temperature (K)
0.0 300 300
1.3 1543 1608
2.5 1521 1583
3.8 1508 1568
6.4 1487 1545
12.7 1443 1495
19.1 1401 1449
25.4 1357 1400
31.8 1312 1351
38.1 1271 1306

performed without the moisture in the coal. In order to obtain a direct comparison
between laboratories, the adjustment to the characteristic particle heating time used
to fit the measured particle temperatures in the CDL experiments (7, = 0.56 17, ,) by
Fletcher (1989) was also used as a parameter in the calculations of particle
temperature in the CCL.

A typical particle temperature history for a 115 um coal particle in Gas Condition 106
in the CCL (0% post-flame O2) is shown in Fig. 6.9, along with the corresponding gas
temperature and particle heating rate. The initial temperature rise between 0 and 18
ms is very slow, as moisture in the coal evaporates. This period is followed by a rapid
rise in particle temperature due to the large difference in gas and particle temperature
near the CH4/H/O7/N9 diffusion flame. After the flame, the particle heating rate
decreases as the particle reaches its asymptotic temperature. The slight dip in the
particle heating rate profile between 35 and 80 ms is caused by the blowing effect of
rapid volatiles release from the coal. In this region, the velocity of volatiles escaping



from the particle surface is large enough to impede conduction of heat from the
surrounding gas.

Table 6.6
Gas Velocities for Gas Condition 106 in the CCL
Height above Gas Gas Velocity
burner (cm) temperature (K) (cm/s)
0.00 300 38
0.25 557 71
0.50 815 104
0.75 1072 137
1.3 1608 176
2.5 ' 1583 189
3.8 1568 199
6.4 1545 216
12.7 1495 247
19.1 1449 ‘ 270
25.4 1400 287
31.8 1351 300
38.1 1306 310
1800 110°
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Figure 6.9  Particle and gas temperature histories for PSOC-1493D Illinois No. 6
hvb bituminous coal (106-125 pum size fraction) in gas condition 106
in the CCL. Calculations performed with 3. 3% initial moisture
without the Fletcher heatmg correction.
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Table 6.7
Input Parameters for Calculation of
Coal Particle Temperature Histories in the CCL

Initial gas temperature (K) 300
Initial gas velocity (cm/s) 72
Initial particle density (g/cm3) 1.2
Initial particle diameter (Lm) 115
Swelling factor (df-do)/do 0.0
Heat of pyrolysis (cal/g) -100
Initial moisture content (% of as rec'd coal)™* 3.3
Initial ash content (% of dry coal)™* 3.16
Total emissivity 0.7
Effective wall temperature (K) 500

Rate constants for 2-step model

A (s 17,600
Az (ssD* 1.46 x 1013
E; (kcal/mol)* 17.6
E; (kcal/mol)* 60.0
Y 0.39
Yo" 1.0

Carbon 74.12
Hydrogen 4.96
Nitrogen 1.45
Oxygen 13.18
Sulfur 6.29

Elemental Organic Composition of Parent Coal (% daf)**

Rate constants taken from Ubhayakar, et al. (1976)

Coal properties and yield factors obtained by comparison with data
for PSOC-1493D Illinois No. 6 hvb bituminous coal (106-125 um
size fraction) obtained in the Sandia CDL (Fletcher and Hardesty,
1989).

EE)]

The particle temperature in the 0% Oz environment eventually reaches a pseudo-
equilibrium state with the local gas temperature; particle thermal radiative heat losses
are balanced by convective heat transfer to the particle from the gas. Particle
temperatures at residence times larger than 100 ms should therefore be 50 to 100 K
lower than local gas temperatures in 0% Op. If oxygen is present, the exothermic heat
of char oxidation raises the particle temperature above the local gas temperature,
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Particle heating rates in the CCL flow reactor were calculated for an Illinois No. 6 coal
particle as a function of size, moisture content, and assumptions regarding the
characteristic particle heating time. The peak particle heating rates for this set of
calculations are summarized in Table 6.8, and compared with heating rates from the
CDL in Fig 6.10. For the typical size fraction of coal used in char combustion
experiments in the CCL (106-125 um, or 115 um average diameter), maximum
particle heating rates are 4.5 x 104 K/s if the Fletcher heating correction is used and
moisture is taken into account. For a size range more typical of an industrial boiler
(55 um), the maximum heating rate is just over twice that calculated for a 115 pm
diameter particle. When moisture is excluded in the calculations, the calculated
heating rate decreases slightly.

Table 6.8 :
Maximum Particle Heating Rates in the CCL
for an Illinois No. 6 hvb Bituminous Coal

Heating Rate (K/s)

Particle Size

% Moisture

with Fletcher

without Fletcher

(um) (as received) heatup correction heatup correction
115 0 40x 104 2.9 x 104
" 3.3 4.5x 104 3.2 x 104
55 0 8.9x 104 7.5 x 104
" 3.3 9.3 x 104 7.8 x 104

A maximum particle heating rate in the CDL of 2.2 x 104 K/s is calculated for the
115 um size fraction (when moisture is included). This maximum heating rate is
smaller than that in the CCL (for identical computational procedures) by a factor of 2
to 3. The maximum heating rates in the CCL for 55 um particles is 2.3 times that in
the CDL.

It is possible that flow reactor experiments in the CDL with helium as the carrier gas
might increase the particle heating rate above that experienced in the CCL. If heating
rates in the CDL using helium are, in fact, greater than in the CCL, this would be a
good test of the hypothesis that the increased heating rate reduces the extent of
particle swelling in softening coals.

The small difference of particle heating rates between the CDL with nitrogen gas and
the CCL with 0% post-flame Op (a factor of two to three) seems like a narrow range
to cause such a dramatic effect in particle swelling characteristics for a Pittsburgh No.
8 coal (50% diameter change in the CCL, 5% diameter change in the CDL, with
accompanying changes in apparent density). This raises the possibility that the
difference in swelling behavior may be caused by some other effect, such as
differences in gas composition.
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Figure 6.10 Comparison of calculated particle heating rates in the CDL flow

' reactor and in the CCL flow reactor in 0% O for an Illinois No. 6
hvb bituminous coal as a function particle size and moisture
content. Calculations in the CDL include a correction to the
characteristic particle heating time, based on measured sizes,
temperatures, and velocities of individual particles (Fletcher,
1989).

F. Conclusions

Based on the results of the experiments conducted in the CDL and the CCL as a
function of gas phase oxygen concentration, the following conclusions are reached:

1. The degree of swelling during coal pyrolysis at rapid heating conditions
(> 104 K/s) is not affected by the gas phase oxygen concentration. Changes in
particle swelling caused by the presence of oxygen reported in other
experiments may be due to partial oxidation of char samples subsequent to
pyrolysis.

2. Pittsburgh #8 coal particles increased in diameter by 50% in the CDL

experiments and by less than 10% in the CCL experiments. Differences in
swelling behavior were caused by differences in particle heating rate and/or the
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presence of post-flame combustion gases (e.g., CO2, H20, or trace radical
species).

3. An examination of samples obtained in the char combustion experiments in the
CCL revealed the absence of any transparent cenospheres; these types of
particles were either not formed or were consumed upstream of the sampling
location.

4. Calculations of particle heating rates indicate that maximum particle heating
rate in the CCL for the size fractions typically used (106-125 pum) is 4.5 x
104 K/s, which is a factor of two to three higher than the maximum heating rate
experienced in the CDL experiments. The calculated difference between the
particle heating rates at 0% Op in the two different laboratories may be
responsible for the differences in the physical properties of the char particles.
Because the heating rates were within a factor of two to three, however, other
possible causes for the observed differences in swelling behavior should also
be investigated.

Temperature Measurement of Burning Char Particles
A. Background

At the request of Phil Goldberg (Pittsburgh Energy Technology Center, PETC) and
Don McCollor (University of North Dakota Energy and Mineral Research Center,
UNDEMRC), temperatures of individual burning char particles were measured in a
gas environment of roughly 10% oxygen and 1000 K in the CDL. The purpose of these
experiments was to confirm the results obtained at similar conditions in a flow reactor
at UNDEMRC. The reactivities determined from char combustion experiments at
UNDEMRC are obtained from particle temperature measurements using three color
pyrometry at wavelengths ranging from 0.8 to 1.0 um. Two different samples were
studied at UNDEMRC: (a) char from PSOC 1451 Pittsburgh #8 high volatile
bituminous coal, 75-90 um size fraction, and (b) char from PSOC 1507 Beulah Zap
lignite, 75-90 um size fraction. Roughly 400 mg of each char sample was received
from UNDEMRC, with no details concerning how the char was formed. Photographs
of the lignite char particles were taken through a microscope; these particles are non-
spherical, with aspect ratios as high as 2. This means that major axis diameters were
as large as 190 um. The bituminous char particles appeared spherical, with diameters
ranging from 70 to 100 um. '

B. Experimental Approach

In the CDL experiments, the flow reactor heaters were adjusted so that gas
temperatures of 1000 K were achieved in the lower third of the quartz tower. A blend
of nitrogen and air (total flow rate = 30 standard liters/min) was used to obtain the
desired oxygen concentration in the flow reactor. Spherocarb particle temperatures
were measured at z = 250 mm in 10% oxygen as a calibration reference; Spherocarb
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particles are pure carbon spheres, and do not burn under these conditions. Table 6.9
shows the Spherocarb particle temperature measurements grouped into size bins of
10 pm. Note that the standard deviations in particle temperature for each size bin are

less than 5 K under these conditions. The particle sizes also correspond to the

expected sizes of Spherocarb particles (125-149 um). The particle temperatures are
roughly 50 K lower than the gas temperature due to radiative loss through the
transparent flow reactor walls.

Table 6.9
Spherocarb Temperature Measurements in 10% O

'COAL TYPE: Spherocarb, 3-30-88, UNDEMRC study
MAXIMUM GAS TEMPERATURE: 1000 K
SAMPLING HEIGHT: 250 mm

dp number Tp oT vp Oy & Og
(um) (K) (K) (m/s) (m/s)

105 0 0 0 0 0 0 0
115 1 948 0 0.87 0 0.925 0
125 7 948 4.8 0.91 0.03 0.852 0.034
135 17 951 3.1 0.93 0.03 0.781 - 0.052
145 11 947 4.7 0.94 0.03 0.755 0.049
155 10 945 4.7 0.97 0.03 0.727 0.084
165 4 942 4,7 1.00 0.02 0.693 0.060
175 3 943 3.9 0.98 0.02 0.631 0.058
185 0 0 0 0 0 0 : 0

NUMBER OF PARTICLES = 53

PARTICLES SCREENED BASED ON EMISSIVITIES FROM 0.00 TO 10.00

C. Results for Bituminous Coal Char

In a gas environment of 12% oxygen and 1000 K, UNDEMRC measurements of the
bituminous char particles showed particle temperatures of 1680 K with a standard
deviation of 33 K. In our study at 12% O and 1000 K, the vast majority of these char
particles did not ignite. Table 6.10 shows the results from the bituminous char particle
experiments in the CDL. Note that these temperatures are very similar to the
Spherocarb particle temperatures, indicating that the particles are not burning. It is
estimated that only 1-5% of the bituminous char particles ignited, based on visual
observations and the fraction of particle emission signals that were saturated when
the oscilloscope was set for low voltage signals when the laser trigger was not used.
Detailed temperature measurements of the few particles that ignited were not
obtained, due to the limited quantity of char sample available. However, from the
magnitude of the occasional emissions from ignited particles, it is estimated that these
particles were burning at temperatures exceeding 1500 K (and possibly much higher).
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This would support the bituminous char particle temperature of 1680 K measured at
UNDEMRC under these conditions . "

Table 6.10 4
Particle Temperature Measurements of PSOC-1451D Char in 12% O

COAL TYPE: UNDEMRC Pitt. #8 char, 12% 02
MAXIMUM GAS TEMPERATURE: 1000 K
SAMPLING HEIGHT: 200 mm

dp number Tp oT Vp oy &p O¢
(um) (K) (K) (m/s) (m/s)
35 0 0 0 0 0 0 0
45 0 0 0 0 0 - 0 0
55 1 1043 0 0.81 0 0.74 0
65 4 946 7.7 0.86 0.01 1.33 0.3
75 14 950 9.3 0.87 0.02 1.16 0.2
85 13 960 38.1 0.87 0.02 1.06 0.3
95 14 957 30.7 0.89 0.04 0.90 0.1
105 8 966 524 0.89 0.01 0.67 0.2
115 8 960 374 0.88 0.02 0.66 0.2
125 2 946 16.0 091 0.02 0.51 0.1
135 1 959 0 0.98 0 0.53 0.0
145 5 956 21.7 0.94 0.07 0.66 0.1
155 0 0 0 0.00 0 0 0
165 0 0 0 0.00 0 0 0
175 1 949 0 0.88 0 0.52 0
185 0 0 0 0 0 0 0

NUMBER OF PARTICLES = 71

PARTICLES SCREENED BASED ON EMISSIVITIES FROM 0.00 TO 10.00

The UNDEMRC experiment uses only particle emission as the triggering system to
save oscilloscope traces for determination of particle temperatures. The pyrometer
system used in that experiment has a lower temperature threshold of 1200-1300 K for
individual 100 pum particles. Only ignited particles are therefore measured under these
conditions. In a subsequent conversation with UNDEMRC personnel, it was revealed
that the data rate for temperature measurement of these char particles was very slow,
which would be consistent with the scenario of a large number of non-burning particles
that were not detected in the UNDEMRC experiments.

D. Results for Lignite Char

The particle temperature reported by UNDEMRC for the lignite char was 1586 K with
a standard deviation of 56 K for gas conditions of 10% O3 and 1000 K. These lignite
char particles were found to burn quite vigorously in our study in 10% O at 1000 K.
Bright streaks characteristic of burning char particles were observed to start at an
axial distance of ~ 75 mm and extinguish at a distance of ~ 250 mm. Particle velocities
in this gas condition were roughly 90 cm/s, which means that particle were ignited
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extinguished in roughly 200 ms. The extinction of particle burning is due to depletion
of carbonaceous material in the char particles. The gas concentration and temperature
profiles in this region of the flow reactor do not change appremably under these flow
conditions. A small percentage of particles were seen to ignite in the exhaust duct
after exiting the flow reactor; this is due to increased oxygen levels experienced before
significant particle cooling. In 10% oxygen, though, very few (if any) ignited particles
were observed at locations between z = 250 mm and the reactor exit (300 mm).

In order to reduce noise in the particle temperature data due to non-spherical particles
and multiple particle emission, a particle emissivity is calculated from the measured
particle size and two-color temperature using the emission intensity at the 2.2 pm
wavelength. Only particles with similar emissivities are considered in the data
analysis. This emissivity calculation reflects errors associated with the temperature
and size measurements. With non-spherical particles such as the lignite char, the
measured diameter of each individual particle can be different than the diameter
corresponding to the particle surface area, and hence a fairly wide distribution of
emissivities are calculated.

Lignite char particle temperature measurements were performed at z = 200 mm,
although some of the char particles seemed to extinguish before this point. The
" experiments wete therefore repeated at z = 185 mm, where particle extinction did not
visually seem to occur. The emission from the burning particles was found to be
almost as intense as the scattered light signal from the HeNe laser, and care was
taken to adjust the level of trigger detection so that only emission signals triggered by
the laser scattering were stored.

Particle temperature measurements during char combustion are generally grouped into
size bins. However, this set of data exhibited large standard deviations in particle
temperature for each size bin, and the data was therefore grouped into particle
temperature bins (regardless of particle size). Table 6.11 shows the emissivity-
classified temperature measurements for the lignite char in 10% O at 1000 K, with
particles grouped into temperature bins. A bimodal temperature distribution is
observed, as shown in Fig. 6.11, with approximately 75% of the particles in the non-
burning mode at 1000 K and 25% of the particles in the burning mode around 1600 K.
The sizes of the particles at the two temperatures are the same, so that when particle
temperatures are grouped into size bins (Table 6.12), the standard deviations in
temperature for each size bin are 250 K. These size-classified temperature data are
difficult to interpret without knowledge of the bimodal temperature distribution.

The lignite char was also studied in a gas environment of 5% Op at 1000 K. The char
streaks under these conditions were less intense, and extended past the reactor exit.
No extinction of burning char particles was observed under these conditions.
Table 6.13 shows the measured temperature distribution of the emissivity-classified
lignite char particles in this 5% O environment, grouped into particle temperature
bins. There are still significant numbers of slowly burning or non-burning particles,
but 75% of the particles measured are burning at close to 1350 K, as shown in
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COAL TYPE: UNDEMRC Lignite Char, 10% 02, 4-1-88, Laser Trlgger
MAXIMUM GAS TEMPERATURE: 1000 K

SAMPLING HEIGHT: 185 mm

Tp
(K)

925

975

1025
1075
1125
1175
1225
1275
1325
1375
1425
1475
1525
1575
1625
1675

NUMBER OF PARTICLES = 47

PARTICLES SCREENED BASED ON EMISSIVITIES FROM 0.30 TO 0.80

COAL TYPE: UNDEMRC Lignite Char, 10% 02, 4-1-88, Laser Trigger
MAXIMUM GAS TEMPERATURE: 1000 K

number

NN.{;Noowgo»—uHm\o;w

avg. Tp

(K)

934
979
1016
1079
1138
1164
1226
0
1332
1382
0
0
1523
1588
1605
1677

SAMPLING HEIGHT: 185 mm

155

NUMBER OF PARTICLES = 47
PARTICLES SCREENED BASED ON EMISSIVITIES FROM (.30 TO 0.80

number

NOUWILOCOAIBRNDN

Tp
(X)

963

1068
1278
1134
1135

1224

1132
979
1356
0
1015

Table 6.11
Particle Temperature Measurements of PSOC-1507D Char in 10% O,

or

(K)

11.9
13.6
12.9
12.9
0.0

13.7

0
0
0
0
0
0
17.4
9.2
4.0
20.5

(m/s)

0.98
0.97
0.94
0.95
0.90
0.95
0.90

0.84
1.00
0.00

0.99
0.87
0.87
0.90

Table 6.12
Particle Temperature Measurements of PSOC-1507D Char in

oT
(K)

59
44
280
237
250
241
212
34
267
0
9
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(m/s)

1.00
0.97
0.95
0.96
0.93
0.93
0.93
0.92
0.93

0.94

(m/s)

0.02
0.07
0.05
0.07

0
0.05

SO OO OO

0.01
0.02
0.01
0.06

(m/s)

0.01
0.08
0.05
0.06
0.10
0.06
0.04
0.06
0.07

0.54
0.52
0.50
0.48
0.71
0.51
0.75
0.00
0.39
0.52
0.00

0.58
0.58
0.65
0.54

0.51
0.52
0.54
0.48
0.59
0.56
0.63
0.43
0.48
0.00
0.36

10% O,
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. Table 6.13 ‘
Particle Temperature Measurements of PSOC-1507D Char in 5% O2

COAL TYPE: UNDEMRC Lignite Char, 5% 02, 4-1-88, Laser Trigger ’
MAXIMUM GAS TEMPERATURE: 1000 K
SAMPLING HEIGHT: 185 mm

S

PR O R SR S N

&

»—tr—tt—lr-d)—iv—lr-*[\)r-lo

Tp number avg. Tp oT Vp Oy €p
(¥) X) (K) (m/s) (m/s)
975 4 984 10 1.05 0.07 0.51 0.
1025 3 1013 6 0.98 0.05 0.57 0.
1075 9 1083 9 0.93 0.02 0.68 0.
1125 6 1122 10 0.92 0.01 0.65 0.
1175 3 1180 17 0.91 0.01 0:63 0.
1225 4 1228 14 0.88 0.08 0.59 0.
1275 3 1277 14 0.90 0.04 0.49 0.
1325 19 1335 12 0.87 0.08 0.56 0
1375 22 1368 11 0.86 0.09 0.60 0.
1425 1 1413 0 0.84 0.00 0.61 0
NUMBER OF PARTICLES = 74
PARTICLES SCREENED BASED ON EMISSIVITIES FROM 0.30 TO 0.90
Table 6.14
, Particle Temperature Measurements in 5% 02
COAL TYPE: UNDEMRC Lignite Char, 5% 02, 4-1-88, Laser Trigger
MAXIMUM GAS TEMPERATURE: 1000 K .
SAMPLING HEIGHT: 185 mm
dp number Tp oT vp oy €p
(um) : (K) (K) (m/s) (m/s)
55 1 1382 0 0.85 0.00 0.72 0.
65 2 1385 13 0.90 0.00 0.68 0.
75 5 1274 81 0.87 0.02 0.71 0.
85 6 1235 136 0.91 0.07 0.65 0.
95 20 1221 139 0.90 0.12 0.65 0.
105 16 1249 127 0.92 0.05 0.60 0.
115 10 1269 - 137 0.89 0.03 0.57 0.
125 4 1239 117 0.90 0.02 0.47 0.
135 4 1254 155 0.92 0.05 0.48 0
145 5 1282 134 0.84 0.16 0.40 0.

NUMBER OF PARTICLES = 74

PARTICLES SCREENED BASED ON EMISSIVITIES FROM 0.30 TO 0.90
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Figure 6.11 Particle temperature distribution for lignite char burning in 10% O
at a gas temperature of 1000 K in the CDL. Measurements taken
at 185 mm from the particle injector.

Fig. 6.12, The size-classified temperature data in Table 6.14, grouped into particle
size bins, show standard deviations of 125 K for each bin, which can be attributed to
the presence of non-reacting particles. '

E. Discussion

The particle to particle variation in mode of burning is not surprising, since coal is
known to be heterogeneous in nature. Different particles exhibit variations in organic
composition, maceral structure, shape, mineral content. Char particle ignition in this
lightly loaded system is a function of gas temperature, oxygen level, and particle
composition. Gas temperatures of 1000 K must be close to the ignition limit for these
char particles, since a fraction of the particles do not burn. In experiments at higher
gas temperatures, such as in the SNLL char combustion facility, non-burning particles
are not observed until char combustion is nearly complete. For example, Fig. 6.13
shows a typical set of measured particle temperature data from the CCL for PSOC-
1507D Zap lignite [Hurt, et al.,, 1992]. Gas temperatures in theis experiment are
approximately 1500 K, so the small fraction of particles in the 1500 K temperature bin
represents non-burning particles.
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Figure 6.12 Particle temperature distribution for lignite char burning in 5% O3
at a gas temperature of 1000 K in the CDL. Measurements taken
at 185 mm from the particle injector.

The presence of non-burning particles makes determination of reactivities very
difficult.- Reactivities obtained from mass measurements or gas phase COj
measurements assume that all of the particles behave uniformly. Such reactivities are
empirical in nature, and include the ratio of burning particles. Reactivities based on
conditionally-averaged particle temperature measurements (where only the burning
particles are observed) may only be applied to systems where 100% of the particles
burn. Combined measurements of particle mass and temperature are also difficult to
interpret if some fraction of the particles do not ignite. -

F. Conclusions

The size and temperatures of burning char particles were measured in the CDL in Na-
O, atmospheres at 1000 K containing up to 12% Oj. Temperatures of burning
bituminous char particles were estimated to exceed 1500 K (compared to 1686 K
measured at UNDEMRC), but less than 5% of the particles ignited under these
conditions, and detailed statistical measurements were not possible. It is difficult to
compare the temperatures measured in this experiment with those measured at
UNDEMRC, since it not clear how to conditionally average the data from ignited and
non-reacting particles. Lignite char particle temperatures measured in the CDL in
10% O were approximately 1600 K, which is the in the same range as measured at
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UNDEMRUC, since it not clear how to conditionally average the data from ignited and
non-reacting particles. Lignite char particle temperatures measured in the CDL in
10% O3 were approximately 1600 K, which is the in the same range as measured at
UNDEMRC (1586 K). However, data from the lignite char experiments in the CDL
also indicate the presence of significant numbers of non-burning particles (25 to 75%).
Extents of burnout in solid samples taken from experiments where significant numbers
of char particles have not ignited are impossible to interpret unless the precise
percentage of non-burning particles is known.
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Figure 6.13 The distribution of temperatures for char particles of Beulah Zap
lignite (PSOC-1507D) burning in 6 mole-% oxygen in the CCL
flow reactor. [Figure taken from Hurt, et al., 1992]
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Nomenclature for Chapter 6

Symbol Definition

d diameter
g gravitational constant
m mass (per particle)
Tp particle temperature
v velocity
z axial distance
p density
U viscosity
Subscripts
8 gas
0 initial
p particle
term terminal
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7. SUMMARY AND CONCLUSIONS

The motivation for the development of the Sandia Coal Devolatilization Laboratory
was to provide a means for determining devolatilization rates based on direct
measurements of the size, temperature, and velocity of individual particles during
devolatilization. After that task was accomplished, attention was focused on studying
the chemical and physical processes that occur to coal particles during devolatilization
in experiments where the particle temperature was well characterized. This
comprehensive document presents all of the coal devolatilization data obtained at
Sandia, and discusses the results. The quantitative information contained in the
appendix represents a significant contribution, since these data may now be used to
refine modern devolatilization models. The data for different coals are discussed in the
main body of the report with regard to a number of subtopics (e.g., elemental mass
release, chemical structure, etc.) relevant to coal devolatilization. The presentation of
the data and discussion of the results are included in the main body of the document by
topic. Conclusions from the different areas of research are summarized below.

Experiments in 100% N,
A. Particle Temperature Histories

The large differences in reported devolatilization rates are attributed to the difficulty in
determining accurate particle time-temperature profiles during devolatilization under
rapid heating conditions. This difficulty arises because a major portion of volatiles are
released during particle heating. Particle temperature histories are acutely sensitive
to the local gas temperature and to the diameter, heat capacity, and apparent density
of the particles.

In order to avoid the difficulties associated with inferred particle temperatures, an
optically accessible entrained flow reactor and infrared sizing-pyrometer system was
developed and used to measure simultaneously the size, temperature, and velocity of
individual particles in the flow reactor at different residence times. This is the first
time that individual coal particle temperatures have been measured during
devolatilization. Comparison of measured sizes and temperatures of pure carbon
spheres with those of pyrolizing coal particles shows that the temperature
measurement is not influenced significantly by the tar cloud surrounding each particle.
Results indicate that gas and particle temperatures and velocities in the flow reactor
are significantly influenced by local cooling near the point of coal injection, which may
be a cause for the large discrepancy in reported devolatilization rates measured in
conventional drop tube reactors.

Temperatures as low as 850 K were measured for 100 um diameter particles, which is
low enough for particle temperature measurements during the middle to late stages of
devolatilization at rapid heating rates. Spherocarb and coal particle temperatures,
measured as a function of particle size, were compared with calculated temperatures
as a function of residence time. Measured particle temperatures were found to be
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higher than calculated based on the centerline gas temperatures, emphasizing the
need for the particle temperature measurements. Measured coal particle
temperatures and velocities are fit using the general form of the particle energy
equation in order to extrapolate to particle temperatures lower than 850 K.

B. Extent of Mass Release

Extents of mass release were determined from char samples using Si, Al, Ti, and total
ash content as tracers. Tracers were chosen for each coal to minimize scatter in the
mass release data, since the ICP and ashing procedures did not seem to give uniform
results as a function of coal type. The total volatiles yields for four of the coals in the
1250 K gas condition (lignite, subbituminous, hvb and hva bituminous) were ~ 53% on
a daf basis, while the total yield for the low volatile bituminous coals in this gas
condition was 16% daf. The measured yields were in excess of the ASTM volatiles
yields by factors ranging from 1.08 for the lignite to 1.37 for the hva bituminous coal,
while the ASTM volatiles yield for the low volatile bituminous coal was similar to the
measured yield.

C. Coal Devolatilization Rates

Char particles were collected from the flow reactor using a helium quench probe with
an on-line aerodynamic separation of char particles from the devolatilized tars and
gases. Char samples were analyzed for elemental inorganic composition, and several
elements were used as tracers to determine the extent of mass release during
devolatilization. The statistical uncertainty in the mass release data is reduced by
using the average of four independent tracers. The measured mass of volatiles
released in the flow reactor has been compared with several commonly used rate
models.

The data show evidence that the volatiles release is very rapid, and agrees quite well
with the 1-step Arrhenius expression for tar release reported by Solomon, et al.
[1986] for coals experiencing similar heating rates. Three simple rate models, with
constants taken from other experiments, have also been compared with these
temperature-resolved experimental data. Only the 2-step model with coefficients
recommended by Ubhayakar et al. [1976] gives pyrolysis time scales comparable with
this set of data. A more sophisticated model based on the chemical structure of the
coal (the CPD model) used these data as a basis to determine rate coefficients.
Evidence for rank-dependent kinetics is observed when the CPD model is compared
with the time-dependent mass release data from five different coals at two
temperature conditions. '

The particle temperature measurements are viewed as critical to the determination of
pulverized coal pyrolysis rates under rapid heating conditions. Kinetic coefficients
derived from this experiment should be more universally applicable than previous data
where particle temperature measurements were not performed. The facts that the
minimum particle temperature measurement threshold is 850 K, and that
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devolatilization commences at lower temperatures than 850 K, do not impede the use
of these data. On the contrary, if the kinetic rates were slower, as proposed by other
investigators, 850 K would be the temperature at which devolatilization begins. The
data presented here, however, indicate that approximately 50% of the mass release
during devolatilization occurs by the time a particle temperature of 850 K is achieved,
and hence kinetic rates obtained from these data are higher than initially expected.
These data therefore serve as an excellent basis for determining the kinetics of
devolatilization, even though temperature measurements over the entire extent of
mass release are not available. When this project started, the range of
devolatilization rates at any temperature was five orders of magnitude. As a result of
these experiments, the current uncertainty in devolatilization rates at rapid heating
rates is thought to be less than a factor of five.

D. Physical Structure of Char Particles

Char samples collected in the CDL and in the CCL were analyzed for apparent
density, and an effective diameter was calculated from the apparent density and the
extent of mass release. Maximum particle swelling occurred in the chars from
Pittsburgh #8 coal collected in the CDL, with a 50% diameter increase observed. The
low rank coals did not swell significantly. The low rank coal chars exhibited a great
increase in internal surface area compared with the high rank coals chars. Chars from
a softening coal (Pittsburgh #8) were examined with SEM in order to show the
different stages of swelling, including the opening of fissures, the generation of internal
voids, and the rounding of surface features due to softening.

E. Elemental Mass Release

Elemental release rates from five different coals during devolatilization were
measured. Low rank coals release oxygen earlier than high rank coals. In general,
oxygen and hydrogen release occur at similar rates, while carbon and nitrogen release
rates are correlated for all coals. The carbon release rate is proportional to the total
mass release rate in the high rank coals, but is slower than the total mass release for
low rank coals due to the large quantity of oxygen that is released early in the
devolatilization process. '

When coals devolatilize, the elemental release profiles do not follow the coalification
band. Oxygen and hydrogen are released during devolatilization at similar rates, and
hence the low rank coal char profiles bypass the bend in the coalification band. The
fully-devolatilized coal chars all lie in a small region of the coalification chart compared
to the diversity of the parent coals. However, the fully-devolatilized chars collected
do exhibit slight differences, especially with respect to oxygen content, and none
approach the composition of graphite.
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F. Chemical Structure

Char Structure from NMR_Analyses

Based on the NMR analyses of the chars formed during devolatilization of five coals of

different rank at the 1250 K gas condition, the following conclusions are reached:

1)

2)

3)

4)

NMR data can be used to track lattice parameters associated with average cluster
size and cross linking reactions. Under rapid heating conditions the NMR data
demonstrate that the Zap lignite undergoes early cross linking behavior, while
higher rank coals exhibit a slower overall rate of crosslinking.

Under rapid heating conditions (104 K/sec), the data exhibit: a) little evidence of
cluster size growth in the macromolecular structure; b) crosslinking at the same
time that aliphatic carbons are released; c¢) little evidence for graphitization under
the temperature and residence time conditions of these experiments.

In the Illinois No. 6 coal, most of the mass release has occurred before significant
changes in carbon aromaticity has occurred. In chars from Zap lignite, the changes
in carbon aromaticity occur much earlier than for the bituminous coal.

The carbon skeletal structure of the final chars from coals of all ranks are quite
similar, even though the structures of the initial coals are quite different.

Tar Structure from NMR Analyses

Based on the 'H and 13C NMR analysis of the tars collected from four coals of
different rank in the 1250 K and 1050 K gas conditions, the following conclusions are
reached:

1)

2)

3)

The pyrolysis temperature has a major effect on the tar structure. The proton and
carbon aromaticities of the tars from a given coal in the 1250 K gas condition are
higher than for samples collected at comparable extents of mass release in the
1050 K gas condition.

The carbon aromaticities of the bituminous and subbituminous coal tars at 1250 K
are higher than the values for the corresponding chars collected at the same
residence time. On the other hand, the carbon aromaticities found in the Zap
lignite tars are comparable to those observed in the chars.

The proton NMR data suggest that in the 1250 K gas condition, hydrogens
associated with 2- and 3-ring aromatic compounds increase, while that of 1-ring
compounds decrease for the Illinois No. 6 tars. Similar but less compelling
evidence is noted for the lignite and subbituminous coal tars. These data may
suggest the conversion of hydroaromatic species to condensed polynuclear
aromatic species and/or ring polymerization.
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4) The a-hydrogen content in the initial tars evolved increases as a function of coal
rank. The o-hydrogen in the tars from the three non-lignitic coals decreases with
residence time at the 1250 K condition but not at the 1050 K condition. This
observation suggests that relatively stable CH and/or CHy bridges exist at the
1050 K gas condition in the higher rank coals. However, at 1250 K substantial
bond rupture may be occurring.

5) The a-methyl groups are released early in tars from all four coals at 1250 K., but do
not decrease significantly at 1050 K.

6) The y-methy! groups in both tars are the most susceptible to cracking reactions in
the gas phase, but the extent of release of the - and y-hydrogens is based on gas
temperature conditions and residence time. The percentage of y-methyl groups in
the initial tar evolved decreases as coal rank increases.

The NMR data presented here for char and tar samples from the CDL have led to
greater understanding of the pyrolysis process. These data are unique, not only
because they are the first to be taken as a function of residence time at rapid heating
rates, but because the temperature and reaction history is so well-characterized. The
chemical percolation devolatilization (CPD) model [Grant, et al., 1989; Fletcher, et al,
1990; Fletcher, et al., 1991] directly uses these data on the chemical structure of
parent coals as input parameters, and the data at later residence times are used to
evaluate the model.

Tar Structure from Mass Spectrometry

Based on the Curie-point GC/MS and low-voltage MS analyses of. the tar formed
during devolatilization of Beulah Zap, New Mexico Blue, Illinois #6, P‘ittsburgh #8, and
Pocahontas #3 coals, the following conclusions are reached:

1. The degree of aromaticity increases rapidly in tars from all five coals as a
function of residence time at the 1250 K gas temperature. However, little
increase in aromaticity in the tars is detected at the 1050 K gas temperature,

2. At a gas temperature of 1250 K, devolatilization is complete within 70 msec
and secondary gas-phase reactions of tar vapors can be observed within 100
msec. At 1050 K, the devolatilization process appears to be more or less
complete after 250 msec.

3. In order to study the complete devolatilization process and the possible onset
of secondary reactions, further experiments should be conducted at an
intermediate temperature, e.g., 1150 K.



These conclusions are consistent with the 1H and 13C NMR analyses performed
previously on these same tars.

Results of Additional Experiments
A. Transition from Coal Devolatilization to Char Oxidation

Based on the results of the experiments conducted in the CDL and the CCL as a
function of gas phase oxygen concentration, the following conclusions are reached:

1. The degree of swelling during coal pyrolysis at rapid heating conditions
(> 104 K/s) is not affected by the gas phase oxygen concentration. Changes in
particle swelling caused by the presence of oxygen reported in other
experiments may be due to partial oxidation of char samples subsequent to
pyrolysis.

2. Pittsburgh #8 coal particles increased in diameter by 50% in the CDL
experiments and by less than 10% in the CCL experiments. Differences in
swelling behavior were caused by differences in particle heating rate and/or the
presence of post-flame combustion gases (e.g., COg, HyO, or trace radical
species).

3. An examination of samples obtained in the char combustion experiments in the
CCL revealed the absence of any transparent cenospheres; these types of
particles were either not formed or were consumed upstream of the sampling
location.

4. Calculations of particle heating rates indicate that maximum particle heating
rate in the CCL for the size fractions typically used (106-125 pm) is 4.5 x
104 K/s, which is a factor of two to three higher than the maximum heating rate
experienced in the CDL experlmcnts The calculated difference between the
particle heating rates at 0% O in the two different laboratories may be
responsible for the differences in the physical properties of the char particles.
Because the heating rates were within a factor of two to three, however, other
possible causes for the observed differences in swelling behavior should also
be investigated.

B. Temperature Measurements of Burning Char Particles

The size and temperatures of burning char particles were measured in the CDL in N2-
O, atmospheres at 1000 K containing up to 12% Op. Temperatures of burning
bituminous char particles were estimated to exceed 1500 K (compared to 1686 K
measured at UNDEMRC), but less than 5% of the particles ignited under these
conditions, and detailed statistical measurements were not possible. It is difficult to
compare the temperatures measured in this experiment with those measured at
UNDEMRGC, since it not clear how to conditionally average the data from ignited and
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non-reacting particles. Lignite char particle temperatures measured in the -CDL in
10% Oz were approximately 1600 K, which is the in the same range as measured at
UNDEMRC (1586 K). However, data from the lignite char experiments in the CDL
also indicate the presence of significant numbers of non-burning particles (25 to 75%).
Extents of burnout in solid samples taken from experiments where significant numbers
of char particles have not ignited are impossible to interpret unless the precise
percentage of non-burning particles is known.
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Appendix A
Derivation of the Blowing Parameter

This appendix contains a formal derivation of the moisture evaporation equation at
high rates of mass transfer, For a binary system (Hz0 in Nj), the rate of mass
transfer is defined as follows:

npA-®ama+ng) = -pDap Vo (A.1)
or

np = -pDap V @4 - 0a(na+np) (A.2)
The sum (na + np) can be expressed as a total flux nt to give:

ny = -p DAV 04 - Wp DT (A.3)

In one-dimensional spherical coordinates, Eq. A.3 becomes:

Jw
na = -p DABEA— - A NT (A.4)

Multiplying both sides of Eq. A.4 by 12 yields:

12 np = -p DB r2§§%‘5 -12 WA NT (A.5)

The species continuity equation for a binary system is:

WA _ Fonp+ fa (A.6)

where ra is the net production rate of species A in the gas phase, which is zero for the
case of moisture evaporation. The process can also be assumed to be at steady state,
with no unsteady accumulation of water vapor near the particle. Eq. A.6 then
becomes:



Vong = 0 | (A.7)
or
19 (2 — | |
o (2na) = 0 . | (A.8)
which reduces to:
2np= ¢ (A.9)

where ¢ is a constant, Equation A.5 can be differentiated with respect to r, resulting in
the following:

i or

a2
o +—{ 12 wa n7) (A.10)

or

a_w_A)

D an 12
PoABT or

"
Grouping terms, and assuming that pDAB does not vary with r, -

:pDMaf
2 np or'

_@_( 2 a(l)A
or or

w4 ) (A.11)

Equation A.12 is a second order partial differential equation:

x*y) = Ay (A.12)
where ‘
A = 20T (A.13)
pDan
The solution to Eq. A.12 is:
y = cieAX 4 ' - (A.14)

where y = wa and x = 1. As proof, take the appropriate derivatives and compare with
Eq. A.12:
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. AcpeAlx
y === —
X

x2y' = AcreAlx

A201 e Alx

(XZ yt)l — - = A ye
X

(A.15)

(A.16)

(A.17)

The boundary conditions for evaporation of a water droplet in an infinite medium

become:
(a) atr = R:
WA = Ao (atx=R,y=yo)
Yo = Ci e A/R ¢y
(b) at r = oo:

WA = WA (AtXx=R,y=Yyo)

Yoo = €1 +C2
Combining Egs. A.19 and A.21,
€2 = Yoo -Ci
and Eq. A.19 therefore becomes:
Yo = cre AR ¢y +y,

so that

Yo Yo = Cl(e'A/R' 1)
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(A.18)

(A.19)

(A.20)

(A.21)

(A.22)

(A.23)

(A.24)



Solving for ¢y,

Yo = Yeo

C1 = (C'A/R-l)

Using these boundary equations, Eq. A3 becomes:

Acy e Al
2

R
na k=R =-pDaB + WA DT

'p DAB A((DA,O - mA,oo) C'A/R
nalp=r = >
RZ(e-A/R- 1)

+ mA,o nT

Now let B = A/R. Equation A.27 becomes:

- Dap (0o - Oae BeB
npalr=r = P | (R : ) (e?Be_ 1)+(°A,onT

Multiplying the eB term by eB/eB,

-pDaB (WA0-WA=) B
n l - — y: ) 3
A'r=R R (CB } 1)

+ WA 0 NT

The mass transfer coefficient km, is commonly correlated as:

kndpy

Sh = = 2+ 0.6 Re®? 8¢03%
Pg Dw

where km is defined by the rate of mass transfer at low mass transfer rates:

nalr=r =km (O)A,O - mA,‘”)

(A.25)

(A.26)

(A.27)

(A.28)

(A.29)

(A.30)

(A.31)

At low particle Reynolds numbers typical of pulverized coal combustion, Sh = 2.0, and

K _2pDap _ pDaB
mTT 4 = R
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The mass transfer coefficient ky, defined in Eq. A.30-A.32 is therefore substituted into

Eq. A.29:

B

npAli=R = km (®a,0 - WA ) m + WA NT

If water is the only reaction rate at the surface,

nali—r = npk=gr ='ﬂd§‘
n

After dropping the subscript A, Eq. A.33 becomes:

(1-wo)nal=r = ki (@, - 00cc) (cBB- 1)

or

(W - W) B
(1 - 0)0) (CB - 1)

na k=R = kn

The definition of B is therefore:
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(A.33)

(A.34)

(A.35)

(A.36)

(A.37)



Variable

DaB

Subscripts

g 24 © w»

Nomenclature for Appendix A
Definition

particle diameter B A
diffusivity of species A in species B

mass transfer coefficient

mass flux vector of species A per unit area
mass flux of species A per unit area

radial distance .

particle radius

reaction rate of species A

density
mass fraction of species A ( ,

species A
species B

initial condition
total

free stream condition
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APPENDIX B

MEASURED GAS TEMPERATURES,
CORRECTED FOR RADIATION LOSSES

PSOC-1445D, 106-125 um

1050 K* ‘ 1250 K

z (mm) T, (K) z (mm) Ty (K)
0.0 294 0.0 294
2.1 410 , 1.6 455
5.9 570 2.1 474
11.5 664 3.1 522
21.0 760 4.0 565
36.9 862 5.5 636
80.0 975 6.9 682
120.1 1004 8.4 720
150.1 1005 10.5 761
180.0 1000 12.6 794
220.1 989 16.3 843
250.2 977 21.6 898
280.1 972 | 26.1 936
35.1 979

39.8 1023

48.7 1064

59.0 1102

66.9 1126

76.3 1151

102.4 1188

118.5 1220

138.3 1234

159.7 1241

200.9 1241

217.1 1239

236.0 1234

252.1 1224

268.0 1216

285.0 1204

*The first data set for PSOC-1445D at 1050 K was in error, based on measured particle temperatures
and velocities. The "duplicate set" is therefore used as the good set, and these data are from that
“duplicate set."
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PSOC-1451D, 106-125 pm,

1050 K
z_(mm) Ty (K)
0.0 294
4.0 453
6.0 505
8.0 543
10.0 573
12.0 597
14.0 618
16.0 636
18.0 654
20.0 669
24.0 699
28.0 725
32.0 750
36.0 774
40.0 796
45.0 822
50.0 847
55.0 872
60.0 893
65.0 910
70.0 929
80.0 959
90.0 980
100.0 996
120.0 1014
140.0 1021
160.0 1021
200.0 1015
220.0 1010
250.0 004

B-2

1250 K

z (mm) Ty (K)
0.0 204
4.6 574
9.8 708
16.8 802
21.5 902
38.8 986
54.8 1085
75.0 1175
100.5 1234
123.4 1254
147.7 1256
171.4 1252
204.1 1241
236.4 1226
264.9 1208
287.7 1194




1050 K
z_(mm) Ty (K)
0.0 294
7.2 520
12.0 591
17.7 645
219 676
29.1 718
37.5 758
47.3 795
60.0 833
71.9 862
88.4 894
112.9 929
136.6 952
167.9 972
190.8 980
221.7 984
252.2 983
273.7 978
293.7 972

(repeat experiments)

1050 K
z (mm) Ty (K)

0.0 294
2.1 410
5.9 570
11.5 664
21.0 760
36.9 862
80.0 975
120.1 1004
150.1 1005
180.0 1000
220.1 989
250.2 977
280.1 972

PSOC-1451D, 63-75 pum,

1250 K
z(mm) Ty (K)
0.0 294
3.3 512
5.5 603
8.9 692
12.7 753
16.6 802
21.2 847
29.1 909
374 960
50.4 1018
65.0 1066
82.1 1108
101.2 1142
124.9 1171
147.2 1188
173.5 1200
192.5 1203
223.7 1201
253.9 1191
281.2 1178
297.0 1166
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PSOC-1493D, 106-125 um

1050 K 1250 K
z(mm) Tg (K) 7 (mm) " Tg (K)
3.0 438 08 414
6.1 547 2.4 476
11.5 651 4.1 567
21.0 749 6.8 680
29.8 809 10.1 762
43.8 876 16.7 870
60.5 928 24.8 965
82.7 970 - 347 1045
100.1 990 45.0 1108
120.0 1005 61.2 1169
150.0 1015 82.9 1216
180.0 1017 125.8 1247
200.0 1016 140.0 1249
220.0 1013~ 178.4 1240
250.2 1003 221.0 1220
280.0 992 250.0 1202
’ 280.0 1182
(repeat experiments at 1250 K)
z (mm) Ty (K) z (mm) Ty (K)
0.0 292 21.4 936
1.8 418 26.5 984
2.8 516 33.2 1033
3.4 576 44.4 1086
4.2 631 70.0 1151
52 674 100.1 1181
7.1 727 150.0 1192
9.5 772 180.3 1188
12.8 832 250.1 1165
16.5 884 280.5 1152

B-4




PSOC-1507D, 75-106 um

1050 K
z(mm) Tg (K)
0 293.97

3.7 468

5.8 526

9.6 592
12.9 629
17.5 668
23.8 711
29.8 744
38.0 781
49.8 823
63.5 861
78.9 894
96.6 924
116.1 948
138.8 969
160.5 0982
185.3 993
195.5 995
221.4 997
250.6 994
271.4 989
296.6 979

1250 K
z(mm) Tg (K)
0.0 294
3.3 551
9.7 732
14.7 800
21.8 870
29.5 926
39.3 980
50.0 1026
67.9 1083
88.0 1129
112.7 1169
134.5 1193
161.3 1210
179.2 1215
215.8 1217
243.8 1211
271.4 1201
297.4 1186
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PSOC-1507D, 75-106 pm
(repeat experiments)

1050 K
z(mm) Tg (K)
0.0 294
2.1 410
5.9 570
11.5 664
21.0 760
36.9 862
80.0 975
120.1 1004
150.1 1005
180.0 1000
220.1 989
250.2 977
280.1 972

1250 K
z(mm) - Teg (K)
- 0.0. 292
1.8 418
2.8 516
3.4 576
4.2 631
5.2 674
7.1 727
9.5 772
12.8 832
16.5 884
21.4 936
26.5 984
33.2 1033
44.4 1086
70.0. 1151
100.1 1181
150.0 1192
180.3 1188
250.1 1165
280.5 1152
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PSOC-1508D, 106-125 pm,

1050 K
z(mm) Tg (K)
0.0 294
1.2 375
2.2 393
4.4 479
5.9 541
8.3 599
11.8 653
17.9 720
24.6 776
32.0 823
43.0 873
60.9 928
83.9 969
112.7 998
143.7 1013
188.7 1018
221.2 1013
250.7 1003
280.7 992
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1250 K

z(mm) Tg (K)
0.0 292
2.1 479
3.0 547
4.7 645
7.5 733
10.5 797
15.1 865
23.0 945
27.7 983
374 1043
47.5 1086
67.3 1146
97.9 1191 -
141.7 1214
180.0 1214
201.0 1208
225.0 1198
251.0 1185
280.0 1167
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PSOC-1445D, 106-125 um, 1250 K

z (mm) t (ms) vp (cm/s) Tp K) ot (K)
50 58 102 982 59
60 67 105 1000 65
100 103 118 1044 28
180 172 113 1118 14
250 238 08 1107 10

PSOC-1445D, 106-125 pm, 1050 K

z (mm) t_(ms) vp (cm/s) Tp (K) o7 (K)
80 88 115 889 50
120 123 111 941 42
180 180 100 974 25
250 253 _ 87 953 25

1 T Lot !
1200~ 1250 K Condition_,..-==~"" -
g ad
1000 -~

0 >

)

© 800 -

e

o -

Q

£ 600 -

o

l—- -

400§ —
] ] | ] ] ] | ] ]
0 50 100 150 200 250 300
Particle Residence Time (ms)
Figure C.1  Calculated (solid curves) and measured (data points) particle

temperature histories for the 106-125 pm size fraction of PSOC-1445D
New Mexico Blue #1 subbituminous coal in the CDL. Error bars
represent two standard deviations in the measured particle

temperature.
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PSOC-1451D, 106-125 pm, 1250 K

z (mm) t (ms) vp (cm/s) Ty (K) ot (K)
60 69 103 976 48
80 89 107 1048 30
120 127 105 1164 16
200 204 99 1146 16
240 254 99 1155 17

PSOC-1451D, 106-125 um, 1050 K

z (mm) t (ms) vp (cm/s) T, (K) ot (K)
70 93 82 * *
90 118 83 911 19
120 154 81 949 11
200 258 73 1023 6
250 336 57 1001 9

T I | [ | N N | T
1200 et T -

_ R

Y - 1250 K Condition 7]

~ 1000} D U bt LUREEEERD 2=

) Sy T

..é 800 / 1050 K Condition _

0 - ," /" -

Q- .’ x'

£  s00| -

|“_’ —Tp _

s/ | Ty
400 - -
. ] | ] | | ] | 1 ] ] ]
0 50 100 150 200 250 300
Particle Residence Time (ms)
Figure C.2  Calculated (solid curves) and measured (data points) particle

temperature histories for the 106-125 um size fraction of PSOC-1451D
Pittsburgh #8 hva bituminous coal in the CDL. Error bars represent two
standard deviations in the measured particle temperature.
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PSOC-1451D, 63-75 um, 1250 K

z (mm) t (ms) vy (cm/s) Tp (K) or (K)
50 60 95 1017 25
80 90 102 1105 33
120 130 103 1095 19
180 190 98 1164 18
250 255 86 1128 34

PSOC-1451D, 63-75 pm, 1050 K

z (mm) t (ms) vy (cm/s) Ty (K) or.(K)
80 95 100 909 50
120 136 98 876 21
180 200 38 944 56
250 288 72 922 20

I I | I T I [ i | |
1200~ 1250 K Condition T TR —-{ —
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=
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Figure C.3  Calculated (solid curves) and measured (data points) particle

temperature histories for the 63-75 pum size fraction of PSOC-1451D
Pittsburgh #8 hva bituminous coal in the CDL. Error bars represent two

standard deviations in the measured particle temperature.
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PSOC-1493D, 106-125 um, 1250 K

z_(mm) t (ms) vp (cm/s) Th (K) o1 (K)
60 58 142 * *
80 73 126 1091 71
120 104 129 1150 55
180 154 107 1153 25
250 224 87 1135 18

PSOC-1493D, 106-125 pum, 1050 K

z_(mm) t (ms) vp (cm/s) T, K ot (K)
80 91 107 892 48
120 128 107 908 36
180 186 100 922 25
250 266 77 917 14

--------------- ! I
1200~ LT e, ~

e YT ko © :
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Figure C.4  Calculated (solid curves) and measured (data points) particle

temperature histories for the 106-125 pum size fraction of PSOC-1493D
Illinois #6 hvb bituminous coal in the CDL. Error bars represent two
standard deviations in the measured particle temperature.
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PSOC-1507D, 75-106 pm, 1250 K

z (mm) t (ms) vp (cm/s) Tp K) or (K)
30 36 98 * *
50 55 106 * *
80 - 82 116 1076 44 -
120 116 119 1136 41:
180 168 114 1182 32
250 233 101 1182 23

PSOC-1507D, 75-106 pm, 1050 K

z_(mm) t (ms) v (cm/s) T, (K) ot (K)
60 - 70 102 s *
80 89 100 - | * *
120 129 101 953 | 36
180 193 89 974 21
250 278 74 962 19

1
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Figure C.S Calculéted (solid curves) and measured (data points) particle

temperature histories for the 75-106 pm size fraction of PSOC-1507D
North Dakota Beulah Zap lignite in the CDL. Error bars represent two
standard deviations in the measured particle temperature.
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PSOC-1508D, 106-125 pm, 1250 K

z_(mm) t (ms) vp (cm/s) Ty (K) ot (K)
60 66 113 953 35
80 83 119 1008 50
120 116 - 122 1053 43
180 168 109 1103 32
250 239 90 1099 23

PSOC-1508D, 106-125 pum, 1050 K

z (mm) t (ms) vy (cm/s) T, (K) ot (K)
60 70 101 * *
80 89 103 919 50
120 127 110 926 31
180 185 98 972 . 34
250 269 74 989 30

T | ] | | I 1 | ! | '
12001250 K Condition, . .....cevmmssmmmemannann

-
e
e
.

1000 D T AU Foommeeoaee: ] -

800 1050 K Condition

600

Temperature (K)

400

| | ] ] ]
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Particle Residence Time (ms)

Figure C.6  Calculated (solid curves) and measured (data points) particle
temperature histories for the 106-125 wm size fraction of PSOC-1508D
West Virginia Pocahontas #3 lv bituminous coal in the CDL. Error bars

represent two standard deviations in the measured particle
temperature. :
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APPENDIX D

Data Summary:

PSOC-1445D
New Mexico Blue #1

subbituminous coal






j #x PENN STATE COAL DATA BASE ** PSOC-1445

PAGE 1
SAMPLE HISTORY
PENN STATE NUMBER PSOC-1445
COLLECTED BY PENNSYLVANIA STATE UNIVERSITY
COLLECTION DATE 4/2/85
COLLECTOR’S NUMBER
REPORTED RANK SUBBITUMINOUS
SAMPLE TYPE CHANNEL WHOLE SEAM
OTHER SAMPLE INFORMATION REPRESENTS BOTH UPPER & LOWER BLUE
SAMPLE RESERVE 900
SEAM NAME BLUE #1
ALTERNATE SEAM NAME
TOTAL SEAM THICKNESS OFT. 51 IN.
THICKNESS OF SEAM SAMPLED OFT. 51 IN.

PORTION RECOVERED IN CORE
DIAMETER OF CORE

SAMPLE LOCATION
> COUNTRY USA.
STATE NEW MEXICO
COUNTY MCKINLEY
TOWNSHIP -
NEAREST TOWN WINDOW ROCK
COAL PROVINCE ROCKY MOUNTAIN
COAL REGION - SAN JUAN RIVER
COAL FIELD



#* PENN STATE COAL DATA BASE ok

PSOC-1445

PAGE 2
SEAM NAME BLUE #1 COUNTRY U.S.A.
APPARENT RANK HIGH VOLATILE C BITUMINOUS (HVCB) STATE NEW.
, MEXICO

GEOLOGIC INFORMATION
SYSTEM (AGE) CRETACEOUS
SERIES | |

GROUP MESAVERDE
FORMATION | | GALLUP SANDSTONE
OVERBURDEN LITHOLOGY SHALE

FLOOR LITHOLOGY SHALE

SEAM STRATA INFORMATION

THICKNESS

LITHOTYPE
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** PENN STATE COAL DATA BASE ** PSOC-1445

PAGE 3
SEAM NAME BLUE #1 COUNTRY US.A.
APPARENT RANK HIGH VOLATILE C BITUMINOUS (HVCB) STATE - NEW
MEXICO

CHEMICAL DATA 1

PROXIMATE ANALYSIS AS REC'D DRY  DAF DMMF  DMMF DMMEF
(PAFF) (PARR-G) (DIR MM)

% MOISTURE 12.22

% ASH 4.04 4.60

% VOLATILE MATTER 40.33 4595 48.17 47.86  47.87
% FIXED CARBON 43.41 4945 51.83 5214  52.13
CALORIFIC VALUE DRY AS REC'D EQUIL

(GROSS BTU/LB) MOIST. MOIST,
MM-FREE, DIRECT

MM-CONTAINING 13179 11569 11435
MM-FREE (PARR) 13888 12107 11961
MM-FREE (MOD.P) 13906 12096 11950

BEST MM FREE 12096 11950

NET CV, DMMF BTU/LB 11379

ASH-FREE 13814

MOTT-SPOONER DIFFERENCE = 565.

ASSOCIATED ANALYSES DRY MME
% EQUILIBRIUM MOISTURE 13.23 13.98
% TOTAL SULFUR 0.72

RANK CALCULATIONS

APPARENT RANK (AS REC’D MOIST) HIGH VOLATILE C BITUMINOUS (HVCB)
ASTM RANK (EQUIL. MOIST.) - HIGH VOLATILE C BITUMINOUS (HVCB)
REFLECTANCE RANK CATEGORY HIGH VOLATILE C BITUMINOUS (HVCB)
INTERNATIONAL RANK

AS REC’D MOIST.

EQUIL. MOIST
REPORTED RANK SUBBITUMINOUS
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** PENN STATE COAL DATA BASE #* PSOC-1445

PAGE 4

SEAM NAME BLUE #1 COUNTRY USA.
APPARENT RANK ~ HIGH VOLATILE C BITUMINOUS (HVCB) STATE NEW
| ' MEXICO
CHEMICAL DATA 2
ULTIMATE ANALYSIS __AS REC’D DRY DAF DMMFE(PARR)
(5.36 % MM)
% ASH 4.04 4.60
% CARBON 62.78 71.52 74.97 75.57
% HYDROGEN *4.72 5.38 5.64 5.68
% NITROGEN 1.18 1.34 1.40 1.42
% SULFUR 0.63 0.72 075
% CHLORINE , 0.03 0.03 10.03 | 0.03
% OXYGEN (DIFF) *14.40 16.41 17.20 17.30
SULFUR FORMS % PYRITIC % SULFATIC % ORGANIC % TOTAL
DRY 016 0.01 0.55 072
DAF 017 001 - 0.58 - 0.75
OPTICAL
ELEMENTAL ANALYSIS DRY DMMFE (MOD.P) DMME(DIR.)
(5.29 % MM) (% MM)
% CARBON 71.42 75.41 |
% HYDROGEN 535 5.65
% NITROGEN 1.34 1.42
% ORGANIC SULFUR 0.55 0.58
% OXYGEN (DIFF) 16.05 16.91
% CHLORINE 0.03 0.03
% MINERAL MATTER 5.29
(INCLUDES 0.30 % FES2) '
ATOM RATIOS (DMMF) PARR MOD.PAR DIRECT
ATOMIC H/C 0.904 0.900
ATOMIC O/C 0.172 0.178
MISC. CHEMICAL DATA DRY OF DMMFE COAL _ OF DMMF OXYGEN

% O AS COOH
% OASOH

% S AS SO4, IN ASH

% CARBONATE AS CO2
% CHLORINE

INFRA-RED ANALYSIS

(*)- EXCLUDES MOISTURE

0.35
0.06
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*% PENN STATE COAL DATA BASE ** PSOC-1445

PAGE 5
SEAM NAME BLUE #1 COUNTRY US.A.
APPARENT RANK HIGH VOLATILE C BITUMINOUS (HVCB) STATE NEW
MEXICO

CHEMICAL DATA 3

% MOISTURE IN COAL = 9.25
% HIGH TEMPERATURE ASH = 3.62 AT 750 DEGREES C

TRACE ELEMENT PPM PPM MAJOR ELEMENT OXIDE % ELEMENT %
ANALYSIS HTA TOTAL COAL ANALYSIS OF HTA OF TOTAL
DRY COAL

AG ' S102 48.60 0.82
B AL203 23.50 0.45
BA 2880 104 TIO02 1.12 0.02
BE 53 2 FE203 9.90 0.25
BI MGO 1.19 0.03
CE CAO 6.03 0.16
CO NA20 0.24 0.01
CR 85 3 K20 0.50 0.02
Cu 140 5 P205 0.17 0.00
GA S03 6.00 0.09
GE
LA
LI
MN 1060 38 '
MO VOLATILES PPM TOTAL COAL
NI 100 4
NB AS
PB - BR
RB 25 1 CD
SC CL
SN F
SR 930 34 HG
TH SB
U ' SE
Vv 140 5
Y
YB
ZN 570 21
ZR 290 10
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SEAM NAME

** PENN STATE COAL DATA BASE **

BLUE #1

PSOC-1445
PAGE 6

COUNTRY US.A,
APPARENT RANK = HIGH VOLATILE C BITUMINOUS (HVCB) STATE

MINERALOGICAL DATA

TOTAL MINERAL MATTER

% MM-PARR

% MM-MODIFIED PARR
% MM-KMC

% MM-DIRECT

% MM-BEST AVAILABLE

VOL % MM-PARR

MINERAL COMPOSITION
NONE |

D-6
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2.66

NEW
MEXICO
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** PENN STATE COAL DATA BASE ** PSOC-1445

PAGE 7
SEAM NAME BLUE #1 COUNTRY US.A.
APPARENT RANK  HIGH VOLATILE C BITUMINOUS (HVCB) STATE NEW
MEXICO
PETROGRAPHIC DATA
MACERAL COMPOSITION WHITE ANALYSIS ONLY
DRY DMMF
YOLUME % VOLUME %
HUMINITE - 80.9 83.1
INERTINITE 12.8 13.2
LIPTINITE 3.6 3.7
MINERAL MATTER (CALC.) _ 2.7
TEXTINITE 0.0 0.0
ULMINITE 71.9 80.0
ATTRINITE
DENSINITE
HUMODETRINITE(ANAL) - 0.4 0.4
GELINITE 1.3 1.3
CORPOHUMINITE 1.4 1.4
SPORINITE
CUTINITE ‘
EXINTITE(ANAL.) 2.4 2.5
RESINITE 1.2 1.2
SUBERINITE 0.0 0.0
EXUDATINITE 0.0 0.0
FLUORINITE 0.0 0.0
BITUMINITE 0.0 0.0
ALGINITE 0.0 0.0
LIPTODETRINITE : 0.0 0.0
FUSINITE 24 - 2.5
SEMI-FUSINITE 6.5 6.7
MACRINITE 3.8 3.9
MICRINITE 0.0 0.0
SCLEROTINITE 0.1 0.1
INERTODETRINITE 0.0 0.0
MINERAL MATTER(ANAL.)
HUMINITE(ANAL.)
INERTINITE(ANAL.)
LIPTINITE(ANAL.)
REFLECTANCE DATA HIGH LOW RANGE MEAN MAX STAND.DEV.
(% IN OIL) :
ULMINITE 0.69 0.45 0.24 0.57 0.05
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#* PENN STATE COAL DATA BASE **

PSOC-1445
PAGE 8

SEAM NAME BLUE #1 COUNTRY U.SA.
\PPARENT RANK HIGH VOLATILE C BITUMINOUS (HVCB) STATE NEW

Do MEXICO

PETROGRAPHIC DATA
CONTINUED

9% VITRINOID VOLUME % VITRINOID VOLUME
REFLECTANCE HALF-TYPE _ PERCENT REFLECTANCE V-TYPE PERCENT
0.40-0.44 VHT 0.425 0.00 -
0.45-0.49 VHT 0.475 8.00 0.50-0.59 V4 8.00
0.50-0.54 VHT 0.525 33.00 | ,
0.55-0.59 VHT 0.575 34.00 0.50-0.59 V5 67.00
0.60-0.64 VHT 0.625 24.00
0.65-0.69 VHT 0.675 1.00 0.60-0.69 V6 25.00

PHYSICAL PROPERTIES

HARDGROVE GRINDABILITY
VICKER’S MICROHARDNESS

38.8 (

FREE SWELLING INDEX 0.0
GRAY KING COKE TYPE |
ASH FUSION ANALYSIS (DEGREES F) REDUCING OXIDIZING
INITIAL DEFORMATION TEMPERATURE 2305 2535
SOETENING TEMPERATURE 2395 2580
HEMISPHERE TEMPERATURE 2525 2630
FLUID TEMPERATURE 2680 2655
ANALYSIS LOG
ANALYSIS DATE PERFORMED BY
A.R. MOIST 6/4/85 WARNER LABORATORIES
EQUIL. MOIST. 6/4/85 WARNER LABORATORIES
PROXIMATE 6/4/85 WARNER LABORATORIES
ULTIMATE 6/4/85 WARNER LABORATORIES
SULFUR FORMS 6/4/85 WARNER LABORATORIES
FSI 8/15/85 COAL PETROGRAPHY LABORATORIES-PSU
PLASTOMETER
DIRECT MM (.
GRAY-KING :




PSOC-1445D
New Mexico Blue #1
Subbituminous Coal
106-125 pm Size Fraction,
1250 K Gas Condition in the CDL (100% N,)

A. Char Sample Analyses

Sampling Height (mm) 0 20 40 70 100 150 250
Residence Time (ms) 0 26 48 77 103 146 238
Mass Release (% daf)* 0.0 1.5 0.0 26.8 32.8 51.6 53.6
90% conf. interval (%) 0.0 3.6 0.0 10.0 3.5 0.4 2.3
Moisture (mass %) 9.31 1.33 0.99 0.52 1.22 0.52 0.83
C (mass %, daf) 75.60 7642 7573  76.71 78.82 85.26 87.74
H 5.26 5.36 5.26 4.63 3.96 2.66 2.58
0] 17.33 16.50 17.20 16.90 15.31 9.97 7.37
N 1.32 1.33 1.30 1.41 1.50 1.72 1.71
S 0.49 0.39 0.50 0.35 0.40 0.38 0.59
Ash (mass %, dry) 3.48 3.07 3.04 4.03 5.00 6.99 6.93
Si02 1.68 1.47 1.52 2.37 2.42 3.33 3.44
K20 0.05 0.05 0.05 0.05 0.06 0.05 0.05
TiO2 " 0.05 0.05 0.05 0.07 0.08 0.09 0.10
Fe203 0.28 0.26 0.26 0.38 0.44 0.52 0.53
Al203 0.84 0.74 0.75 1.19 1.20 1.68 1.74
CaO 0.14 0.11 0.14 0.68 0.40 0.68 0.43
Na20 0.01 0.01 0.02 0.02 0.03 0.03 0.02
MgO 0.01 0.01 0.01 0.22 0.01 0.16 0.09
Ash2 3.19 3.08 3.06 4.04 5.41 7.30 6.37
*Mass release based on Si, Ti, Al, and ash as tracers.

B. Mass Balance Data’
m/mg (as rec'd) 0.86 0.87 0.67 0.56 0.41 0.40
tar/m, (as rec'd) 0.02 0.00 0.05 0.15 0.08 0.06
m/mg (normalized) 1.00 1.01 0.79 0.65 0.48 0.47
tar/mg (normalized) 0.02 0.00 0.05 0.16 0.09 0.07
estimated V(daf) 0 -2 25 40 60 61
estimated tar(daf) 2 0 6 19 10 8
tar estimated from tar/char 0. 0 7 16 9 7
ratio and tracer analysis

tShown for reference only; tracers were used to determine extent of mass release.




PSOC-1445D (cont.)
New Mexico Blue #1
Subbituminous Coal
106-125 pm Size Fraction,
1250 K Gas Condition in the CDL (100% N»)

C. Tap Densities and Apparent Densities of Char Samples

Sampling Height (mm) 0 20 40 70 - 100 150 250
Residence Time (ms) 0 26 48 77 103 146 238
Mass Release (% dry) 0.00 0.00 0.00 2580 31.70 49.80 51.70
m/me(dry) 1.00 1.00 1.00 0.74 0.68 0.50 0.48
m/mg(wet) 1.00 0.92 092 068  0.63 0.46 0.44
Aparent Density (p/po)” 1.00 0.90 0.90 0.50 - 0.37 0.31 0.32
Diameter Ratio 1.00 1.01 1.01 1.10 1.19 1.14 1.12

* Apparent densities measured using volumetric technique (tap densities)

D. Mercury Porosimetry and BET Analyses of Char Samples

Sampling Height (mm) 0 20 40 70 100 150 250
Residence Time (ms) 0 26 48 77 103 146 238
Mass Release (% daf)* 0.0 1.5 0.0 26.8 32.8 51.6 53.6
BET Surface Area (m%/g) 6.75 4.06 4.90 9.40 10.74 251.3 335.3
Standard Deviation 0.12 0.16 0.16 0.99 0.21 4.8 . 6.8
Langmuir Surface Area n.a. n.a. n.a. n.a. n.a. 3353 4431
Standard Deviation | na n.a. n.a. = - na n.a, 3.7 3.8
Cumulative Pore Area 88.5 91.0 89.2 148.3 128.5 135.5 125.7
(m2/g) o . o
Median Pore Diameter . ’
(1m)
By Volume 36.21 36.04 35.83 28.94  32.39 30.91 35.09
By area 0.0042 0.0044 0.0045 0.0052 0.0042 0.0046 0.0047
By 4V/A 0.0436 0.0480 0.0507 0.0745 - 0.1056 0.1100 0.1014
Density, g/cc
Bulk 0.573 0.521 0.512  0.273 0.223 0.208 0.221
Skeletal 1.281 1.212 1.214 1.107 0.909 0920 0.742
Porosity (%) 55.3 57.0 57.8 75.4 75.5 77.4 70.3




PSOC-1445D (cont.)
New Mexico Blue #1
Subbituminous Coal
106-125 pm Size Fraction,
1250 K Gas Condition in the CDL (100% N»)

E. NMR Analyses of Char Samples

Sampling Distance (mm) 0 70 250
Residence Time (ms) 0 77 238
Mass Release (% daf) 00 268 53.6
Aromatic carbon, f; = f3 + fa€ 059 0.67 0.84
Carbonyl, £,€ 0.06 0.08 0.05
Aromatic carbon, carbonyl subtracted, fa 0.53 056 0.79
Protonated aromatic carbon, f/ 0.19 0.22 0.36
Non-protonated aromatic C, f,N =f,L +f,5+f8 ] 034 034 0.43
Aromatic carbon with O attachment, £, 0.07 0.07 0.05
Aromatic carbon with alkyl attachment, f;S 0.12 0.13 0.17
Aromatic bridgehead and inner carbon, f,B 0.15 0.14 0.21
Aliphatic carbon, fy; 041 0.33 0.16
Aliphatic CH and CHp, f//1 030 0.25 0.12
Aliphatic CH3 and non-protonated carbon, fa* 0.11 0.08 0.04
Aliphatics with oxygen attachment, f,;0 0.07 0.10 0.08
Proton spin-relaxation time, T7,f%" (ms) 47 21 13
Total carbons per cluster 26 21 16
Aromatic carbons per cluster, C 14 12 13
Aliphatic carbons per cluster 12 9 3
Total attachments per cluster, o+ / 50 43 36
Bridges and loops per cluster, B¢ 2.1 26 3.0
Side chains per cluster 29 1.7 06
Fraction of intact bridges per cluster, p 042 0.60 0.82
Average cluster molecular weight 410 335 225
Side chain molecular weight 47 43 18




PSOC-1445D (cont.)
New Mexico Blue #1
Subbituminous Coal

106-125 pm Size Fraction,
1250 K Gas Condition in the CDL (100% N»>)

F. NMR Analyses of Tar Samples

100

Sampling Height (mm) 0 20 40 70 150 250
Residence Time (ms) 0 26 48 77 103 146 238
Mass Release (% daf) 0.0 1.5 0.0 26.8 32.8 51.6 53.6
oa-H n.a. n.a. n.a. 30 n.a. n.a. 16
o-CH3 n.a. n.a. n.a. 8 n.a. n.a. 2
B- and y—-H n.a. n.a. n.a. 20 n.a. n.a. 3
v-CH3 n.a. n.a. n.a. 4 n.a. n.a. 2
Aromatic H 23* n.a. n.a. 42 n.a. n.a. 74
1-Ring n.a. n.a. n.a. 8 n.a. n.a. 6
2-Ring n.a. n.a. n.a. 12 n.a. n.a. 19
3-Ring n.a. n.a. n.a. 22 n.a. n.a. 49
Aromatic C 53** n.a. n.a. 72 n.a. n.a. 98

*Egstimated from the C/H ratio and the carbon aromaticity fa' of the parent coal
**Eotimated as the carbon aromaticity of the parent coal '
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PSOC-1445D
New Mexico Blue #1
Subbituminous Coal
106-125 pm Size Fraction,
1050 K Gas Condition in the CDL (100% Nj)
Duplicate Experiment**

A. Char Sample Analyses

Sampling Height (mm) 0 50 80 120 150 180 250
Residence Time (ms) 0 59 88 123 150 180 253

Mass Release (% daf)* 0.0 0.0 6.1 30.8 22.0" 390 46.9

90% conf, interval (+) 0.0 0.0 33 8.2 6.1 4.6 3.8

Moisture (mass %) 5.51 3.46 3.56 3.33 2.44 3.07 4.07
C (mass %, daf) 77.29 73.16 79.55 79.39 79.02 79.42 83.01
H 5.56 4,92 5.11 4.63 4,98 4.13 3.75
O 15.11 20.00 13.20 13.75 13.87 14.15 10.85
N 1.35 1.30 1.45 1.53 1.47 1.59 1.74
S 0.69 0.62 0.68 0.70 0.66 0.71 0.65
Ash (mass %, dry) 3.68 3.61 3.96 5.55 4.94 6.08 6.66
Si02 1.60 1.60 1.74 2.39 2.08 2.65 3.02
K20 0.03 0.00 0.00 0.01 0.00 0.01 0.01
TiO2 0.05 0.05 0.05 0.06 0.06 0.07 0.08
Fe203 0.29 0.32 0.32 0.36 0.35 0.39 0.49
Al203 0.82 0.80 0.87 1.21 1.05 1.35 1.57
CaO 0.16 0.23 0.15 0.26 0.48 0.36 0.34
Na20 0.01 0.00 0.01 0.02 0,01 0.06 0.01
MgO 0.01 0.03 0.01 0.15 0.10 0.04 0.05
Ash?2 4.13 3.45 4.11 5.28 4.36 5.35 6.93

*Mass release based on Si, Ti, Al, and ash as tracers.

**The first data set for PSOC-1445D at 1050 K was in error,
velocities. The "duplicate set" was therefore used as the good data set.

B. Mass Balance Datat

based on measured particle temperatures and

m/myg (as rec'd)

tar/mg (as rec'd)

m/mg, (normalized)

tar/mo (normalized)
estimated V(daf)
estimated tar(daf)

tar estimated from tar/char
ratio and tracer analysis

0.84 0.76 0.61 0.64
0.01 0.02 0.08 0.05
1.00 0.90 0.72 0.76
0.01 0.02 0.09 0.05
0 11 31 26
2 3 10 6
0 1 10 5

0.46
0.11
0.55
0.13
49
14
11

0.42
0.14
0.50
0.16
35
18
15

TShown for reference only; tracers were used to determine extent of mass release,
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PSOC-1445D (cont.)

New Mexico Blue #1

'Subbituminous Coal
106-125 pm Size Fraction,

1050 K Gas Condition in the CDL (100% N2)

Duplicate Experiment

C. Tap Densities and Apparent Densities of Char Samples

Sampling Height (mm)

0 50 80 120 150 180 250
Residence Time (ms) 0 59 88 123 150 180 253
Mass Release (% dry) 0.00 0.00 5.90 2970 2120 37.60 4520
m/me(dry) 1.00 1.00 0.94 070 ~ 0.79 0.62 0.55
m/me(wet) 1.00 -0.98 0.92 0.69 0.76 0.61 0.54
Aparent Density (p/ Po)’ 1.00 0.90 0.65 0.45 0.56 0.42 0.39
Diameter Ratio 1.00 1.03 1.12 1.15 1.11 1.13 1.11
* Apparent densities measured using volumetric technique (tap densities)
D. Mercury Porosimetry and BET Analyses of Char Samples™”

Sampling Height (mm) 0 50 80 - 120 150 180 250
Residence Time (ms) 0 59 .88 123 150 180 253
Mass Release (% daf)” 0.0 1.5 00 268 32.8 51.6 53.6
BET Surface Area (m?/g) 11.82 2534 1737  6.63 11.82 2527 14.74
Standard Deviation 0.48 1.46 1.49 0.70 0.37 2.65 0.93
Cumulative Pore Area 73.5 96.10  74.18 = 93.11 1102 9547 1413

(m2/g) 4 : S
Median Pore Diameter

By Volume 36.57 37.09 3564 3528 3246 334l 25.36

By area 0.0044 0.0044 0.0049 0.0053 0.0046 0.0050 0.0043

By 4V/A 0.0496 0.0420 0.0547 - 0.1012 0.1176 0.1469 0.0950
Density, g/cc , -

Bulk 0.606 0570 0575 0324 0239 0212 0.237

Skeletal 1354 1343 1379 1365  1.056 0.829  1.162
Porosity (%) 55.2 57.5 58.3 79.6

76.3 77.4 74.4

**These mercury porosimetry and BET surface area data are from the first data set at the
same sample heights; the residence times in this table, however, correspond to the second

data set.




PSOC-1445D (cont.)
New Mexico Blue #1
Subbituminous Coal
106-125 pm Size Fraction,
1050 K Gas Condition in the CDL (100% N,)
Duplicate Experiment

E. NMR Analyses of Char Samples

Sampling Distance (mm)
Residence Time (ms)
Mass Release (% daf)

Aromatic carbon, f, = £, + f,€
Carbonyl, £,C
Aromatic carbon, carbonyl subtracted, f,’
Protonated aromatic carbon, f,
Non-protonated aromatic C, fV =f,F +f,5 + 1,8
Aromatic carbon with O attachment, f,P
Aromatic carbon with alkyl attachment, £,,S
Aromatic bridgehead and inner carbon, f,8

Aliphatic carbon, fy;
Aliphatic CH and CHy, f,;/
Aliphatic CH3 and non-protonated carbon, fal*
Aliphatics with oxygen attachment, f,,;0

Proton spin-relaxation time, T} pHa’ (ms)
Total carbons per cluster
Aromatic carbons per cluster, C
Aliphatic carbons per cluster
Total attachments per cluster, o+
Bridges and loops per cluster, B¢
Side chains per cluster

Fraction of intact bridges per cluster, p

Average cluster molecular weight
Side chain molecular weight

0 50 80
0 59 88
00 00 6.1

120
123
30.8

150
150
22.0

180
180
39.0°

250
253
46.9

0.59
0.06
0.53
0.19
0.34
0.07
0.12
0.15

0.58
0.05
0.53
0.16
0.37
0.07
0.13
0.17

0.59
0.05
0.54
0.17
0.37
0.06
0.14
0.17

0.64
0.06
0.58
0.20
0.38
0.06
0.13
0.19

0.65
0.07
0.58
0.20
0.38
0.08
0.13
0.17

0.65
0.06
0.59
0.20
0.39
0.08
0.14
0.17

0.74
0.10
0.64
0.23
0.41
0.07
0.15
0.19

0.41
0.30
0.11
0.07

0.42
0.30
0.12
0.07

0.41
0.30
0.11
0.08

0.36
0.26
0.10
0.10

0.35
0.23
0.12
0.08

0.35
0.25
0.10
0.08

0.26
0.20
0.06
0.12
47 47 35 31 37 32 25
26 30 28 28 24 24 22
14 16 15 16 14 14 14

12 14 13 12 10 10 8

50 60 56 53 51 52 48
20 20 25 25 22 29 35
30 40 31 28 29 23 13

042 040 045 047 043 0.55 0.73

410 496 419 417 367 359 316
47 49 42 41 38 36 30
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PSOC-1445D (cont.)
New Mexico Blue #1_
Subbituminous Coal

106-125 pm Size Fraction,
1050 K Gas Condition in the CDL (100% N3)

Duplicate Experiment

F. NMR Analyses of Tar Samples

Sampling Height (mm) 0 50 80 120 150 180 250
Residence Time (ms) 0 59 88 - 123 150 180 253
Mass Release (% daf) 0.0 0.0 6.1 30.8 22.0 39.0 46.9
o-H n.a. n.a. n.a. 32 33 31 36
a-CHj n.a. n.a. n.a. 11 10 12 10
| B—and y-H n.a. n.a. n.a. 31 22 24 16
v-CH3 n.a. n.a. n.a. 10 8 10 4
Aromatic H 23* n.a. n.a. 26 31 33 43
1-Ring n.a. n.a. n.a. 8 8 12 8
2-Ring n.a. n.a. n.a. 8 7 8 11
3-Ring n.a. n.a. n.a. 10 16 15 25
Aromatic C 53** n.a. n.a. 59 56 66 74

*Bstimated from the C/H ratio and the carbon aromaticity f, of the parent coal
**Lotimated as the carbon aromaticity of the parent coal
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APPENDIX E

Data Summary:
~ PSOC-1451D
Pittsburgh #8

hva bituminous coal






** PENN STATE COAL DATA BASE #*¥ PSOC-1451

PAGE 1
SAMPLE HISTORY
PENN STATE NUMBER PSOC-1451
COLLECTED BY PENNSYLVANIA STATE UNIVERSITY
COLLECTION DATE 5/1/85
COLLECTOR’S NUMBER
REPORTED RANK HIGH VOLATILE A BITUMINOUS (HVAB)

SAMPLE TYPE CHANNEL WHOLE SEAM
OTHER SAMPLE INFORMATION
SAMPLE RESERVE

SEAM NAME PITTSBURGH
ALTERNATE SEAM NAME #8

TOTAL SEAM THICKNESS - 6 FT. 51IN.
THICKNESS OF SEAM SAMPLED 6 FT. 51IN.

PORTION RECOVERED IN CORE
DIAMETER OF CORE

SAMPLE LOCATION
COUNTRY U.S.A.
STATE PENNSYLVANIA
COUNTY WASHINGTON
TOWNSHIP NORTH STRABANE
NEAREST TOWN LINDEN
COAL PROVINCE EASTERN
COAL REGION APPALACHIAN

COAL FIELD MAIN BITUMINOUS



** PENN STATE COAL DATA BASE ** PSOC-1451
PAGE 2

SEAM NAME PITTSBURGH COUNTRY U.S.A.
APPARENT RANK HIGH VOLATILE A BITUMINOUS (HVAB)  STATE PENNSYLVANIA

GEOLOGIC INFORMATION
SYSTEM (AGE) PENNSYLVANIAN
SERIES ' ' ’ '
GROUP MONOGAHELA
FORMATION L
OVERBURDEN LITHOLOGY SHALE
FLOOR LITHOLOGY SHALE

SEAM STRATA INFORMATION.
THICKNESS LITHOTYPE

E-2




** PENN STATE COAL DATA BASE #*# PSOC-1451
PAGE 3

SEAM NAME PITTSBURGH COUNTRY US.A.
APPARENT RANK  HIGH VOLATILE A BITUMINOUS (HVAB) STATE PENNSYLVANIA

CHEMICAL DATA 1

PROXIMATE ANALYSIS AS REC'D DRY DAF DMMF  DMMF DMMF
(PAFF) (PARR-G) (DIR MM)

% MOISTURE 2.54

% ASH 13.32 13.67

% VOLATILE MATTER 33.56 3443  39.88 38.81 38.21
% FIXED CARBON 50.58 51.90 60.12 61.19 61.79
CALORIFIC VALUE DRY AS REC’'D EQUIL

(GROSS BTU/LB) MOIST, MOIST,
MM-FREE, DIRECT :

MM-CONTAINING 12855 12528 12541
MM-FREE (PARR) 15135 14682 14699
MM-FREE (MOD.P) 15227 14736 14754

BEST MM FREE 14736 14754

NET CV, DMMF BTU/LB 14713

ASH-FREE 14891

MOTT-SPOONER DIFFERENCE =

ASSOCIATED ANALYSES DRY MME
% EQUILIBRIUM MOISTURE 2.44 2.89
% TOTAL SULFUR 1.36

RANK CALCULATIONS

APPARENT RANK (AS REC’D MOIST) HIGH VOLATILE A BITUMINOUS (HVAB)
ASTM RANK (EQUIL. MOIST.) HIGH VOLATILE A BITUMINOUS (HVAB)
REFLECTANCE RANK CATEGORY HIGH VOLATILE A BITUMINOUS (HVAB)

INTERNATIONAL RANK
AS REC’D MOIST.
EQUIL. MOIST
REPORTED RANK HIGH VOLATILE A BITUMINOUS (HVAB)
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#x PENN STATE COAL DATA BASE **

SEAM NAME

- PITTSBURGH
APPARENT RANK HIGH VOLATILE

PSOC-1451
PAGE 4

COUNTRY USA.

A BITUMINOUS (HVAB) STATE PENNSYLVANIA

CHEMICAL DATA 2
ULTIMATE ANALYSIS  AS REC'D DRY DAF DMMF(PARR)
: ‘ : (15.51 % MM)
% ASH 13.32 13.67
% CARBON 70.05 71.88 83.26 85.08
% HYDROGEN *455 4.67 5.41 5.53 -
% NITROGEN 1.33 1.36 1.58 1.61
% SULFUR 1.33 1.36 ‘1.58
% CHLORINE 0.07 0.08 0.09 0.09
% OXYGEN (DIFF) *6.81 6.99 8.10 7.71
SULFUR FORMS % PYRITIC % SULFATIC % ORGANIC % TOTAL
DRY 0.82 0.01 0.53 1.36
DAF 0.95 0.01 0.61 1.58
OPTICAL .
ELEMENTAL ANALYSIS DRY DMMEF (MOD.P) DMMEF(DIR.)
- (15.87 % MM) ( % MM)
% CARBON 71.64 85.16 A
% HYDROGEN 4.64 5.52
% NITROGEN 1.36 1.61
% ORGANIC SULFUR 0.53 0.63
% OXYGEN (DIFF) 5.95 7.00
% CHLORINE 0.08 0.09
% MINERAL MATTER 15.87
(INCLUDES 1.53 % FES2)
ATOM RATIOS (DMMF) PARR MOD.PAR DIRECT
ATOMIC H/C 0.780 0.778 ’
ATOMIC O/C 0.068 0.073
MISC. CHEMICAL DATA __~ DRY ~ OFDMMFE COAL _ OF DMMF OXYGEN
% O AS COOH ' . :
% O AS OH
% S AS SO4, IN ASH
% CARBONATE AS CO2 0.87
% CHLORINE- . 0.15

INFRA-RED ANALYSIS

(*)- EXCLUDES MOISTURE

E-4
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SEAM NAME
APPARENT RANK
PENNSYLVANIA

** PENN STATE COAL DATA BASE ** PSOC-1451
PAGE 5

PITTSBURGH COUNTRY US.A.
HIGH VOLATILE A BITUMINOUS (HVAB) STATE :

CHEMICAL DATA 3

% MOISTURE IN COAL = 1.52
% HIGH TEMPERATURE ASH = 13.20 AT 750 DEGREES C

TRACE ELEMENT PPM PPM MAJOR ELEMENT OXIDE % ELEMENT %
ANALYSIS HTA TOTAL COAL ANALYSIS OF HTA OF TOTAL
DRY COAL
AG -S102 54.40 3.36
B AL203 24.50 1.71
BA 540 71 TI02 1.14 0.09
BE 7 1 FE203 9.16 0.85
BI : MGO 0.85 0.07
CE CAO 2.97 0.28
CO NA20 0.61 0.06
CR 150 20 K20 2.02 0.22
CU 80 11 P205 | 0.34 0.02
GA S03 2.30 0.12
GE
LA
L1
MN 140 18
MO VOLATILES PPM TOTAL COAL
NI 65 9
NB AS
PB - BR
RB 100 13 CD
SC CL
SN F
SR 590 78 HG
TH SB
U ~ SE
\Y 200 26
Y
YB
ZN 85 11
ZR 240 32
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** PENN STATE COAL DATA BASE ** PSOC-1451
PAGE 6
SEAM NAME PITTSBURGH - COUNTRY U.S.A.

APPARENT RANK HIGH VOLATILE A BITUMINOUS (HVAB) STATE PENNSYLVANIA

MINERALOGICAL DATA

TOTAL MINERAL MATTER

% MM-PARR

% MM-MODIFIED PARR
% MM-KMC

% MM-DIRECT

% MM-BEST AVAILABLE

VOL % MM-PARR

MINERAL COMPOSITION

NONE

E-6
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** PENN STATE COAL DATA BASE ** PSOC-1451
PAGE 7

SEAM NAME PITTSBURGH COUNTRY U.S.A.
APPARENT RANK HIGH VOLATILE A BITUMINOUS (HVAB) STATE PENNSYLVANIA

PETROGRAPHIC DATA

MACERAL COMPOSIT ITE ANLAYSIS ONLY

DRY DMME DRY
VOLUME % VOLUME % WEIGHT %

VITRINITE (CALC.) 80.1 87.2 73.7

INERTINITE (CALC.) 8.7 9.5 8.0

LIPTINITE (CALC.) 3.0 33 2.8

MINERAL MATTER (CALC.) 8.1 15.5

VITRINOIDS

VITRINITE 80.1 87.2 73.7

PSEUDOVITRINITE 0.0 0.0 0.0

FUSINITE 1.8 2.0 1.7

SEMI-FUSINITE 42 4.6 3.9

MACRINITE 0.7 0.8 0.7

MICRINITE 1.9 2.1 1.8

SCLEROTINITE 0.0 0.0 0.0

SPORINITE

CUTINITE

EXINITE(ANAL.) 3.0 3.3 2.8

RESINITE 0.0 0.0 0.0

SUBERINITE

EXUDATINITE

FLOURINITE

BITUMINITE

ALGINITE 0.0 0.0 0.0

LIPTODETRINITE -

MINERAL MATTER (ANAL.)

INERTINITE(ANAL.)

LIPTINITE(ANAL.)

REFLECTANCE DATA HIGH LOW  RANGE MEAN MAX STAND.DEV.

(% IN OIL)

VITRINITE 0.89 0.62 0.27 0.77 0.06

PSEUDOVITRINITE

VITRINOIDS
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*k PENN STATE COAL DATA BASE ** PSOC-1451

PAGE 8

SEAM NAME PITTSBURGH COUNTRY U.S.A.
APPARENT RANK HIGH VOLATILE A BITUMINOUS (HVAB) STATE
PENNSYLVANIA

PETROGRAPHIC DATA

CONTINUED

% VITRINOID ~ VOLUME % VITRINOID VOLUME

REFLECTANCE HALE-TYPE  PERCENT REFLECTANCE V-TYPE _PERCENT

0.60-0.64 VHT 0.625 3.00

0.65-0.69 VHT 0.675 9.00 0.60-0.69 12.00
£0.70-0.74 VHT 0.725 18.00

0.75-0.79 VHT 0.775 37.00 0.70-0.79 55.00

0.80-0.84 VHT 0.825 25.00

0.85-0.89 VHT 0.875 8.00 0.80-0.89 V8 33.00

PHYSICAL PROPERTIES

HARDGROVE GRINDABILITY 38.9

VICKER’S MICROHARDNESS

FREE SWELLING INDEX 7.5

GRAY KING COKE TYPE

ASH FUSION ANALYSIS (DEGREES F) REDUCING ____ OXIDIZING

INITIAL DEFORMATION TEMPERATURE 2435 2570

SOFTENING TEMPERATURE 2585 2640

HEMISPHERE TEMPERATURE 2670 2690

FLUID TEMPERATURE ' ‘ 2685 2700

ANALYSIS LOG

ANALYSIS DATE PERFORMED BY

A.R. MOIST 2/14/86 WARNER LABORATORIES

EQUIL. MOIST. 6/4/85 WARNER LABORATORIES

PROXIMATE 2/14/86 WARNER LABORATORIES

ULTIMATE 2/14/86 WARNER LABORATORIES

SULFUR FORMS 6/4/85 WARNER LABORATORIES

FSI 8/15/85 COAL PETROGRAPHY LABORATORIES-PSU
PLASTOMETER 5/29/85 COAL PETROGRAPHY LABORATORIES-PSU
DIRECT MM

GRAY-KING

E-8
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PSOC-1451D
Pittsburgh #8 hva Bituminous Coal
106-125 pm Size Fraction,
1250 K Gas Condition in the CDL (100% N;)

A. Char Sample Analyses

Sampling Height (mm) 0 20 40 70 100 150 250
Residence Time (ms) 0 26 49 79 108 155 254
Mass Release (% daf)* 0.0 2.3 0.0 30.8 40.3 39.0 45.5
90% conf, interval (£) 0.0 2.1 0.0 10.6 1.2 3.7 2.9
Moisture (mass %) 1.51 1.07 0.69 0.76 1.06 1.20 1.18
C (mass %, daf) 8192 8294 8237 8212 8244 8596  88.79
H 6.45 5.50 5.50 4.80 3.89 297 2.99
0] 8.72 8.72 9.33 9.90 9.52 7.38 5.24
N 1.65 1.61 1.41 1.60 1.71 1.53 1.74
S 1.26 1.23 1.38 1.59 242 2.16 1.24
Ash (mass %, dry) 11.20 10.50 9.80 17.10 17.80 16.30 18.20
Si02 5.20 5.30 5.10 6.20 8.10 8.20 9.20
K20 0.18 0.18 0.17 0.30 0.34 0.31 0.34
TiO2 0.12 0.12 0.11 0.17 0.18 0.19 0.19
Fe203 0.66 0.67 0.72 1.50 1.60 1.40 1.40
Al1203 2.60 2.70 2.50 3.60 4,00 3.90 4.30
CaO 0.29 0.29 0.29 0.55 0.57 0.47 0.51
Na20 0.06 0.07 0.07 0.11 0.13 0.10 0.12
MgO n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Ash2 n.a. n.a. n.a. n.a. n.a. n.a. n.a.
*Mass release based on Si, Ti, Al, and ash as tracers.
B. Mass Balance Data'

m/my (as rec'd) 0.89 0.89 0.45 0.52 n.a. 0.43
tar/mg (as rec'd) -0.01 0.12 0.24 0.23 n.a. 0.00
m/mg (normalized) 1.00 1.00 0.51 0.59 n.a. 0.49
tar/mg (normalized) -0.01 0.13 0.27 0.26 n.a. 0.00
estimated V(daf) 0 0 56 47 n.a. 58
estimated tar(daf) -2 15 31 30 n.a. 0
tar estimated from tar/char 0 0 17 25 n.a. 0

ratio and tracer analysis

tShown for reference only; tracers were used to determine extent of mass release.
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PSOC-1451D (cont.)

Pittsburgh #8 hva Bituminous Coal
106-125 um Size Fraction,
1250 K Gas Condition in the CDL (100% N»)

__—_—_—____—_—_—__—;—__————_—_'———_——————_—-_—-_—_—————_—___———

C. Tap Densities and Apparent Densities of Char Samples

Sampling Height (mm)
Residence Time (ms)
Mass Release (% dry)
m/mo(dry)

m/mg(wet)

Aparent Density (p/po)”*
Diameter Ratio

0 20 40
0 26 49
0.00 2.00 0.00
1.00 0.98 1.00
1.00 098 0.99

1.00 1.01 1.09

1.00 0.94 0.77 -

70 100 150
79 108 155
2730 3580  34.60

073 064  0.65
072 0.64  0.65
051 037 026
112 120 135

250
254
40.40
0.60
0.59
0.27
1.31

* Apparent densities measured using volumetric technique (tap densities)

D. Mercury Porosimetry and BET Analyses of Char Samples™™

Sampling Height (mm)
| Residence Time (ms)
Mass Release (% daf)*

0.0 45 70

100 130 210

BET Surface Area (m2%/g)
Cumulative Pore Area
(m?/g) ‘
Median Pore Diameter
(wm)
By Volume
By area
By 4V/A
Density, gfcc
Bulk
Skeletal
Porosity (%)

4.16 1.22 1.40
59.01 7128  52.11

2832 3305 37.11
0.0046 0.0052 0.0047
0.0544 0.0774 0.1861

0673 0458 0316
1462 1241 1352
540 631  76.6

2.49 2.38 5.86
7328 14435 103.04

36.55 3639 3479
0.0048 0.0050 0.0044
0.2509 0.1852 0.2367

0.189 0.134  0.146
1.397 1269  1.321
86.5 89.5 89.0

**These mercury porosimetry and BET surface area data are from an early set of experiments
(with Steve Hsu) at the indicated sample heights. The gas condition was similar to those

determined from the later experiments, but residence times and particle temperatures are not
available for these early data. o
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PSOC-1451D (cont.)
Pittsburgh #8 hva Bituminous Coal
106-125 pm Size Fraction,
1250 K Gas Condition in the CDL (100% N3)

W

E. NMR Analyses of Char Samples

(Not available)

F. NMR Analyses of Tar Samples

(Not available)




PSOC-1451D
Pittsburgh #8 hva Bituminous Coal
106-125 pm Size Fraction,

1050 K Gas Condition in the CDL (100% N2)

_-———————-——————____________________—-—-————-———'7—_————— =

A. Char Sample Analyses

Sampling Height (mm) 0 40 85 130 180 250
Residence Time (ms) 0 54 112 167 231 337
Mass Release (% daf)* 0.0 0.0 1.1 19.0 37.7 43.8
90% conf. interval (£) 0.0 0.0 2.5 7.4 4.3 1.6
Moisture (mass %) 1.51 1.35 0.23 0.24 0.55 0.22
C (mass %, daf) 8192 8296 8222 8267 81.75 82.49
H 6.45 5.53 5.49 5.14 4.94 4.09
0] 8.72 8.91 9.43 9.79 10.14 10.26
N 1.65 1.49 1.70 1.26 1.82 1.87
S 1.26 1.12 1.16 1.15 1.36 1.29
Ash (mass %, dry) - 9.50 8.30 9.10 10.50 14.70 15.90
Si0O2 4.90 4.40 5.10 6.00 7.00 8.00
K20 0.16 0.16 0.14 0.25 0.31 0.35
TiO2 0.11 0.10 0.10 0.14 0.16 0.17
Fe203 0.59 0.51 0.59 0.56 0.91 1.10
A1203 2.30 2.20 2.30 2.80 3.70 3.90
CaO 0.29 0.21 0.26 0.21 0.45 0.47
Na20 0.06 0.06 0.06 0.05 0.10 0.12
MgO n.a. n.a. n.a. n.a. n.a. n.a.
Ash2 n.a. n.a. n.a. n.a. n.a. n.a.
*Mass release based on Si, Ti, Al, and ash as tracers.
B. Mass Balance Data'

m/mg (as rec'd) 0.75 1.03 0.60 0.49 0.38
tar/mg (as rec'd) 0.01 0.01 0.05 0.12 0.15
m/mg (normalized) 1.00 1.37 0.80 0.66 0.50
tar/mg (normalized) 0.02 0.01 0.06 0.16 0.20
estimated V(daf) 0 -42 22 39 56
estimated tar(daf) 2 1 7 18 23
tar estimated from tar/char 0 0 6 17 18

ratio and tracer analysi

S

tShown for reference only; tracers were used to determine extent of mass release.
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PSOC-1451D (cont.)
Pittsburgh #8 hva Bituminous Coal
106-125 pm Size Fraction,
1050 K Gas Condition in the CDL (100% N»)

w

C. Tap Densities and Apparent Densities of Char Samples

(Not available)

D. Mercury Porosimetry and BET Analyses of Char Samples**

Sampling Height (mm) 0.0 50 90 140 200 250
Residence Time (ms) n.a. n.a. n.a. n.a. n.a. n.a.
Mass Release (% daf)* n.a. n.a. n.a. n.a. n.a. n.a.
BET Surface Area (m2/g) 4.16 1.88 1.86 1.61 3.11 4,01
Cumulative Pore Area 59.01 60.74  59.17  75.29 1047  125.44
(m?/g)
Median Pore Diameter
(Hm)
By Volume 2832 2997 3490 41.76 3742  40.35
By area 0.0046 0.0047 0.0055 0.0048 0.0047 0.0047
By 4V/A 0.0544 0.0612 0.1091 0.1409 0.2117 0.2060
Density, g/cc
Bulk 0.673 0594 0424 0280 0.155 0.137
Skeletal 1.462 1.327 1.346 1.092 1.075 1.184
Porosity (%) 54.0 55.2 68.5 74.3 84.7 88.4

**These mercury porosimetry and BET surface area data are from an early set of experiments
(with Steve Hsu) at the indicated sample heights. The gas condition was similar to those
determined from the later experiments, but residence times and particle temperatures are not
available for these early data.
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PSOC-1451D (cont.)
Pittsburgh #8 hva Bituminous Coal
106-125 pum Size Fraction,
1050 K Gas Condition in the CDL (100% N2)

E. NMR Analyses of Char Samples

(Not available)

F. NMR Analyses of Tar Samples

(Not available)
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PSOC-1451D

63-75 um Size Fraction,

Pittsburgh #8 hva Bituminous Coal

1250 K Gas Condition in the CDL (100% N,)

A. Char Sample Analyses

H

Sampling Height (mm) 0 20 40 70 100 150 250
Residence Time (ms) 0 27 52 86 119 173 288
Mass Release (% daf)* 0.0 0.0 1.5 40.3 424 51.3 53.1
90% conf. interval (£) 0.0 0.0 3.6 32 13.5 2.8 5.2
Moisture (mass %) 1.44 0.80 0.83 1.11 1.33 1.14 1.64
C (mass %, daf) 84.23 83.26  83.43 84.73 85.98 88.19 89.77
H 5.54 5.39 5.28 3.74 3.51 3.02 2.33
(0] 7.56 8.81 8.69 8.83 7.80 6.10 5.30
N 1.65 1.62 1.60 1.79 1.85 1.87 1.77
S 1.01 0.92 1.00 0.91 0.86 0.81 0.84
Ash (mass %, dry) 3.73 3.66 3.97 6.13 4.94 7.84 8.75
Si02 1.90 1.90 1.90 3.30 3.70 3.80 3.70
K20 0.07 0.08 0.03 0.05 0.15 0.15 0.20
TiO2 0.06 0.06 0.06 0.10 0.11 0.12 0.12
Fe203 0.31 0.32 0.29 0.52 0.56 0.61 0.57
Al203 1.20 1.10 1.20 1.90 2.20 2.30 2.40
CaO 0.11 0.11 0.10 0.19 0.20 0.21 0.20
Na20 0.01 0.02 0.01 0.01 0.02 0.01 0.03
MgO 0.03 0.03 0.03 0.05 0.06 0.06 0.06
Ash2 n.a, n.a. n.a. n.a. n.a. n.a. n.a.
*Mass release based on Si, Ti, Al, and ash as tracers.
B. Mass Balance Data'

m/mg (as rec'd) 0.75 0.73 0.59 0.53 0.47 0.46
tar/mg (as rec'd) 0.00 0.01 0.01 0.00 0.01 0.00
m/mg (normalized) 1.00 0.97 0.78 0.71 0.63 0.62
tar/my (normalized) 0.00 0.01 0.02 0.00 0.02 0.00
estimated V(daf) 0 4 34 46 58 61
estimated tar(daf) 0 1 3 0 3 0
tar estimated from tar/char 0 6 1 0 2 0

ratio and tracer analysis

fShown for reference only; tracers were used to determine extent of mass release.
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PSOC-1451D (cont.)

Pittsburgh #3 hva Bituminous Coal

63-75 um Size Fraction,

1250 K Gas Condition in the CDL (100% N2)

C. Tap Densities and Apparent Densities of Char Samples

Sampling Height (mm) 0 20 - 40 70 100 150 250
Residence Time (ms) 0 27 52 86 119 173 288
Mass Release (% dry) 0.00 0.00 1.50 38.80 40.80 49.40 51.10
m/mg(dry) 1.00 1.00 0.99 0.61 0.59 0.51 0.49
m/mg(wet) 1.00 0.99 0.98 0.61 0.59 0.50 0.49
Aparent Density (p/po)* .00  0.77 052 021 0.18 0.20 0.19
Diameter Ratio ’ 1.00 1.09 1.23 1.43 1.49 1.36 1.37

* Apparent densities measured using volumetric technique (tap densities)

D. Mercury Porosimetry and BET Analyses of Char Samples™”

(not available)




PSOC-1451D (cont.)
Pittsburgh #8 hva Bituminous Coal

63-75 um Size Fraction,
1250 K Gas Condition in the CDL (100% N3)

E. NMR Analyses of Char Samples

Residence Time (ms)
Sampling Distance (mm)
Mass Release (% daf)

Aromatic carbon, f; = f, + f,C

Carbonyl, £,

Aromatic carbon, carbonyl subtracted, £,
Protonated aromatic carbon, f,#
Non-protonated aromatic C, N =f,f *f,5+f,B

Aromatic carbon with O attachment, f,;©
Aromatic carbon with alkyl attachment, f,;S
Aromatic bridgehead and inner carbon, f,8

Aliphatic carbon, f;
Aliphatic CH and CHy, £,/
Aliphatic CH3 and non-protonated carbon, fy;*
Aliphatics with oxygen attachment, f,;0

Proton spin-relaxation time, T4 (ms)
Total carbons per cluster
Aromatic carbons per cluster, C
Aliphatic carbons per cluster
Total attachments per cluster, o+ 1/
Bridges and loops per cluster, B¢
Side chains per cluster

Fraction of intact bridges per cluster, p

Average cluster molecular weight
Side chain molecular weight

0
0
0

.63
.03
.60
22
38
05
A5
18

37
26
A1
.08

5.1
25
15
10
5.0

23

2.7
45

356
34

86 119
70 100 -
40.3 424
a5 .84
05 .04
J0 .80
27 .32
43 48
07 .06
A8 .21
A8 .21
22 .16
d6 11
09 .05
0 .05
32 55
17 16
12 13
5 3
43 44
28 3.6
1.5 038
64 81
243 227
22 15

288
250
53.1

90
02
.88
.39
49
04
19
26 .

10
07
.03
06

13.8
16
14
2

3.7
3.2
0.5
87

213
11
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Pittsburgh #8 hva Bituminous Coal

PSOC-1451D (cont.)

63-75 um Size Fraction,
1250 K Gas Condition in the CDL‘Y(100% _Nz)

M

'E, NMR Analyses of Tar Samples

*Estimated from the C/H ratio and the carbon aromaticity f; of the parent coal

**Estimated as the carbon aromaticity of the parent coal

Sampling Height (mm) 0 20 40 70 100 150 250
Residence Time (ms) 0 27 52 86 119 173 288
Mass Release (% daf) 0.0 0.0 1.5 40.3 42.4 513 53.1
a-H n.a. n.a. n.a. 32 29 n.a. 21
o-CHs n.a. n.a. n.a. 7 5 n.a. 3
B— and y-H n.a. n.a. n.a. 9 4 n.a. 6
v-CH3z n.a. n.a. n.a. 1 0.3 n.a. 2
Aromatic H 28" n.a. n.a. 53 63 n.a. 69
1-Ring n.a. n.a. n.a. n.a. n.a. n.a. n.a.
2-Ring n.a. n.a. n.a. n.a. n.a. n.a. n.a.
3-Ring n.a. n.a. n.a.  na n.a. n.a. n.a.
Aromatic C 60** n.a. na. na n.a. n.a. n.a.
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PSOC-1451D
Pittsburgh #8 hva Bituminous Coal
63-75 um Size Fraction,

1050 K Gas Condition in the CDL (100% N3)

A. Char Sample Analyses

Sampling Height (mm)
Residence Time (ms)
Mass Release (% daf)*
90% conf. interval (£)

0 50 80 120 150 180 250
0 63 95 136 167 200 287
0.0 0.0 12.5 25.1 33.7 332 55.5
0.0 0.0 5.8 7.3 6.7 10.0 8.0

Moisture (mass %)
C (mass %, daf)

H

0]

N

S

Ash (mass %, dry)
5102

K20

TiO2

Fe203

A1203

CaO

Na20

MgO

Ash?2

1.44 0.69 0.76 0.72 0.66 0.71 0.96
8423 8432 8436 8328 84.66 8337 86.29
5.54 5.40 5.44 4.82 4.43 3.98 3.79
7.56 8.06 7.92 9.14 8.20 9.61 7.03
1.65 1.64 1.64 1.70 1.78 1.82 1.89
1.01 0.58 0.64 1.07 0.94 1.22 1.00
3.73 3.45 4.48 5.43 5.73 4.82 8.60
1.90 1.50 2.10 2.40 2.70 2.70 3.50
0.07 0.13 0.10 0.09 0.12 0.09 0.17
0.06 0.05 0.07 0.08 0.09 0.09 0.13
0.31 0.35 0.34 0.42 0.43 0.47 0.57
1.10 1.10 1.30 1.50 1.80  1.90 2.80
0.11 0.11 0.12 0.17 0.18 0.19 0.23
0.01 0.01 0.01 0.01 0.06 0.03 0.03
0.03 0.03 0.03 0.04 0.05 0.05 0.06

*Mass release based on Si, Ti, Al, and ash as tracers.

B. Mass Balance Data'

m/mg (as rec'd)

tar/mg (as rec'd)

m/m, (normalized)

tar/mgy (normalized)
estimated V(daf)
estimated tar(daf)

tar estimated from tar/char
ratio and tracer analysis

0.84 0.85 0.49 0.54 0.54 0.43
0.03 0.04 0.11 0.21 0.23 0.22
1.00 1.01 0.58 0.65 0.65 0.51
0.04 0.04 0.13 0.25 0.27 0.27

0 -1 44 37 37 52
4 5 14 26 29 28
0 -48 8 24 26 30

TShown for reference only; tracers were used to determine extent of mass release.
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PSOC-1451D (cont.)
Pittsburgh #8 hva Bituminous Coal

63-75 wm Size Fraction,
1050 K Gas Condition in the CDL (100% N2)

C. Tap Densities and Apparent Densities of Char Samples

Sampling Height (mm)

0 50 - 80 120- 150 180 250
Residence Time (ms) 0 63 95 136 167 200 287
Mass Release (% dry) 0.00 0.00 12.10 2410 3250 3190 53.40
m/mg(dry) 1.00 1.00 0.88 0.76 0.68 0.68 047
m/mg(wet) - 1.00 0.99 0.87- 075  0.67 0.68 0.46
Aparent Density (p/'po)* - 1.00 0.80 0.44 0.39 0.19 . .0.16 0.18
Diameter Ratio 1.00 1.07 1.26 1.25 1.52 - 1.62 1.37
* Apparent densities measured using volumetric technique (tap densities)
D. Mercury Porosimetry and BET Analyses of Char Samples™*
| Sampling Height (mm) 0 30 60 90 120 150
Residence Time (ms) ~ na. - ona n.a. na ., na n.a.
Mass Release (% daf)* _ n.a. n.a. _n.a. n.a. n.a. n.a.
BET Surface Area (m?2/g) 4.49 2,67 8.16 7.52 14.26 16.98
Cumulative Pore Area 87.79 6573 .74.65 6267 102.06 88.24
(m?/g)
Median Pore Diameter
(Lm) : '
By Volume 16.87 18.91 20.50 21.21 25.35 23.65
By area 0.0039 0.0049 0.0050 0.0052 0.0050 0.0052
By 4V/A 0.0396 0.0589 0.1113 0.2051  0.2267 0.2911
Density, g/cc '
Bulk 0.617 0.563° 0344  0.245 0.148 0.137
Skeletal 1.330 1.237 1.206 1.158 1.049 1.154
Porosity (%) 53.7 54.5 71.5 78.8 85.9 88.1

**These mercury porosimetry and BET surface area data are from an early set of experiments
(with Steve Hsu) at the indicated sample heights. The gas condition was similar to those

determined from the later experiments, but residence times and particle temperatures are not
available for these early data. ' '
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PSOC-1451D (cont.)

Pittsburgh #8 hva Bituminous Coal

63-75 pm Size Fraction,

1050 K Gas Condition in the CDL (100% N3)

E. NMR Analyses of Char Samples

(Not available)

F. NMR Analyses of Tar Samples

Sampling Height (mm) 0 50 80 120 150 180 250
Residence Time (ms) 0 63 95 136 167 200 287
Mass Release (% daf) 0.0 0.0 12.5 25.1 33.7 33.2 55.5
o-H n.a. n.a. n.a. n.a. n.a. 38 34
o-CH3 n.a. n.a. n.a. n.a. n.a. 9 9

B—and y-H n.a. n.a. n.a. n.a. n.a. 18 13
v-CH3 n.a. n.a. n.a. n.a. n.a. 4 3

Aromatic H 28" n.a. n.a. n.a. n.a. 38 47
1-Ring n.a. n.a. n.a. n.a. n.a. n.a, n.a.
2-Ring n.a. n.a. n.a. n.a. n.a. n.a. n.a.
3-Ring n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Aromatic C 60™* n.a. n.a. n.a. n.a. n.a, n.a.

*Estimated from the C/H ratio and the carbon aromaticity f; of the parent coal
**Estimated as the carbon aromaticity of the parent coal
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PSOC-1451D
Pittsburgh #8 hva Bituminous Coal
63-75 m Size Fraction,
1050 K Gas Condition in the CDL (100% N»3)
(Duplicate Experiments)

A. Char Sample Analyseé

Sampling Height (mm) 0 180 250
Residence Time (ms) 0 200 287
Mass Release (% daf)* 0.0 342 50.7

90% conf. interval (1) 00 - 70 4.1

Moisture (mass %) 2.72 2.21 1.75
C (mass %, daf) 8493 8494 8533
H 5.45 4,69 3.89
0 ‘ 7.03 7.62 8.03
N 1.68 1.87 1.89
S o 0.92 0.89 0.85
Ash (mass %, dry) 3.92 6.64 8.44
Si02 2.07 3.03 4.08
K20 0.06 0.09 0.12
TiO2 1 0.06 0.08 0.11
Fe203 . - 0.29 0.43 0.57
A1203 1.13 1.64 2.18
CaO 0.15 021 0.27
Na20 0.03 003 0.04
MgO 002 003 0.06
Ash2

*Mass release based on Si, Ti, Al, and ash as tracers.

B. Mass Balance Data'

m/mg (as rec'd) 0.60 0.51
tar/mg (as rec'd) 0.20 0.25
m/mg (normalized) 0.71 0.61
tar/mg (normalized) 0.24 0.30
estimated V(daf) 31 42
estimated tar(daf) 25 32
tar estimated from tar/char 28 39
ratio and tracer analysis

tShown for reference only; tracers were used to determine extent of mass release.
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PSOC-1451D (cont.)
Pittsburgh #8 hva Bituminous Coal
106-125 pm Size Fraction,
1050 K Gas Condition in the CDL (100% N3)
(Duplicate Experiments)

C. Tap Densities and Apparent Densities of Char Samples

Sampling Height (mm) 0 180 250
Residence Time (ms) 0 200 287
Mass Release (% dry) 0.00 3290  48.70
m/me(dry) 1.00 0.67 0.51
m/mg(wet) 1.00 0.67 0.51
Aparent Density (p/po)* 1.00 0.30 0.32
Diameter Ratio 1.00 1.31 1.17

* Apparent densities measured using volumetric technique (tap densities)

D. Mercury Porosimetry and BET Analyses of Char Samples

(not available)

E. NMR Analyses of Char Samples

(not available)

F. NMR Analyses of Tar Samples

(not available)
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1350 K High Velocity Gas Condition in the CDL (100% No)**

_—_—_—:——_—__—_——"_‘_————————_—'——

PSOC-1451D
Pittsburgh #8 hva Bituminous Coal
106-125 pm Size Fraction,

A. Char Sample Analyses

Sampling Height (mm) 0 20 40 70 100 150 250
Residence Time (ms) 0 0 0 0 0 0 0

Mass Release (% daf)* 0.0* 0.0 0.0 18.5 48.6 56.6 52.2

90% conf. interval (1) 0.0* 0.0 0.0 6.7 17.5 259 219

Moisture (mass %) 1.40 0.66 0.66 0.61 0.67 1.21 1.06
C (mass %, daf) 83.01 8394  84.51 84.10  85.07 87.63  91.29
H 542 5.49 5.47 5.28 4.42 3.33 277
O 8.77 7.75 7.26 7.73 779 - 573 3.03
N 1.63 1.84 1.78 1.85 1.78 2.11 2.03
S 1.18 0.97 0.98 1.04 0.94 1.20 0.87
Ash (mass %, dry) 18.05 9.48 9.20 10.42 12.54 2344 12.16
Si02 - 9.13 5.57 4.83 6.90 12.05 8.83 12.30
K20 0.44 0.32 0.15 0.29 0.44 0.68 0.55
TiO2 0.18 0.12 0.11 0.15 0.22 0.18 0.26
Fe203 0.90 0.67 0.52 0.72 1.41 2.49 1.40
Al1203 4.21 2.64 242 3.28 5.50 10.70 6.24
CaO 1.15 0.85 0.56 1.15 1.83 1.08 1.46
Na20 0.10 0.06 0.06 0.08 0.14 0.25 0.12
MgO 0.29 0.14 0.18 0.27 0.41 0.09 0.30
Ash?2 n.a. n.a. n.a. n.a. n.a. n.a. n.a.

*Mass release based on Si, Ti, Al, and ash as tracers. The raw coal analyses associated
with this set of pyrolysis chars was obviously in error, and hence the sample taken at 20 mm

was used here as the normalization standard to determine the extent of mass release.

**The increased velocity in this condition caused flow instabilities in the reactor, and the

particles did not flow in a straight line. This caused uncertainties in the determination of the

particle history and made particle temperature measurement impossible due to the low
probability of a particle entering the optical diagnostic volume. No other analyses were

performed on this set of coal samples.
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PSOC-1451D
Pittsburgh #8 hva Bituminous Coal
63-75 um Size Fraction,
850 K Gas Condition in the CDL (100% N») '
(Early experiments performed with Steve Hsu)

A. Char Sample Analyses

(not available)

B. Tap Densities and Apparent Densities of Char Samples

(not available)

C. Mercury Porosimetry and BET Analyses of Char Samples

Sampling Height (mm) 0 80 160 240 280
Residence Time (ms) n.a. n.a. n.a. n.a. n.a.
Mass Release (% daf) n.a. n.a. n.a. n.a. n.a,
BET Surface Area (m?/g) 4,49 0.97 0.40 0.39*  0.24*
Cumulative Pore Area 87.79 78.37  102.05 118.05 78.71
(m?/g)
Median Pore Diameter
(Lm) :
By Volume 16.87 18.09 2422 2389 2279
By area 0.0039 0.0047 0.0050 0.0045 0.0046
By 4V/A 0.0396 0.0525 0.1441 0.0937 0.1336
Density, g/cc
Bulk 0.617 0.559 0218 0.277 0.289
Skeletal 1.330 1.316 1.100 1.176 1.195

Porosity (%) 53.7 57.5 80.2 76.5 75.9

*These mercury porosimetry and BET surface area data are from an early set of experiments
(with Steve Hsu) at the indicated sample heights. The gas condition was similar to those
determined from the later experiments, but residence times and particle temperatures are not
available for these early data. The 850 K gas condition characterized by measurements of
gas temperature, but particle temperatures were below the detection limit of the particle
sizing-pyrometer system. No other analyses of these samples were performed.




PSOC-1451D
Pittsburgh #8 hva Bituminous Coal
106-125 pum Size Fraction,
850 K Gas Condition in the CDL (100% N2)
(Early experiments. performed with Steve ‘Hsu)

A. Char Sample Analyses

(not available)

B. Tap Densities and Apparent Densities of Char Samples

(not available)

C. Mercury. Porosimetry and BET Analyses of Char Samples

Sampling Height (mm) - 00 50 100 150 200 250 290
Residence Time (ms) . n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Mass Release (% daf) 1.4 n.a. n.a. n.a. na.____ n.a n.a.
BET Surface Area (m2/g) 416 . 2.56 1.87 1.63 1.37 1.07 1.81
Cumulative Pore Area. | 59.01  52.53 6156 69.10 8351 1014 13.77
(m?/g) | ‘ o
Median Pore Diameter
(1)
By Volume 2832  29.06 30.69 3345 35.17 47.65 48.15
By area : 0.0046 0.0047 0.0049 0.0056 0.0050 0.0037 0.0042
By 4V/A 0.0544 0.0641 0.0621 0.0759 0.1022 0.8887 0.6826
Density, g/cc '
Bulk - 0.673 = 0.637 0596 0479 0342 0262 0250
Skeletal 1.462 1.375 1.386 1.286 1268  0.637 0.608
Porosity (%) » 54.0 53.6 57.0 62.8 73.0 59.0 58.8

*These mercury porosimetry and BET surface area data are from an early set of experiments
(with Steve Hsu) at the indicated sample heights. The gas condition was similar to those
determined from the later experiments, but residence times and particle temperatures are not
available for these early data. The 850 K gas condition characterized by measurements of
gas temperature, but particle temperatures were below the detection limit of the particle
sizing-pyrometer system. No other analyses of these samples were performed.
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Data Summary:
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*¥ PENN STATE COAL DATA BASE ** PSOC-1493

PAGE 1
SAMPLE HISTORY
PENN STATE NUMBER PSOC-1493
COLLECTED BY PENNSYLVANIA STATE UNIVERSITY
COLLECTION DATE 9/1/85
COLLECTOR’S NUMBER
REPORTED RANK HIGH VOLATILE B BITMUMINOUS (HVBB)
SAMPLE TYPE CHANNEL WHOLE SEAM
OTHER SAMPLE INFORMATION
SAMPLE RESERVE 900
SEAM NAME ILLINOIS #6
ALTERNATE SEAM NAME HERRIN
TOTAL SEAM THICKNESS SFT. 6IN.
THICKNESS OF SEAM SAMPLED SFT. 6IN.

PORTION RECOVERED IN CORE
DIAMETER OF CORE

SAMPLE LOCATION
COUNTRY U.S.A.
STATE ILLINOIS
COUNTY PERRY
TOWNSHIP SIX MILE PRAIRIE
NEAREST TOWN CUTLER
COAL PROVINCE INTERIOR
COAL REGION EASTERN

COAL FIELD



#% PENN STATE COAL DATA BASE ** PSOC-1493
PAGE 2
SEAM NAME ILLINOIS #6 COUNTRY U.S.A,
APPARENT RANK HIGH VOLATILE C BITUMINOUS (HVCB) STATE ILLINOIS

GEOLOGIC INFORMATION

SYSTEM (AGE) PENNSYLVANIAN
SERIES

GROUP

FORMATION . CARBONDALE
OVERBURDEN LITHOLOGY SHALE

FLOOR LITHOLOGY CLAY

SEAM STRATA INFORMATION
THICKNESS  LITHOTYPE
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** PENN STATE COAL DATA BASE ** PSOC-1493

SEAM NAME ILLINOIS #6
APPARENT RANK  HIGH VOLATILE C BITUMINOUS (HVCB) STATE ILLINOIS

PROXIMATE ANALYSIS AS REC'D DRY

PAGE 3

COUNTRY U.S.A.

CHEMICAL DATA 1

DAF DMMF  DMMF DMMF
(PAFF) _(PARR-G) (DIR MM)

% MOISTURE 9.43

% ASH 13.74 15.17

% VOLATILE MATTER 34.34 3791 44.69 4291 4293
% FIXED CARBON 42.50 46.92 5531 57.09 57.07
CALORIFIC VALUE DRY AS REC’'D EQUIL

(GROSS BTU/LB) MOIST, MOIST,
MM-FREE, DIRECT

MM-CONTAINING 11963 10835 10637

MM-FREE (PARR) 14484 12832 12550
MM-FREE (MOD.P) 14485 12707 12430

BEST MM FREE 12707 12430

NET CV, DMMF BTU/LB 14011

ASH-FREE 14102

ASSOCIATED ANALYSES

MOTT-SPOONER DIFFERENCE =

% EQUILIBRIUM MOISTURE
% TOTAL SULFUR

APPARENT RANK (AS REC’D MOIST)

ASTM RANK (EQUIL. MOIST.)

REFLECTANCE RANK CATEGORY

INTERNATIONAL RANK
AS REC’D MOIST.
EQUIL. MOIST

REPORTED RANK

F-3

DRY MMF
11.08 13.70
498

RANK CALCULATIONS

HIGH VOLATILE C BITUMINOUS (HVCB)
HIGH VOLATILE C BITUMINOUS (HVCB)
HIGH VOLATILE C BITUMINOUS (HVCB)

HIGH VOLATILE B BITUMINOUS (HVBB)



#* PENN STATE COAL DATA BASE ** PSOC-1493

PAGE 4
SEAM NAME TLLINOIS #6 - . .COUNTRY USA.
\PPARENT RANK HIGH VOLATILE C BITUMINOUS (HVCB) STATE ILLINOIS

CHEMICAL DATA 2
ULTIMATE ANALYSIS  AS REC'D DRY DAE DMMF(PARR)

(19.12 % MM)
% ASH 13.74 15.17 . -
% CARBON 59.98 66.23 78.07 81.89
% HYDROGEN #3778 4.17 492 5.16
% NITROGEN 1.15 1.27 1.50 1.57
% SULFUR 451 4.98 5.87
% CHLORINE 0.03 10.03 10.04 0.04
% OXYGEN (DIFF) #7.38 8.15 9.61 11.35
SULFUR FORMS 9% PYRITIC % SULFATIC % ORGANIC % TOTAL
DRY 2.61 0.04 . 233 4.98
DAF 3.08 0.05 2.75 5.87
OPTICAL
ELEMENTAL ANALYSIS DRY_ __ DMME (MOD.P) DMMF(DIR.)
(18.38 % MM) (. %MM)

% CARBON 66.07 80.96
% HYDROGEN 4.44 5.44
% NITROGEN 127 1.57
% ORGANIC SULFUR 233 2.85
% OXYGEN (DIFF) 7.50 9.16

9% CHLORINE - 0.03 0.04

% MINERAL MATTER R
(INCLUDES 4.88 % FES2)

ATOM RATIOS (DMMF) PARR MOD.PAR DIRECT

ATOMIC H/C 0.756 70.807

ATOMIC O/C 0.104 0.104

MISC. CHEMICAL DATA DRY OF DMMF COAL __OF DMMF OXYGEN

% O AS COOH |

% O AS OH

% S AS SO4, IN ASH

% CARBONATE AS CO2 0.57

% CHLORINE 0.06

INFRA-RED ANALYSIS

(*)- EXCLUDES MOISTURE
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** PENN STATE COAL DATA BASE ** PSOC-1493
PAGE 5

SEAM NAME ILLINOIS #6 COUNTRY U.S.A.
APPARENT RANK  HIGH VOLATILE C BITUMINOUS (HVCB) STATE ILLINOIS

CHEMICAL DATA 3

% MOISTURE IN COAL = 2.37
% HIGH TEMPERATURE ASH = 14.30 AT 750 DEGREES C

TRACE ELEMENT PPM PPM MAJOR ELEMENT OXIDE % ELEMENT %
ANALYSIS HTA TOTAL COAL ANALYSIS OF HTA OF TOTAL
DRY COAL
AG S102 41.20 2.75
B AL203 15.70 1.19
BA 540 77 TIO02 0.76 0.07
BE 9 1 FE203 23.90 2.39
BI . MGO 0.90 0.08
CE CA0 7.39 0.76
CO NA20 0.40 0.04
CR 130 19 K20 1.70 0.20
Cu 120 17 P205 0.26 0.02
GA S03 7.90 0.45
GE
LA
LI
MN 430 61
MO YOLATILES PPM TOTAL COAL
NI 60 9
NB AS
PB - BR
RB 100 14 CD
SC CL
SN F
SR 170 24 HG
TH SB
U ' SE
A 220 31
Y
YB
ZN 440 63
ZR 150 21
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*%* PENN STATE COAL DATA BASE ** PSOC-1493

PAGE 6
SEAM NAME  ILLINOIS #6 | " COUNTRY USA.
A\PPARENT RANK HIGH VOLATILE C BITUMINOUS (HVCB) STATE ILLINOIS
MINERALOGICAL DATA

TOTAL MINERAL MATTER

% MM-PARR 19.12

% MM-MODIFIED PARR 18.38

% MM-KMC

% MM-DIRECT

% MM-BEST AVAILABLE = 18.38

VOL % MM-PARR , 10.23

MINERAL COMPOSITION

NONE




** PENN STATE COAL DATA BASE #** PSOC-1493
PAGE 7

SEAM NAME ILLINOIS #6 COUNTRY US.A.
APPARENT RANK  HIGH VOLATILE C BITUMINOUS (HVCB) STATE ILLINOIS

PETROGRAPHIC DATA
MACERAL COMPOSITION WHITE ANALYSIS ONLY

DRY DMMF DRY

VOLUME % YOLUME % WEIGHT %
VITRINITE (CALC.) 71.6 86.4 69.9
INERTINITE (CALC.) 11.0 12.2 9.9
LIPTINITE (CALC.) 1.3 1.4 1.1
MINERAL MATTER (CALC.) 10.2 19.1
VITRINOIDS
VITRINITE 77.6 86.4 69.9
PSEUDOVITRINITE 0.0 0.0 0.0
FUSINITE 3.2 3.6 2.9
SEMI-FUSINITE : 4.8 5.4 4.4
MACRINITE 0.4 , 0.5 0.4
MICRINITE 2.4 ‘ 2.7 2.2
SCLEROTINITE 0.0 0.0 0.0
SPORINITE
CUTINITE
EXINITE (ANAL.) 1.1 1.2 1.0
RESINITE 0.2 0.2 0.2
SUBERINITE ’
EXUDATINITE
FLUORINITE
BITUMINITE
ALGINITE 0.0 0.0 0.0
LIPTODETRINITE :
MINERAL MATTER (ANAL.)
INERTINITE (ANAL.)
LIPTODETRINITE (ANAL.)
REFLECTANCE DATA HIGH LOW RANGE MEAN MAX STAND.DEV.
(%, IN OIL)
VITRINITE 0.68 0.42 0.26 0.53 0.06
PSEUDOVITRINITE
VITRINOIDS
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#% PENN STATE COAL DATA BASE **

PSOC-1493
PAGE 8

ANALYSIS LOG

ANALYSIS DATE PERFORMED BY

AR. MOIST 12/13/85 WARNER LABORATORIES

EQUIL. MOIST.. 12/13/85 WARNER LABORATORIES

PROXIMATE 12/13/85 WARNER LABORATORIES

ULTIMATE 12/13/85 WARNER LABORATORIES

SULFUR FORMS - 12/51385 WARNER LABORATORIES

FSI 12/5/85 COAL PETROGRAPHY LABORATORIES-PSU
PLASTOMETER 12/2/85 COAL PETROGRAPHY LABORATORIES-PSU
DIRECT MM

GRAY-KING

F-8

SEAM NAME = ILLINOIS #6 o COUNTRY US.A.
PPARENT RANK HIGH VOLATILE C BITUMINOUS (HVCB) STATE ILLINOIS
PETROGRAPHIC DATA

CONTINUED
9% VITRINOID ‘ VOLUME % VITRINOID VOLUME
REFLECTANCE HALF-TYPE  PERCENT REFILECTANCE V-TYPE _ PERCENT
0.40-0.44 VHT 0.425 7.00 | o
0.45-0.49 VHT 0.475 32,00 0.50-0.59 V4 39.00
0.50-0.54 VHT 0.525 26.00
0.55-0.59 VHT 0.575 19.00 0.50-0.59 V5 45.00
0.60-0.64 VHT 0.625 12.00
0.65-0.69 VHT 0.675 4.00 0.60-0.69 V6 16,00

PHYSICAL PROPERTIES
HARDGROVE GRINDABILITY 47.0
VICKER’S MICROHARDNESS
FREE SWELLING INDEX 3.0
GRAY KING COKE TYPE
ASH FUSION ANALYSIS (DEGREES F) REDUCING OXIDIZING
" [NITIAL DEFORMATION TEMPERATURE 1965 2330 __

SOFTENING TEMPERATURE 2035 2395
HUEMISPHERE TEMPERATURE 2125 2515
FLUID TEMPERATURE 2205 2550

¢

C
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PSOC-1493D
Illinois #6 hvb Bituminous Coal
106-125 pm Size Fraction,
1250 K Gas Condition in the CDL (100% N3)

A. Char Sample Analyses

Sampling Height (mm) 0 20 40 70 100 150 250
Residence Time (ms) 0 24 43 65 89 128 224
Mass Release (% daf)* 0.0 0.4 19.0 39.2 47.2 514 52.0
90% conf. interval () 0.0 0.6 3.8 8.6 3.0 4.4 5.3
Moisture (mass %) 3.28 0.74 0.58 0.64 0.84 1.03 0.90
C (mass %, daf) 7412 7469  77.04 73.19  75.89  78.18 83.94
H 496 = 4.80 4.66 3.82 3.06 2.49 271
O 13.18  11.81 11.70 11.13 9.37 6.77 5.84
N 1.45 1.53 1.53 1.50 1.60 1.66 1.67
S 6.29 7.16 5.06 10.36 10.07 10.90 5.84
Ash (mass %, dry) 11.30 13.60 13.61 21,71 23.12 2336 2231
Si02 - 4.77 4.79 5.84 7.66 8.28 8.96 8.92
Al203 1.78 1.79 2.16 2.83 3.13 3.36 347
Fe203 3.58 491 391 8.93 8.46 7.68 6.94
TiO2 0.10 0.10 0.12 0.14 0.17 0.17 0.18
Ash?2 13.22 15.16 12.61 2291 2437 2285  20.52
*Mass release based on Si, Ti, and Al as tracers (not ash).

B. Mass Balance Datat
m/mg (as rec'd) 1.00 0.76 0.61 0.53 0.50 0.49
tar/mg (as rec'd) 0.01 0.06 0.14 0.17 0.17 0.13
m/mg (normalized) 1.00 0.76 0.61 0.53 0.50 0.49
tar/mg (normalized) 0.01 0.06 0.14 0.17 0.17 0.13
estimated V(daf) 0 28 45 55 58 60
estimated tar(daf) 1 7 16 20 19 16
tar estimated from tar/char 0 5 14 18 17 14
ratio and tracer analysis

tShown for reference only; tracers were used to determine extent of mass release.
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PSOC-1493D (cont.)
Tilinois #6 hvb Bituminous Coal
, 106-125 pwm Size Fraction,
1250 K Gas Condition in the CDL (100% N3)

._——_—__—_———_—____—_-——:———'_——_—___——-—————_——_————'_——-—__———

C. Tap Densities and Apparent Densities of Char Samples

Sampling Height (mm) 0 20 40 70 100 150 . 250

Residence Time (ms) 0 24 43 65 89 128 224
Mass Release (% dry) 0.00 0.30 16.80 3480 4190 45.50 46.10
m/mgy(dry) - 1.00 1.00 ~ 0.83 0.65 0.58 0.55 0.54
| m/mo(wet) 1.00 0.97 0.81 0.63 0.57 0.53 0.53
Aparent Density (p/po)” 1.00 0.56 0.36 0.38 0.34 0.31 0.36
Diameter Ratio 1.00 1.20 1.31 1.19 1.19 1.20 1.13

* Apparent densities measured using volumetric technique (tap densities)

D. Mercury Porosimetry and BET Analyses of Char Samples

(not available)
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v PSOC-1493D (cont.)
Illinois #6 hvb Bituminous Coal
106-125 um Size Fraction,
1250 K Gas Condition in the CDL (100% Nj)

E. NMR Analyses of Char Samples

Residence Time (ms) 0 43 65 - 89 128 223
Sampling Distance (mm) 0 40 70 100 150 250
Mass Release (% daf) 0 22 38 47 51 51
Aromatic carbon, f, = f; + f,€ g1 72 74 79 - 81 .86
Carbonyl, f,€ 04 05 04 05 03 .02
Aromatic carbon, carbonyl subtracted, f;’ 67 67 70 74 78 84
Protonated aromatic carbon, f? 27 29 .27 34 33 .32
Non-protonated aromatic C, fN=f,L +f5+f,B| 40 38 43 40 45 52
Aromatic carbon with O attachment, f,” 08 09 07 07 05 .05
Aromatic carbon with alkyl attachment, f5 A7 .19 16 19 18 .22
Aromatic bridgehead and inner carbon, f,8 A5 10 20 14 22 25
Aliphatic carbon, fy 29 28 26 .21 19 14
Aliphatic CH and CHp, fy/! A8 19 17 15 14 10
Aliphatic CH3 and non-protonated carbon, fu* A1 .09 .09 .06 .05 04
Aliphatics with oxygen attachment, f/0 07 07 05 08 07 .07
Proton spin-relaxation time, T; pHar (ms) 4.0 2.6 2.7 4.4 6.1 8.3
Total carbons per cluster 16 14 19 13 17 18
Aromatic carbons per cluster, C - 11 10 14 10 14 15
Aliphatic carbons per cluster 48 42 52 28 34 25
Total attachments per cluster, o+ 4.1 4.2 4.6 3.5 4.1 4.8
Bridges and loops per cluster, B¢ 23 28 28 27 32 41
Side chains per cluster 1.8 1.4 18 08 09 07
Fraction of intact bridges per cluster, p 56 .68 .61 g1 78 .85
Average cluster molecular weight 270 230 330 210 280 260
Side chain molecular weight 34 26 35 26 27 17




~ PSOC-1493D (cont.)
Illinois #6 hvb Bituminous Coal

106-125 pm Size Fraction, =~
1250 K Gas Condition in the CDL (100% N3)

F. NMR Analyses of Tar Samples

Sampling Height (mm). 0 43 - 65 -89 128 223
Residence Time. (ms) 0 40 70 100 150 250
Mass Release (% daf) 0 22 38 47 - 51 51
o-H --n.a. 35 33 26 24 19
o-CHj3 - n.a, 14 9 7 4 4

B and y-H n.a. 19 14 Wi 4 4

v:CH3 na. 7 4 1 1 1

Aromatic H 34 39 . 50 62 72 75
1-Ring n.a. 13 19 16 23 10
2-Ring n.a, 8 19 19 20 25
3-Ring n.a. 14 9 21 24 35
Aromatic CY 67" n.a. n.a. n.a. n.a. n.a.

 *Rstimated from the C/H ratio and the carbon aromaticity f; of the parent coal

**Estimated as the carbon aromaticity of the parent coal
tSee duplicate experiments in next table.
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(Duplicate Experiments)

PSOC-1493D

Illinois #6 hvb Bituminous Coal
106-125 um Size Fraction,

1250 K Gas Condition in the CDL (100% N3)

A. Char Sample Analyses

Sampling Height (mm) 0 40 70 180 250
Residence Time (ms) 0 43 65 154 224
Mass Release (% daf)* 0.0 24.9 37.1 49.9 49.2

90% conf. interval (£) 0.0 6.5 4.3 3.9 3.9

Moisture (mass %) 3.26 1.94 2.59 2.82 - 2.51
C (mass %, daf) 74.81 75.49  78.15 83.26 85.59
H 5.13 4.58 3.81 2.69 279
0] 12.93 11.83 10.96 5.50 4,96
N 1.38 1.46 1.73 1.87 1.68
S 574 6.64 5.35 6.68 4.99
Ash (mass %, dry) 11.30 18.30 1720 2220  20.80
Si02 4.78 6.46 7.35 8.93 8.71
Al203 1.96 2.47 2.82 3.40 3.34
Fe203 4.47 6.03 5.46 6.64 5.69
TiO2 0.10 0.13 0.15 0.18 0.18
Ash2 13.42 13.06 17.02 2574 2247
*Mass release based on Si, Ti, and Al as tracers (not ash).

B. Mass Balance Datal

m/mg (as rec'd) 0.79 0.54 0.49 0.46
tar/mg (as rec'd) 0.08 0.13 0.12 0.11
m/m, (normalized) 1.00 0.68 0.62 0.59
tar/mg (normalized) 0.11 0.16 0.15 0.14
estimated V(daf) 0 37 45 48

estimated tar(daf) 12 19 18 17

tar estimated from tar/char 0 19 20 17

ratio and tracer analysis

i

TShown for reference only; tracers were used to determine extent of mass release.
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PSOC-1493D (cont.)

Tllinois #6 hyb Bituminous Coal
‘ '106-125 um Size Fraction,

1250 K Gas Condition in the CDL (100% N3)
(Duplicate Experiments)

C. Tap Densities and Apparent Densities of Char Samples

Sampling Height (mm) 0 40 - 70 - 180 250
Residence Time (ms) 0 43 65 154 224
Mass Release (% dry) - 0.00 22,10 3290 4430 4370
m/me(dry) 1.00 078 067 056 = 056 .
m/mey(wet) v 100 0.77 0.67. 055 0.56
Aparent Density (p/po)” 1.00 0.40:- 042 041 0.42
Diameter Ratio 1.00 124 117 1.11 1.10 .

* Apparent densities measured using volumetric technique (tap densities)

D. Mercury: Porosimetry and BET Analyses of Char Samples

(not available)

E. NMR Analyses of Char Samplés

— (not-available) - - — -
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PSOC-1493D (cont.)
Illinois #6 hvb Bituminous Coal
106-125 pm Size Fraction,
1250 K Gas Condition in the CDL (100% N3)
(Duplicate Experiments)

F. NMR Analyses of Tar Samples

Sampling Height (mm) 0 40 70 180 250

Residence Time (ms) 0 43 65 154 224
Mass Release (% daf) 0.0 249 37.1 49.9 49.2
o-H n.a. n.a. n.a. n.a. n.a.
a-CH3 n.a. n.a. n.a. n.a. n.a.
B— and y-H n.a. 20 10 n.a. 1

v-CHj3 n.a. 6.3 3 04 0.2
Aromatic H 33 36 53 n.a. 79
I-Ring - n.a. 16 19 n.a. 11
2-Ring n.a. 11 14 n.a. 27
3-Ring n.a. 9 27 n.a. 41
Aromatic C 67 74 84 96 96

*Estimated from the C/H ratio and the carbon aromaticity £, of the parent coal
**Estimated as the carbon aromaticity of the parent coal
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PSOC-1493D
Illinois #6 hvb Bituminous Coal
106-125 jum Size Fraction,

- 1050 K Gas Condition in the CDL (100% N2)

A. Char Sample Analyses

Sampling Height (mm) 0 50 80 120 150 180 250
Residence Time (ms) 0 61 91 127 156 186 266
Mass Release (% daf)* 0.0 1.8 279 293 367 38.3 43.5
90% conf. interval (+) 0.0 4.2 8.4 6.5 66 .15 9.6
Moisture (mass %) "328 - 094 1.01 . 053 071~ 1.00 0.71
C (mass %, daf) 7412 7398 7534 7549 7436 7345 7522
H T 496 476 499 4.35 4.01 3.67 3.28
0] ©13.18°  13.07° 12,18  12.16 11.72 11.95 10.53
N 145 138 - 142 1.59 1.54 143 1.42
S , 6.29 6.80 6.07 6.41 8.37 9.49 9.55
Ash (mass %, dry) 1130 - 1206 ~ 1624  16.58 18.37 19.36  22.05
Si02 ' ' 477 4.58 6.62 - 654 7.18 7.21 7.67
Al1203 1.78 1.68 2.36 2.37 2.61 2.63 2.80
Fe203 3.58 403  5.00 523 578 6.30 7.69
TiO2 0100 009 . . 012 013 . 014 014 0.15
Ash2 24.39

1322

10.86

15.52

*Mass release based on Si, Ti, Al, and ash as tracers.

16.12

B. Mass Balance Dataf

20.18

20.46

m/m, (as rec'd)

tar/mg (as rec'd)

m/mg (normalized)

tar/mg (normalized)
estimated V(daf)
estimated tar(daf)

tar estimated from tar/char

ratio and tracer analysis

0.01
1.00
0.01
0
1
0

0.03
0.96
0.04
4
5
32

0.09

0.91

0.11
11
13
36

0.10

0.71

0.13
34
16
17

0.15

0.74

0.19
30
23
29

079 076 — 071056 ——0:59- - 0:56- -

0.17

0.71

0.21
34
25
32

tShown for reference only; tracers were used to determine extent of mass release.
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PSOC-1493D (cont.)
Illinois #6 hvb Bituminous Coal
106-125 um Size Fraction,
1050 K Gas Condition in the CDL (100% N3)

C. Tap Densities and Apparent Densities of Char Samples

Sampling Height (mm) 0 50 80 120 150 180 250
Residence Time (ms) 0 61 91 127 156 186 266
Mass Release (% dry) 0.00 1.60 2470 2600 32,60 3400 38.60
m/mg(dry) 1.00 0.98 0.75 0.74 0.67 0.66 0.61
m/mg(wet) 1.00 0.96 0.74 0.72 0.66  0.64 0.60
Aparent Density (p/po)* 1.00 0.81 0.48 044 0.44 0.52 0.58
Diameter Ratio 1.00 1.06 1.15 1.18 1.14 1.07 1.01

* Apparent densities measured using volumetric technique (tap densities)

D. Mercury Porosimetry and BET Analyses of Char Samples

(not available)

E. NMR Analyses of Char Samples

(not available)




PSOC-1493D (cont.)
Illinois #6 hvb Bituminous Coal-
106-125 pm Size Fraction,
1050 K Gas Condition in the CDL (100% N2).

'~ “F. NMR Analyses of Tar Samples

-50 80 120 « 150 . 180 250

Sampling Height (mm) 0

Residence Time (ms) 0 61 91 127 156 186 266
Mass Release (% daf) 0.0 1.8 279 293 367 383 435
o-H : n.a. n.a. 35 234 42 35 39
o-CH3 n.a. n.a. 8 9 8 9 11
f— and y-H ' n.a. n.a. 25 18 16 16 15
v-CH3 n.a. n.a. 8 8 5 3 4
Aromatic H 34* n.a. 32 41 42 45 42
1-Ring | na n.a. 10 10 11 8 15
2-Ring ' " 'n.a. n.a. 10 10 - 1 8 14
3-Ring n.a. n.a. 8 15 13 14 7
Aromatic C 67" n.a. n.a. 64 70 80 81

*Estimated from the C/H ratio and the carbon aromaticity f, of the parent coal
“*Retimated as the carbon aromaticity of the parent coal
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APPENDIX G

Data Summary:

 PSOC-1507D

North Dakota

Beulah Zap lignite
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#% PENN STATE COAL DATA BASE ** PSOC-1507

PAGE 1
SAMPLE HISTORY
PENN STATE NUMBER PSOC-1507
COLLECTED BY PENNSYLVANIA STATE UNIVERSITY
COLLECTION DATE 712185
COLLECTOR’S NUMBER
REPORTED RANK LIGNITE
SAMPLE TYPE CHANNEL WHOLE SEAM
OTHER SAMPLE INFORMATION UPPER & LOWER BEULAH SEAM COMBINED
SAMPLE RESERVE 300
SEAM NAME BEULAH
ALTERNATE SEAM NAME ZAP
TOTAL SEAM THICKNESS 12FT. 11IN.
THICKNESS OF SEAM SAMPLED 12FT. 1IN

PORTION RECOVERED IN CORE
DIAMETER OF CORE

SAMPLE LOCATION
COUNTRY U.S.A.
STATE NORTH DAKOTA
COUNTY MERCER
TOWNSHIP
NEAREST TOWN ZAP
COAL PROVINCE NORTHERN GREAT PLAINS
COAL REGION FORT UNION
COAL FIELD



** PENN STATE COAL DATA BASE ** PSOC-1507

PAGE 2 ()
SEAM NAME BEULAH COUNTRY U.S.A.
APPARENT RANK  LIGNITE A (LIGA) STATE NORTH

DAKOTA

GEOLOGIC INFORMATION
SYSTEM (AGE) TERTIARY
SERIES PALEOCENE
GROUP |
FORMATION ~ FORT UNION
OVERBURDEN LITHOLOGY
FLOOR LITHOLOGY BLACK SHALE

SEAM STRATA INFORMATION

THICKNESS LITHOTYPE
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+% PENN STATE COAL DATA BASE ** PSOC-1507
PAGE 3
SEAM NAME BEULAH COUNTRY US.A.
APPARENT RANK  LIGNITE A (LIGA) STATE NORTH
: DAKOTA

CHEMICAL DATA 1

PROXIMATE ANALYSIS  AS REC'D DRY DAF DMMF

DMMF DMMF

(PAFF) _(PARR-G) (DIR MM)
% MOISTURE 33.57
% ASH 8.30 12.49
% VOLATILE MATTER 27.08 40.77  46.59 45.73 45.29
% FIXED CARBON 31.06 46.75 53.42 54.27 55.71
CALORIFIC VALUE DRY AS REC'D EQUIL
(GROSS BTU/LB) MOIST. MOIST,
MM-FREE, DIRECT
MM-CONTAINING 10627 7060 6792
MM-FREE (PARR) 12313 7747 7423
MM-FREE (MOD.P) 12375 7734 7412
BEST MM FREE 7734 7412
NET CV, DMMF BTU/LB 11899
ASH-FREE 12144

MOTT-SPOONER DIFFERENCE =

ASSOCIATED ANALYSES DRY MMF
% EQUILIBRIUM MOISTURE 36.09 42.10
9% TOTAL SULFUR 143

RANK CALCULATIONS

APPARENT RANK (AS REC'D MOIST) LIGNITE A (LIGA)
ASTM RANK (EQUIL. MOIST.) LIGNITE A (LIGA)
REFLECTANCE RANK CATEGORY
INTERNATIONAL RANK

AS REC’D MOIST.

EQUIL. MOIST
REPORTED RANK LIGNITE
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** PENN STATE COAL DATA BASE #**

SEAM NAME - BEULAH

PSOC-1507
PAGE 4

COUNTRY USA.
APPARENT RANK LIGNITE A (LIGA) STATE NORTH
DAKOTA
CHEMICAL DATA 2
ULTIMATE ANALYSIS __AS REC'D DRY DAF DMMF(PARR)
o (14.28 % MM)
% ASH 8.30 12.49 | |
% CARBON 41.59 62.61 71.55 73.04
% HYDROGEN %293 4.41 5.04 5.14
% NITROGEN 0.55 0.83 0.95 0.97
% SULFUR 0.95 1.43 1.63
% CHLORINE 0.01 0.02 0.02 10.02
% OXYGEN (DIFF) %12.09 18.21 20.81 20.83
SULFUR FORMS % PYRITIC % SULFATIC % ORGANIC % TOTAL
DRY 002 001 1.40 1.43
DAF 0.02 0.01 1.60 1.63
OPTICAL
ELEMENTAL ANALYSIS DRY DMMF (MOD.P) DMMF(DIR.)
(14.13 % MM) (% MM)
% CARBON 62.44 72.71 o
% HYDROGEN 4.25 4.95
% NITROGEN 0.83 0.97
% ORGANIC SULFUR 1.40 1.63
% OXYGEN (DIFF) 16.95 19.73
% CHLORINE 0.02 0.02
% MINERAL MATTER 1413 E
“(INCLUDES 0.04 % FES2)
ATOM RATIOS (DMMEF) PARR MOD.PAR DIRECT
ATOMIC H/C 0.846 0.817
ATOMIC O/C 0.214 0.237
MISC. CHEMICAL DATA DRY OF DMMF COAL _ OF DMMF OXYGEN
% O AS COOH |
% O AS OH
% S AS SO4, IN ASH
% CARBONATE AS CO2
% CHLORINE 0.04

INFRA-RED ANALYSIS

(*)- EXCLUDES MOISTURE
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** PENN STATE COAL DATA BASE ** PSOC-1507

PAGE 5
SEAM NAME BEULAH COUNTRY US.A.
APPARENT RANK LIGNITE A (LIGA) STATE NORTH
DAKOTA

CHEMICAL DATA 3

% MOISTURE IN COAL = 21.00
% HIGH TEMPERATURE ASH = 8.68 AT 750 DEGREES C

TRACE ELEMENT PPM PPM MAJOR ELEMENT OXIDE % ELEMENT %
ANALYSIS HTA TOTAL COAL ANALYSIS OF HTA OF TOTAL
DRY COAL
AG : S102 19.70 0.80
B AL203 9.34 0.43
BA 6570 570 TI02 0.37 0.02
BE 7 1 FE203 12.90 0.78
BI : MGO 5.33 0.28
CE .CAQ 23.20 1.44
CcO NA20 5.87 0.38
CR 65 6 K20 0.69 0.05
Cu 100 9 P205 0.34 0.01
GA S03 20.00 0.69
GE
LA
LI
MN 1400 122
MO VOLATILES PPM TOTAL COAL
NI 45 4
NB AS
PB - BR
RB 40 3 CD
SC CL
SN F
SR 4900 425 HG
TH SB
U ‘ SE
\Y 85 7
Y
YB
ZN 40 3
ZR 190 16
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** PENN STATE COAL DATA BASE ** PSOC-1507

PAGE 6
SEAM NAME BEULAH COUNTRY US.A.
APPARENT RANK LIGNITE A (LIGA) STATE NORTH
DAKOTA
MINERALOGICAL DATA

TOTAL MINERAL MATTER

% MM-PARR 14.28

% MM-MODIFIED PARR 14.13

% MM-KMC

% MM-DIRECT o

% MM-BEST AVAILABLE ~  14.13
VOL % MM-PARR 7.43
MINERAL COMPOSITION

NONE
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% PENN STATE COAL DATA BASE ok PSOC-1507

PAGE7
SEAM NAME BEULAH COUNTRY US.A.
APPARENT RANK  LIGNITE A (LIGA) STATE NORTH
DAKOTA
PETROGRAPHIC DATA
PETROGRAPHIC DATA NOT AVILABLE
PHYSICAL PROPERTIES
HARDGROVE GRINDABILIT Y
VICKER’S MICROHARDNESS
FREE SWELLING INDEX 0.0
GRAY KING COKE TYPE
ASH FUSION ANALYSIS (DEGREES F) REDUCING OXIDIZING
INITIAL DEFORMATION TEMPERATURE 2330 2320
SOFTENING TEMPERATURE 2350 2340
HEMISPHERE TEMPERATURE 2360 2370
FLUID TEMPERATURE 2370 2420
ANALYSIS LOG
ANALYSIS DATE PERFORMED BY
A.R. MOIST
EQUIL. MOIST.
PROXIMATE
ULTIMATE
SULFUR FORMS
FSI 4/29/86 COAL PETROGRAPHY LABORATORIES-PSU
PLASTOMETER
DIRECT MM
GRAY-KING

G-7



PSOC-1507D
North Dakota Beulah Zap lignite
75-106 pum Size Fraction, ,
1250 K Gas Condition in the CDL (100% N»)

%

II

A. Char SampIe'Analyses

Sampling Height (mm) 0 20 40 70 100 180 250
Residence Time (ms) 0 25 46 74 99 168 233

Mass Release (% daf)* 0.0 9.5 17.0 17.6 304 494 53.7

90% conf, interval (¥) ha._ . na. . na _n.a. n.a. n.a. n.a.
Moisture (mass %) 18.04 2.76 1.81 2.44 2,39 2,01 245
C (mass %, daf) 66.56  69.19 6436  70.91 7492 79.00  83.04
H 4.26 4.37 3.86 3.70 2.78 2.07 1.87
0] 2516  21.12 2593  21.29 1836 12.84 9.94
N 1.12 1.21 1.24 1.34 1.45 1.54 1.48
S - : 2.89 4,12 4.61 2.77 2.50 4.56 3.67
Ash (mass %, dry) 1870 2027 2170 21.83 2485 31.25 33.21
Si02 ' -2.50 2.04 2.47 3.01 442  4.64 4.77
K20 : - 042 0.48 0.05 025 0.25 0.21 0.20
TiO2 10.03 0.02 0.05 0.04 0.08 0.05 0.07
Fe203 8.10 7.81 4.37 8.98 4.66 6.60 6.74
A1203 2.50 2.08 1.06 3.00 1.92 1.88 2.00
CaO 7.66 8.09 2.90 11.90 2.99 6.73 5.21
Na20 1.51° 1:49 0.80 1.91 1.06 1.10 1.18
MgO 076  0.70 0.24 0.75 1.00 0.18 0.88
Ash?2 18.71 18.65 1944 2284 2552  29.66

*Mass release based on ash content only, due

- of these lignite samples.

B. Mass Balance Dataf

to large scatter in the ICP inorganic analyses - -

31.12

0.47

m/mgq (as rec'd) 0.75 0.73 0.59 0.53 0.46
tar/m, (as rec'd) 0.00 0.01 0.01 0.00 0.01 0.00
m/mg (normalized) 1.00 0.97 0.78 0.71 0.63 0.62
tar/mg (normalized) 0.00 0.01 0.02 0.00 0.02 0.00
estimated V(daf) 0 4 34 46 58 61
estimated tar(daf) 0 1 3 0 3 0
tar estimated from tar/char 0 6 1 0 2 0
ratio and tracer analysis

YShown for reference only; tracers were used to determine extent of mass release,

G-8




C. Tap Densities and Apparent Densities of Char Samples

PSOC-1507D (cont.)
North Dakota Beulah Zap lignite
75-106 pm Size Fraction,
1250 K Gas Condition in the CDL (100% N>)

-

Sampling Height (mm) 0 20 40 70 100 180 250
Residence Time (ms) 0 25 46 74 99 168 233
Mass Release (% dry) 0.00 7.70 13.80 14.30 24.70 40.20 43.70
m/me(dry) 1.00 0.92 0.86 0.86 0.75 0.60 0.56
m/mg(wet) 1.00 0.78 0.72 0.72 0.63 0.50 0.47
Aparent Density (p/po)” 1.00 1.00 0.95 0.83 0.75 0.77 0.77
Diameter Ratio 1.00 0.92 0.91 0.95 0.94 0.87 0.85
*Apparent densities measured using volumetric technique (tap densities)
D. Mercury Porosimetry and BET Analyses of Char Samples

Sampling Height (mm) 0 20 40 70 100 180 250
Residence Time (ms) 0 25 46 74 99 168 233
Mass Release (% daf) 0.0 9.5 17.0 17.6 304 49.4 53.7
BET Surface Area (m2/g) 5.93 4.57 4.25 5.68 29.11 215 225
Standard Deviation 0.18 0.22 0.05 0.19 0.48 5.2 5.3
Langmuir Surface Area n.a. n.a. n.a. n.a. n.a. 284 297
Standard Deviation n.a. n.a. ‘n.a. n.a. n.a. 1.1 1.3
Cumulative Pore Area 34.1 41.3 30.1 59.3 37.9 45.4 47.4

(m?/g) ‘
Median Pore Diameter

(Lm)

By Volume 24.19 25.6 2552 2415 2217 2306 2219

By area 0.0046 0.0048 0.0041 0.0053 0.0048 0.0056 0.0052

By 4V/A 0.1047 0.0967 0.1333 0.0894 0.1396 0.13  0.1229
Density, g/cc

Bulk 0.652 0.61 0.6 0512 0514 0476 0485

Skeletal 1.561 1.559  1.509  1.597 1.607 1.605  1.652
Porosity (%) 58.2 60.9 60.3 67.9 68 70.3 70.6




PSOC-1507D (cont.) ()
North Dakota Beulah Zap lignite
75-106 pm Size Fraction,
1250 K Gas Condition in the CDL (100% Nj)

/

\\

E. NMR Analyses of Char Samples

Error
v Estimate
Residence Time (ms) . 0 0 74 99 233 %5
Sampling Distance (mm) 0 0 70 . 100 250
Mass Release (% daf) ' -0 0 18 30 54 £3
Aromatic carbon, fy = fa + fa€ 65 65 75 .84 89 £.03
Carbonyl, £,¢ 08 .08 .07 .04 04 £.02
Aromatic carbon, carbony! subtracted, fd 57 57 .68 .80 85 +.04
Protonated aromatic carbon, fuff 19 20 21 30 31 .03
Non-protonated aromatic C, fN=fPHfS+fB] 38 37 .47 50 .54 .03
Aromatic carbon with O attachment, fo - o7 08 .08 - .07 07 £.02
Aromatic carbon with alkyl attachment, faS 14 .14 .14 A8 21 .03 (
~ - Aromatic bridgehead and inner carbon, 1B A7 A5 25 25 26 .04
Aliphatic carbon, fa | 35 35 25 ..16 11 £.02
Aliphatic-CH and CHy, fah 24 26 16 .12 .08 £.02
- Aliphatic CH3 and non-protonated carbon, fal" A1 .09 .09 04 03 £.03
Aliphatics with oxygen attachment, fal® 11 .10 .09 .10 06 .02
—|'Proton-spin-relaxation time, T7,Har (ms) - | 76 75 33 36 62 f2|
Total carbons per cluster 23 21 25 18 17 +3
Aromatic carbons per cluster, C 14 13 18 15 15 +3
Aliphatic carbons per cluster 85 80 66 30 19 *2
Total attachments per cluster, o+1 52 5.0 5.8 4.7 49 +1
Bridges and loops per cluster, B¢ 24 30 34 40 44 =1
Side chains per cluster ‘ 28 20 24 07 05 1
Fraction of intact bridges per cluster, p 48 59 59 84 89 *.05
Average cluster molecular weight 440 410 450 300 260 £30
Side chain molecular weight 52 51 40 26 16 +5 (
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PSOC-1507D (cont.)
North Dakota Beulah Zap lignite
75-106 um Size Fraction,

1250 K Gas Condition in the CDL (100% N3)

|

F. NMR Analyses of Tar Samples

Sampling Height (mm) 0 20 40 70 100 180 250
Residence Time (ms) 0 25 46 74 99 168 233
Mass Release (% daf) 0.0 9.5 17.0 17.6 30.4 49.4 53.7
o-H n.a. n.a. n.a. 20 25 21 21
o-CHj3 n.a. n.a. n.a. 7 4 4 3
B- and y-H n.a. n.a. n.a. 11 8 6 6
v-CH3 n.a. n.a. n.a. 2 1 1 2
Aromatic H 25" n.a. n.a. 60 61 67 70
1-Ring n.a. n.a. n.a. 10 16 16 14
2-Ring" n.a. n.a. n.a. 13 19 23 23
3-Ring n.a. n.a. n.a. 21 19 25 25
Aromatic C 57** n.a. n.a. 81 88 89 89

*Estimated from the C/H ratio and the carbon aromaticity f,; of the parent coal
**Estimated as the carbon aromaticity of the parent coal
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PSOC-1507D
North Dakota Beulah Zap lignite
75-106 um Size Fraction,
1250 K Gas Condition in the CDL (100% N»)
’ - (Duplicate Experiments)

A. Char Sample Analyses

Sampling Height (mm) ’ 0 100 - 150 250
Residence Time (ms) 0 100 - 135 233
Mass Release (% daf)* 0.0 30.2 36.6 44.0
90% conf. interval (£) 0.0 8.7 68 = 2.7
Moisture (mass %) - 10.87 5.85 5.04 5.35

C (mass %, daf) 67.99 76.27 76.93 79.61

H 4,24 2.67 2.48 2.06

O , - 24.83 17.59 16.16 13.94

N 0.99 129 124 1.28

S 1.95 2.19 3.17 3.11
Ash (mass %, dry) - 18.40 27.10 2840  29.90
Si02 » 324 392 4.25 4.92
K20 - | o1t 0.14 0.15 0.17 | -
TiO2 0.06 0.07 0.08 0.09
Fe203 ' |l 274 6.04 6.61 - 540 |
Al203 1.25 1.66 1.78° "1.93
CaO 5.65 6.49 6.28 7.98
Na20 0.38 1.42 1.08 1.16
MgO 0.65 1.00 1.02 1.34
Ash?2 20.15 33.49 32.08 24.02

~“mass release based on ash content only, due to large scatter in the ICP inorganic analyses™

of these lignite samples.

B. Mass Balance Datat

m/m, (as rec'd) 0.51 0.55 0.56
tar/mg (as rec'd) 0.02 0.01 0.02
m/mg (normalized) - 0.69 0.73 0.75
tar/mg (normalized) 0.03 0.02 0.02
estimated V(daf) 44 38 35
estimated tar(daf) 4 3 3

tar estimated from tar/char 18 5 6

ratio and tracer analysis

TShown for reference only; tracers were used to determine extent of mass release.
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PSOC-1507D (cont.)
North Dakota Beulah Zap lignite
75-106 pm Size Fraction,
1250 K Gas Condition in the CDL (100% N>)
(Duplicate Experiments)

C. Tap Densities and Apparent Densities of Char Samples

Sampling Height (mm) 0 100 150 250
Residence Time (ms) 0 100 135 233
Mass Release (% dry) 0.00 32.10 35.20 38.50
m/mg(dry) 1.00 0.68 0.65 0.62
m/mg(wet) 1.00 0.64 0.61 0.58
Aparent Density (p/po)* 1.00 0.60 0.62 0.60
Diameter Ratio 1.00 1.02 0.99 0.99

*Apparent densities measured using volumetric technique (tap densities)

D. Mercury Porosimetry and BET Analyses of Char Samples

(not available)

E. NMR Analyses of Char Samples

(not available)

F. NMR Analyses of Tar Samples

(not available)




_ PSOC-1507D ’
North Dakota Beulah Zap lignite
75-106 um Size Fraction,
1050 K Gas Condition in the CDL (100% N2)

— —

A. Char Sample Analyses

Sampling Height (mm) 0 50 80 100 150 180 250
Residence Time (ms) 0 60 - 90 109 160 193 278

Mass Release (% daf)”* 0.0 0.0 0.0 21.5 47.3 30.4 52.5

90% conf. interval (&) n.a. n.a. n.a. n.a, na. ___ n.a n.a.
Moisture (mass %) 18.04 4.24 2.44 1.46 0.99 1.86 1.94
C (mass %, daf) 66.56 6441 6483 6870  67.26 69.43  74.60
H 4.26 4.07 3.97 3.41 2.63 2.69 2.77
0] 2516 2475 2482 2170 22.88 2132 17.62
N 1.12 1.13 1.10 1.20 1.32 1.37 1.36
S 2.89 5.64 5.28 5.00 592 5.19 3.65
Ash (mass %, dry) 18.70  18.78 18.43 22,67 3038 2485 326l
Si02 2.50 1.65 2.09 2.36 3.13 2.34 431
K20 0.42 0.26 1.03 0.49 0.29 0.11 0.28
TiO2 0.03 0.03 0.04 0.03 0.02 0.04 0.04
Fe203 8.10 448 5.78 9.51 6.99 235 575
A1203 2.50 0.70 0.88 2.56 1.31 0.97 1.72
CaO 7.66 2.74 336  10.10 6.29 2.02 5.19
Na20 1.51 0.55 0.56 1.82 0.99 0.39 1.21
MgO 0.76 0.07 0.11 1.10 0.48 0.16 0.78
Ash2 18.71 1653 2075 . 20.89 2445 2432 27.02

"~ *mass release based on ash content-only; due-to large scatter in the ICP inorganic analyses
of these lignite samples.

B. Mass Balance Dataf

m/my (as rec'd) 0.58 0.44 0.55 0.59 0.52 0.52
tar/mg (as rec'd) ' 0.00 0.01 0.00 0.06 0.04 0.02
m/mg (normalized) 0.77 0.59 0.74 0.78 0.70 0.69
tar/mg (normalized) 0.00 0.01 0.00 0.08 0.05 0.03
estimated V(daf) 36 65 41 34 48 48
estimated tar(daf) 0 2 0 13 7 5
tar estimated from tar/char 0 0 0 18 5 6
ratio and tracer analysis

tShown for reference only; tracers were used to determine extent of mass release.
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PSOC-1507D (cont.)

North Dakota Beulah Zap lignite
75-106 pwm Size Fraction,
1050 K Gas Condition in the CDL (100% N3)

C. Tap Densities and Apparent Densities of Char Samples

Sampling Height (mm) 0 50 80 100 150 180 250
Residence Time (ms) 0 60 90 109 160 193 278
Mass Release (% dry) 0.00 0.00 0.00 17.50  38.40 2470 4270
m/me(dry) 1.00 1.00 1.00 0.83 0.62 0.75 0.57
m/mg(wet) 1.00 0.86 0.84 0.69 0.51 0.63 0.48
Aparent Density (p/po)” 1.00 1.04 0.96 0.89 0.83 0.82 0.84
Diameter Ratio 1.00 0.94 0.96 0.92 0.85 0.92 0.83

* Apparent densities measured using volumetric technique (tap densities)

D. Mercury Porosimetry and BET Analyses of Char Samples

(not available)

E. NMR Analyses of Char Samples

(not available)




%

North Dakota Beulah Zap lignite

PSOC-1507D (cont.)

75-106 um Size Fraction,
1050 K Gas Condition in the CDL (100% N3)

F. NMR Analyses of Tar Samples

Sampling Height (mm) 0 50 80 100 150 180 250
Residence Time (ms) 0 60 90 109 160 193 278
Mass Release (% daf) 0.0 0.0 0.0 21.5 47.3 304 525
o-H n.a. n.a. n.a. n.a. 21 20 23
o.-CHj3 n.a, n.a. n.a. n.a. 8 10 8

B— and v~H n.a. n.a, n.a. n.a. 37 33 26
v-CH3 n.a. n.a. n.a. n.a. 6 6 5

Aromatic H 25" n.a. n.a. n.a. 33 34 42
1-Ring n.a. n.a. n.a. n.a. 9 12 8

2-Ring n.a. n.a. n.a. n.a. 7 8 10
3-Ring n.a. n.a. n.a. n.a. 8 8 15
Aromatic C 57* n.a. n.a. n.a. 64 65 70

*Estimated from the C/H ratio and the carbon aromaticity £, of the parent coal
**Estimated as the carbon aromaticity of the parent coal
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PSOC-1507D
North Dakota Beulah Zap lignite
75-106 pm Size Fraction,
1050 K Gas Condition in the CDL (100% N2)
(Duplicate Experiments)

A. Ch'ér Sample Analyses

Sampling Height (mm) 0 150 180 250
Residence Time (ms) 0 160 193 278
Mass Release (% daf)* 0.0 29.0 37.8 30.5
90% conf. interval (+)

Moisture (mass %) 10.87 6.29 5.48 5.96
C (mass %, daf) 6799 7279 7139 7332
H 4,24 3.15 2.98 3.17
O 24.83 19.58 19.79 19.11
N 0.99 1.16 1.1 1.21
S 1.95 3.32 473 3.19
Ash (mass %, dry) 1840 2410  26.60 24.50
Si02 3.24 3.29 3,57 3.79
K20 0.11 0.11 0.12 0.13
TiO2 0.06 0.06 0.07 0.07
Fe203 2.74 4,84 6.68 472
Al1203 1.25 1.35 1.44 1.61
CaO 5.65 6.51 5.87 6.63
Na20 0.38 0.54 0.23 0.69
MgO 0.65 0.90 0.72 1.11
Ash2 2015 2262 2662  26.71

*mass release based on ash content only, due to large scatter in the ICP inorganic analyses
of these lignite samples.

B. Mass Balance Datal

m/mg (as rec'd) 0.51 0.55 0.56
tar/mg (as rec'd) 0.02 0.01 0.02
m/mg (normalized) 0.69 0.73 0.75
tar/mg (normalized) 0.03 0.02 0.02
estimated V(daf) 45 39 35
estimated tar(daf) 4 3 3
tar estimated from tar/char 2 3 3
ratio and tracer analysis

fShown for reference only; tracers were used to determine extent of mass release.
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PSOC-1507D (cont.)

North Dakota Beulah Zap lignite
75-106 pum Size Fraction, _
1050 K Gas Condition in the CDL (100% Nj)

(Duplicate Experiments)

C. Tap Densities and Apparent Densities of Char Samples

Sampling Height (mm) 0 150 180 250
Residence Time (ms) 0 160 193 278
Mass Release (% dry) 0.00 2370  30.80 24.90
m/me(dry) 1.00 0.76 0.69 0.75
m/mg(wet) 1.00 0.73 0.65 0.71
Aparent Density (p/po)* 1.00 0.82 0.81 0.80
Diameter Ratio 1.00 0.96 0.93 0.96

*Apparent densities measured using volumetric: technique (tap densities)

D. Mercury Pbrosimétry and BET Analyses of Char Samples

(not available)

E. NMR Analyses of Char Samples

(not available)

F. NMR Analyses of Tar Samples

(not available)
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APPENDIX H

Data Summary:
~ PSOC-1508D
West Virginia Pocahontas #3

lvb bituminous






#% PENN STATE COAL DATA BASE ** PSOC-1508

PAGE 1
SAMPLE HISTORY

PENN STATE NUMBER PSOC-1508
COLLECTED BY PENNSYLVANIA STATE UNIVERSITY
COLLECTION DATE 11/5/85
COLLECTOR’S NUMBER
REPORTED RANK LOW VOLATILE BITUMINOUS (LVB)
SAMPLE TYPE CHANNEL WHOLE SEAM

OTHER SAMPLE INFORMATION
SAMPLE RESERVE

SEAM NAME POCAHONTAS #3
ALTERNATE SEAM NAME

TOTAL SEAM THICKNESS 4FT. 111IN.
THICKNESS OF SEAM SAMPLED 4FT. 111IN.

PORTION RECOVERED IN CORE
DIAMETER OF CORE

SAMPLE LOCATION
COUNTRY USA.
STATE , WEST VIRGINIA
COUNTY MCDOWELL
TOWNSHIP .
NEAREST TOWN WELCH
COAL PROVINCE EASTERN
COAL REGION APPALACHIAN

COAL FIELD SOUTHERN




* PENN' STATE COAL DATA BASE ** PSOC-1508

PAGE 2
SEAM NAME POCAHONTAS #3 I COUNTRY US.A.
APPARENT RANK LOW VOLATILE BITUMINOUS (LVB) STATE WEST
VIRGINIA

GEOLOGIC INFORMATION
SYSTEM (AGE) , PENNSYLVANIAN
SERIES "
GROUP .. POTTSVILLE
FORMATION POCAHONTAS
OVERBURDEN LITHOLOGY SILTY SHALE
FLOOR LITHOLOGY . SILTY SHALE

SEAM STRATA INFORMATION

THICKNESS LITHOTYPE

H-2




+% PENN STATE COAL DATA BASE ** PSOC-1508

(I | PAGE 3
SEAM NAME POCAHONTAS #3 COUNTRY USA.
APPARENT RANK LOW VOLATILE BITUMINOUS (LVB) STATE WEST

VIRGINIA

CHEMICAL DATA 1

PROXIMATE ANALYSIS AS REC'D DRY  DAF DMMF DMMF DMMF
(PAFF) _(PARR-G) (DIR_ MM)

% MOISTURE 1.14

% ASH 7.36 7.44
% VOLATILE MATTER 15.52 1570  16.96 1621 1596
9% FIXED CARBON 75.98 76.86  83.04 8379  84.04

| CALORIFIC VALUE DRY AS REC’D EQUIL

(GROSS BTU/LB) MOIST. MOIST.

| ,

I MM-FREE, DIRECT

| MM-CONTAINING 14542 14376 14145
MM-FREE (PARR) 15838 15642 15368
MM-FREE (MOD.P) 15885 15658 15383
BEST MM FREE 15685 15383
NET CV, DMMF BTU/LB 15474
ASH-FREE 15711

MOTT-SPOONER DIFFERENCE =

ASSOCIATED ANALYSES DRY MMEF
% EQUILIBRIUM MOISTURE 2.73 2.98
% TOTAL SULFUR 0.64
RANK CALCULATIONS

APPARENT RANK (AS REC’D MOIST) LOW VOLATILE BITUMINOUS (LVB)
ASTM RANK (EQUIL. MOIST.) LOW VOLATILE BITUMINOUS (LVB)
REFLECTANCE RANK CATEGORY LOW VOLATILE BITUMINOUS (LVB)
INTERNATIONAL RANK

AS REC’D MOIST.

EQUIL. MOIST
REPORTED RANK LOW VOLATILE BITUMINOUS (LVB)
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**PENN STATE COAL DATA BASE ** PSOC-1508

PAGE 4

INFRA- RED ANALYSIS
(*)- EXCLUDES MOISTURE

H-4

SEAM NAME POCAHONTAS #3 'COUNTRY US.A.
APPARENT RANK LOW VOLATILE BITUMINOUE (LVB) STATE WEST
VIRGINIA
CHEMICAL DATA 2
ULTIMATE ANALYSIS _ AS REC’D DRY DAF DMMF(PARR)
, o (8.39 % MM)
% ASH | 736 7.44
% CARBON .- 8370 8467 91.48 92.42
% HYDROGEN *4,00 4.05 4.38 4.42
% NITROGEN 1.01 1.02 1.10 1.11
% SULFUR 0.63 0.64 0.69
% CHLORINE - - » 0.05 0.05 .0.06 0.06
% OXYGEN (DIFF) *2.10 2.13 2.30 1.99
SULFUR FORMS %PYRITIC % SULFATIC % ORGANIC % TOTAL
DRY 014 000 0.50 0.64
DAF 015 0.00 0.54 0.69
OPTICAL
ELEMENTAL ANALYSIS DRY DMMF (MOD.P) DMME(DIR.)
r o (SSO%MM) (- %MM)
% CARBON ' 84.50 92.35 4.
% HYDROGEN 3.95 432
% NITROGEN 1.02 1.11
% ORGANIC SULFUR 0.50 0.55
% OXYGEN (DIFF) 1.53 1.62
% CHLORINE 0.05 0.06
% MINERAL MATTER 8.50
~(INCLUDES 026 % FES2) - - . . = . .~ il
ATOM RATIOS (DMMF) PARR MOD.PAR DIRECT
ATOMIC H/C 0.575 0.562
ATOMIC O/C 0.016 0.014
MISC. CHEMICAL DATA DRY OF DMMF COAL __ OF DMMF OXYGEN
% O AS COOH
%O0ASOH - -
% S AS SO4, IN ASH
% CARBONATE AS CO2 0.62
% CHLORINE 0.11

C




% PENN STATE COAL DATA BASE ** PSOC-1508

PAGE 5
SEAM NAME POCAHONTAS #3 COUNTRY US.A.
APPARENT RANK LOW VOLATILE BITUMINOUS (LVB) STATE WEST
VIRGINIA

CHEMICAL DATA 3

% MOISTURE IN COAL = 0.22
9% HIGH TEMPERATURE ASH = 7.63 AT 750 DEGREES C

TRACE ELEMENT PPM PPM MAJOR ELEMENT OXIDE % ELEMENT %
ANALYSIS HTA TOTAL COAL ANALYSIS OF HTA OF TOTAL
DRY COAL
AG S102 46.50 1.66
B AL203 24.40 0.99
BA 1800 137 TI02 1.76 0.08
BE 29 2 FE203 8.29 0.44
BI : MGO 1.31 0.06
CE CAO 7.38 0.40
CO NA20 1.12 0.06
CR 170 13 K20 0.53 0.03
CU 230 18 P205 0.32 0.01
GA S03 8.40 0.26
GE
LA
L1
MN 340 26
MO VOLATILES PPM TOTAL COAL
NI 160 12
NB AS
PB - BR
RB 25 2 CD
SC CL
SN F
SR 1350 103 HG
TH SB
U ' SE
A% 210 16
Y
YB
ZN 50 4
ZR 400 31



** PENN - STATE COAL DATA BASE ** PSOC-1508

PAGE 6 (
SEAM NAME - POCAHONTAS #3 'COUNTRY . US.A.
APPARENT RANK  LOW VOLATILE BITUMINOUS (LVB)  STATE  WEST
VIRGINIA
MINERALOGICAL DATA

TOTAL MINERAL MATTER

% MM-PARR o 8.39

% MM-MODIFIED PARR 8.50

% MM-KMC

% MM-DIRECT o

% MM-BEST AVAILABLE = 8.50

'VOL % MM-PARR 423

MINERAL COMPOSITION
NONE
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%% PENN STATE COAL DATA BASE **

SEAM NAME

POCAHONTAS #3

APPARENT RANK LOW VOLATILE BITUMINOUS (LVB)

PETROGRAPHIC DATA

MACERAL COMPOSITION WHITE ANALYSIS ONLY

DRY
VOLUME %

VITRINITE (CALC.) 74.9
INERTINITE (CALC.) 209
LIPTINITE (CALC.)
MINERAL MATTER (CALC.) 4.2
VITRINOIDS
VITRINITE 72.2
PSEUDOVITRINITE 2.7
FUSINITE 5.5
SEMI-FUSINITE 11.1
MACRINITE 1.0
MICRINITE 34
SCLEROTINITE 0.0
SPORINITE 0.0
CUTINITE 0.0
EXINITE (ANAL.)
RESINITE 0.0
SUBERINITE
EXUDATINITE
FLUORINITE
BITUMINITE
ALGINITE 0.0
LIPTODETRINITE
MINERAL MATTER (ANAL.)
INERTINITE (ANAL.)
LIPTINITE (ANAL.)
REFLECTANCE DATA HIGH LOW
(%, IN OIL)
VITRINITE 1.97 1.71
PSEUDOVITRINITE
VITRINOIDS

H-7

PSOC-1508
PAGE 7

COUNTRY US.A.

STATE WEST
VIRGINIA
DMMF DRY
VOLUME %  WEIGHT %
78.2 71.7
21.8 20.0
0.0 0.0
8.4
75.4 69.1
2.8 2.6
5.7 5.2
11.6 10.6
1.0 0.9
35 32
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0
0.0 0.0

RANGE MEAN MAX STAND.DEV.

0.26 1.85

0.05




**PENN STATE COAL DATA BASE #* PSOC-1508

PAGE 8

H-8

SEAM NAME - - POCAHONTAS #3 oy COUNTRY USA.
APPARENT RANK LOW VOLATILE BITUMINOUS (LVB) STATE  WEST
VIRGINIA
PETROGRAPHIC DATA
" CONTINUED

% VITRINOID ‘ VOLUME % VITRINOID VOLUME

REFLECTANCE HALF-TYPE _ PERCENT REFLECTANCE V-TYPE _PERCENT

1.70-1.74 VHT 1.725 3.00 :

1.75-1.79 VHT 1.775 13.00 1.70-1.79 V17 16.00

1.80-1.84 VHT 1.825 32.00

1.85-1.89 VHT 1.875 37.00 1.80-1.99 Vig 69.00

1.90-1.94 VHT 1.925 13.00 -

1.95-1.99 VHT 1.975 2.00 1.90-1.99 V19 15.00

PHYSICAL PROPERTIES

HARDGROVE GRINDABILITY

VICKER’S MICROHARDNESS

FREE SWELLING INDEX 6.5

GRAY KING COKE TYPE

GIESELER PLASTICITY DATA

MAXIMUM FLUIDITY 10
__MAXIMUM FLUIDITY TEMPERATURE. . . _ 486.. . .. . "~

INITIAL SOFTENING TEMPERATURE 460

SOLIDIFICATION TEMPERATURE 504

FLUID TEMPERATURE RANGE 44

PLASTOMETER TYPE GEISELER - PSU

ASH FUSION ANALYSIS (DEGREES F) REDUCING OXIDIZING

INITIAL DEFORMATION TEMPERATURE 2290 2380

SOFTENING TEMPERATURE 2375 2455

HEMISPHERE TEMPERATURE 2470 2495

FLUID TEMPERATURE -~ - 2530 2570



** PENN STATE COAL DATA BASE ** PSOC-1508

PAGE 9

SEAM NAME POCAHONTAS #3 COUNTRY US.A.

APPARENT RANK LOW VOLATILE BITUMINOUS (LVB) STATE WEST
VIRGINIA

ANALYSIS LOG

ANALYSIS DATE PERFORMED BY

A.R. MOIST 12/23/85 WARNER LABORATORIES

EQUIL. MOIST. 12/23/85 WARNER LABORATORIES

PROXIMATE 12/23/85 WARNER LABORATORIES

ULTIMATE 12/23/85 WARNER LABORATORIES

SULFUR FORMS 12/23/85 WARNER LABORATORIES

FSI 12/5/85 COAL PETROGRAPHY LABORATORIES-PSU

PLASTOMETER 12/7/85 COAL PETROGRAPHY LBAORATORIES-

PSUDIRECT MM :

GRAY-KING
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PSOC-1508D
West Virginia Pocahontas #3 lvb Bituminous Coal
106-125 um Size Fraction, L
1250 K Gas Condition in the CDL (100% N3)

%

A. Char Sample Analyses

Sampling Height (mm) 0 20 40 70 100 150 250
Residence Time (ms) -0 25 47 74 100 142 239
Mass Release (% daf)* 0.0 0.0 0.0 8.0 6.1 12.7 16.1

90% conf. interval (+) na. _ n.a. n.a. n.a. n.a. na. n.a.
Moisture (mass %) 070  0.60 0.59 0.65 073 . 097 1.12
C (mass %, daf) . _ 88.83  89.10 8945 89.03  90.51 91.22 91.89
H - : 4.37 4.38 427 . 4.15 3.92 3.55 3.21
o) 5.14 4,94 4.69 5.31 4.05 375 . 345
N 1.06 1.03 1.03 0.99 1.00 0.97 0.99
S 0.60 0.55 0.56 0.53 0.52 0.50 0.47
Ash (mass %, dry) 16.72 15.95 15.80  15.51 15.43 18.42  17.97
Si02 8.48 8.04 8.10 7.11 8.13 9.73 8.76
K20 0.07 0.07 0.07 0.06 0.07 0.08 0.09
TiO2 0.31 0.28 0.28 0.27 0.28 0.08 0.30
Fe203 0.95 0.87 0.88 0.86 0.89 1.06 0.95
Al203 3.83 3.59 3.73 3.59 3.71 4.40 3.97
CaO 1.29 2.36 0.68 0.89 1.78 1.16 1.81
Na20 0.12 0.14 0.14 0.15 0.16 0.16 0.16
MgO 0.30 0.39 0.11 0.17 0.32 0.16 0.26
Ash2 16.72 15.59 16.49 14,32 15.08 18.77 18.14

“The ASTM ashing temperature was not adequate to fully oxidize all of the char samples for
~ this low volatile coal, which is very non-reactive; T he-extent-of massrelease determined”
from mineral tracers was therefore suspect. The extent of mass release shown here was

determined from a mass balance (+5% daf for this low volatile coal).

B. Mass Balance Data

m/my (as rec'd) 0.91 0.94 0.87 0.88
tar/mg (as rec'd) 0.00 0.01 0.06 0.05
m/mg (normalized) 0.98 1.01 0.93 0.95
tar/mo (normalized) 0.00 0.01 0.06 0.05
estimated V(daf) 2 -1 8 6
estimated tar(daf) 1 1 8 6
tar estimated from tar/char ' 0 0 8 6
ratio and tracer analysis ’

0.83
0.07
0.89
0.07
13
8
8

0.81
0.05
0.87
0.05
16
6
6




PSOC-1508D (cont.)
West Virginia Pocahontas #3 lvb Bituminous Coal
106-125 um Size Fraction,
1250 K Gas Condition in the CDL (100% Nj)

M

C. Tap Densities and Apparent Densities of Char Samples

0.88 0.71 0.51 0.63 0.38 0.48
1.04 1.12 1.22 1.15 1.32 1.22

Sampling Height (mm) 0 20 40 70 100 150 250
Residence Time (ms) 0 25 47 74 100 142 239
Mass Release (% dry) 0 0 0 6.3 5.1 13.6 134
m/mg(dry) 1 1.00 1.00 0.94 0.95 0.86 0.87
m/mg(wet) 1 1.00 1.00 0.94 0.95 0.87 0.87
1
1

Aparent Density (p/po)”
Diameter Ratio

* Apparent densities measured using volumetric technique (tap densities)

D. Mercury Porosimetry and BET Analyses of Char Samples

(not available)

H-11



| PSOC-1508D (cont.)
“West Virginia Pocahontas #3 Ivb Bituminous Coal

~106-125 um Size Fraction,
'1250 K Gas Condition in‘the CDL (100% N,)

.
————

E. NMR Analyses of Char Safhples

Sampling Distance (mm)
Residence Time (ms)
Mass Release (% daf)

Aromatic carbon, £, = f," + f,C
Carbonyl, £,€
Aromatic carbon, carbonyl subtracted, f,;’
Protonated aromatic carbon, fatl
Non-protonated aromatic C, f,V =f,F + £, + f,B
Aromatic carbon with O attachment, f,”
Aromatic carbon with alkyl attachment, £,
Aromatic bridgehead and inner carbon, f,8

Aliphatic carbon, fy;
Aliphatic CH and CHy, f,;//!
Aliphatic CH3 and non-protonated carbon, fal®
Aliphatics with oxygen attachment, f,,;0

Proton spin-relaxation time, T7,/9" (ms)
| Total carbons per cluster
Aromatic carbons per cluster, C
Aliphatic carbons per cluster
Total attachments per cluster, o+ 1
Bridges and loops per cluster, B¢
Side chains per cluster

Fraction of intact bridges per cluster, p

Average cluster molecular weight
Side chain molecular weight

0
0

0.0

78
01

A7

32
45
02
15
28

22
15
.07
07

4.3
23
18

5

4.0
23
1.7
.59

316
23

100
100
6.1

81
02
.79
.36
43
03
14
26

19
13
.06
06

52
20
16

6

3.5
23
1.2
.65

269
20

250
239
16.1

.88
.00

=88

44
44
02
14
28

A2
08
04
04
9.3

18

16

2

29

2.2
0.7

5

238
13

|




PSOC-1508D (cont.)
West Virginia Pocahontas #3 1vb Bituminous Coal
106-125 pm Size Fraction,
1250 K Gas Condition in the CDL (100% N2)

M
F. NMR Analyses of Tar Samples

(not available, due to small amount of tars from this low volatile coal)
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PSOC-1508D -

West Virginia Pocahontas #3 Ivb Bituminous Coal
106-125 pm Size Fractioh,
1050 K Gas Condition in the CDL (100% N3)

- - ) T et i i

A. Char Sample Analyses

————

Sampling Height (mm) -0 50 80 120 150 180 250
Residence Time (ms) 0 60 89 127 155 185 269

Mass Release (% daf)* 0.0 0.0 0.0 0.0 3.0 5.3 6.6

90% conf. interval (+) n.a. n.a. n.d. n.a. n.d. n.a. n.a.
Moisture (mass %) 0.70 0.51 0.56 0.69 0.65 0.72 0.60
C (mass %, daf) 88.83 88.56  87.66 8878  90.06  90.29 89.24
H 4.37 4.39 4.30 4,34 4.34 4.31 4.12
0 5.14 5.41 6.49 5.32 4.06 3.76 5.04
N 1.06 1.04 0.98 0.98 1.01 1.06 1.01
S 0.60 0.60 0.58 0.57 0.53 0.58 0.59
Ash (mass %, dry) 16.72 17.67 15.76 16.05 15.07 14.73 18.88
Si02 - 848 9.25 7.94 7.96 7.63 7.54 9.94
K20 0.07 0.08 0.08 0.07 0.04 0.06 0.09
TiO2 0.31 0.31 0.28 0.28 0.27 0.26 0.34
Fe203 0.95 0.99 0.81 0.86 0.82 0.82 1.04
A1203 3.83 3.94 3.61 3.59 3.55 3.56 4.29
CaO 1.29 1.20 0.74 0.91 0.77 0.67 1.15
Na20 0.12 0.14 0.13 0.13 0.13 0.12 0.14
MgO 0.30 0.17 0.12 0.13 0.14 0.14 0.16
Ash2 16.72 19.08 15.72 16.12 15.95 12.90 1741

*The ASTM ashing temperature was not adequate to fully oxidize all of the char samples for
this low volatile coal, which is very non-reactive. The extent of mass release determined
from mineral tracers was therefore suspect. The extent of mass release shown here was

determined from a mass balance (+5% daf for this low volatile coal).

B. Mass Balance Data

m/mg (as rec'd)

tar/mq (as rec'd)

m/mg (normalized)

tar/my (normalized)
estimated V(daf)
estimated tar(daf)

tar estimated from tar/char
ratio and tracer analysis

0.95 0.92
0.01 0.01
1.02 0.98
0.01 0.01
-3 2
2 1
0 0

0.96
0.01
1.03
0.01
-4
1
0

0.91
0.02
0.98
0.02
3
3
3

0.89
0.04
0.96
0.04
5
5
5

0.88
0.04
0.95
0.05
7
6
6




PSOC-1508D (cont.)
West Virginia Pocahontas #3 Ivb Bituminous Coal
106-125 um Size Fraction,
1050 K Gas Condition in the CDL (100% N3)

R

C. Tap Densities and Apparent Densities of Char Samples

Sampling Height (mm) 0 50 80 120 150 180 250
Residence Time (ms) 0 60 89 127 155 185 269
Mass Release (% dry) 0 0 1.6 0 2.50 4.40 5.50
m/my(dry) 1.00 1.00 0.98 1.00 0.98 0.96 0.95
m/mg(wet) 1.00 1.00 0.98 1.00 0.97 0.96 0.94
Aparent Density (P/po)* 1.00 1.00 0.84 0.57 0.40 0.33 0.48
Diameter Ratio 1.00 1.00 1.05 1.21 1.35 1.42 1.25

*Apparent densities measured using volumetric technique (tap densities)

D. Mercury Porosimetry and BET Analyses of Char Samples

(not available)
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PSOC-1508D (cont.)
West Virginia Pocahontas #3 lvb Bituminous Coal
106-125 wm Size Fraction,
1050 K Gas Condition in the CDL (100% N»)

E. NMR Analyses of Char Samples

Sampling Distance (mm) | 0 120 250
Residence Time (ms) - 0 127 269
Mass Release (% daf) o | 00 00 6.6
Aromatic carbon, f; = f;' + f,€ o 1078 077 0.80
Carbonyl, f,C 0.01 0.01 0.01}
Aromatic carbon, carbonyl subtracted, f,’ 0.77 076 0.79
Protonated aromatic carbon, f,f/ A 032 031 036
Non-protonated aromatic C, ;N =, *f,5+f,B| 045 045 0.43
Aromatic carbon with O attachment, f,” 0.02 0.03 0.04
Aromatic carbon with alkyl attachment, f,;$ 0.15 0.17 0.15
Aromatic bridgehead and inner carbon, f,8 0.28 0.25 0.24
Aliphatic carbon, f; 022 0.23 0.20
Aliphatic CH and CHp, f,//1 0.15 0.15 0.14
Aliphatic CH3 and non-protonated carbon, fo/* | 0.07 0.08 0.06
Aliphatics with oxygen attachment, f,;0 0.07 0.07 0.07
Proton spin-relaxation time, ijHa’ (ms) .. 4.3 3.8 2.9
Total carbons per cluster 23 22 19
Aromatic carbons per cluster, C 18 16 15
Aliphatic carbons per cluster 5 6 4
Total attachments per cluster, o+1 40 42 36
Bridges and loops per cluster, B¢ 23 25 25
Side chains per cluster 1.7 1.7 1.1
Fraction of intact bridges per cluster, p 0.59 0.60 0.68
Average cluster molecular weight 316 285 256
Side chain molecular weight 23 20 19




PSOC-1508D (cont.)
West Virginia Pocahontas #3 lvb Bituminous Coal
106-125 um Size Fraction,
1050 K Gas Condition in the CDL (100% Nj)

F. NMR Analyses of Tar Samples

(not available, due to small amount of tars from this low volatile coal)
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APPENDIX I

Char Sample Analyses from
Devolatilization Experiments in the
- Char Combustion Laboratory with 0%
post-flame O2
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