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ABSTRACT

The objective of this program is to develop the techniques to predict the pyrolysis
behavior of a coal under conditions typical of entrained-flow gasifiers. To achieve
this objective, measurements of coal pyrolysis were made in a dilute-phase, lab-scale
entrained~flow reactor which has the capacity for in-situ analysis by FT-IR. These
data were used to modify and validate a genmeral coal-pyrolysis theory under
development at Advanced Fuel Research, Inc. The theory predicts pyrolysis product
ylelds and compositions in detail, and provides a foundation for modeling phenomena
such as ignition, swelling, char reactivity, methane yield, and the formation and

gasification of tar and soot.

Six coals (Pittsburgh #8, two Illinois #6 and a Utah bituminous, a Wyoming
subbituminous and a Montana lignite) were pyrolyzed at temperatures from 700°C to
1200°C for times from 6 to 660 milliseconds. Data were obtained for char and tar
composition and gas yilelds as functions of reaction time and temperature. Material

balances near 90% were obtained for the most recent tests.

Results from the entrained~flow~reactor experiments indicate that FT-IR is an
excellent way to measure gas evolution (including in—situ measurements of species
and temperature) and functional group changes in the reactants. The measurements
have ylelded additional evidence that coal-pyrolysis kinetics are insensitive to
coal rank. Good agreement between theory and experiment have been obtained using a
set of distributed kinetic rate coefficients which fit experiments differing

substantially in configuration, temperature and reaction time.
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EPRI PERSPECTIVE

PROJECT DESCRIPTION

This final report, Analysis of Coal Devolatilization in a Laboratory-Scale Entrained

Flow Reactor, describes a study of thermal decomposition of coals of different rank
using in situ measurement of gas composition by Fourier transform infrared (FTIR)

spectroscopy (under RP1654-8).

In a prior study (see EPRI Report AP-2602), Advanced Fuel Research, Inc., (AFR) used
FTIR for off-line analysis of coal and char samples from another laboratory-scale
entrained flow reactor operated by Combustion Engineering, Inc. (C-E). Those sam-
ples were prepared under various operating conditions during the study of combustion

and gasification by C-E (see EPRI Report AP-2601),

In a coal gasifier, the release of volatile matter from coal (devolatilization) and
subsequent gas-phase reactions are integral phenomené that occur as coal initially
decomposes (see EPRI Report AP-1803). The yield and fate of volatile matter vary
greatly with coal type and can affect the design and operation of a gasification re-
actor. Therefore, computer simulation models of large-scale gasifiers (see EPRI
Reports AF-590, AF-1179, AP-2576, and AP-2740) generally include experimental cor-
relations for such phenomena since they are not readily described from first prin-

ciples.

Existing correlations of coal devolatilization rates have been based on experiments
in a heated grid apparatus in which evolving gases are promptly removed from the de-
composing coal char, thereby inhibiting secondary reactions., Effective experimental
methods for more immediate analysis of devolatilization and other reaction phenomena
in a realistic gasification environment are therefore essential for developing im-

proved correlations,

PROJECT OBJECTIVES

This study is a pioneering effort to scrutinize devolatilization closely by means

of laboratory experiments that feature in situ FTIR measurement in a small-scale




entrained flow reactor. It represents an attempt to distinguish between the effects
of primary reactions (release) and secondary (gas-phase) reactions of volatile
matter during coal gasification. The ultimate intent is to obtain improved correla-

tions of devolatilization.

Another goal is to evaluate on-line gas-phase measurement of composition and temper-
ature in a laboratory-scale reactor using FTIR analysis for possible application of

such methods in larger pilot plant reactors.

PROJECT RESULTS

The experimental reactor was newly constructed for this study to permit in situ FTIR
measurement. It proved capable of yielding data under conditions of interest for
coal gasification studies, The reactor was designed for complete collection of de-
volatilization products (i.e., char, tar, and gases) to provide accurate mass
balances and a sufficient data base for improved rate correlations. However, fol-
lowing the initial operation of the reactor in this study, modifications to the
apparatus were necessary to improve solids collection. Typical closure of material

balances was in the range of 80 to 95% during later stages of the work.

On-line gas composition was compared at two points. FTIR analysis was made both at
the in situ port where the gas could be measured at reactor conditions and at a
downstream cell where a gas sample could be collected and measured at ambient con-
ditions. An initial comparison based on a single run indicated that the in situ and
the downstream composition measurements were similar, although not identical. Addi-
tional comparisons were made in a subsequent study for the DOE; they revealed no
substantial difference between the in situ and the downstream gas composition mea-
surements. The downstream cell offered an advantage for FTIR analysis because the
signal could be enhanced (e.g., greater path length) to reduce noise levels, allow-

ing additional trace species (e.g., hydrogen cyanide) to be identified.

The gas temperature was calculated from the FTIR spectra for carbon monoxide and was
measured by suction pyrometer at the in situ optical port for comparison. The FTIR
calculated value was 1050°C compared with 930°C for the pyrometer; however, some
cooling is suspected in the latter. Although this indicates some potential for the
FTIR technique, solids loading in a larger gasifier is an order of magnitude higher,
and this generally creates problems for optical measurements (e.g., slag tends to

obscure optical ports). Considerable development would be necessary to apply the

vi




FTIR analysis for temperature measurement in a larger reactor. Other techniques
(e.g., laser measurements) may have a greater chance for success, with the addi-

tional prospect for precise resolution in space and time.

The experimental results determined kinetic rate coefficients for the pyrolysis of a
number of coal components (or functional groups). These data agreed well with prior
correlations developed by AFR from heated grid experiments. In those empirical cor-
relations, the rate coefficients are essentially independent of coal rank. The
entrained flow reactor did provide a more comprehensive data base for the devolatil-
ization correlations than the heated grid apparatus, since the evolving gases
remained in contact with the solids phase, which allowed further (secondary) gas-
solids reaction. However, the in situ FTIR measurement did not provide the antici-
pated resolution between the primary (release) and secondary (decomposition) re-
actions of volatile matter during coal gasification. Here again, laser techniques
that are being applied elsewhere (i.e., for molecular-scale studies of pyrolysis and
free radical reactions under sponsorship of the Gas Research Institute) may ulti-
mately resolve these devolatilization phenomena for even more meaningful corre-

lations.
In summary:

) The entrained flow reactor was an excellent means for experimental
studies of devolatilization under realistic gasifier conditions, as
it was for the earlier gasification studies by C-E (see EPRI
AP-2601).

. The in situ FTIR measurement successfully measured gas composition
and temperature in the presence of solids, i.e., at moderate
loadings.

e However, the in situ gas composition measurement was not substan-
tially different from a downstream cell measurement and therefore
did not resolve primary and secondary devolatilization reactions,

° The higher solids loading in larger pilot plant reactors is gener-
ally a serious impediment for application of such optical measure-~
ments of temperature. However, the use of FTIR measurement of gas
composition may be more conveniently applied to a slipstream after
the gasifier, with appropriate cooling and filtering, as was used in
this study. The additional informatiom that FTIR can produce on key
functional groups present in the heavier devolatilization species is
a distinct advantage over more conventional analytic techniques.

° The experimental data base for coal devolatilization kinetics was

extended by use of the entrained flow reactor, which allowed further
gas—solids reaction than the heated grid apparatus. Results from
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this study agreed well with the earlier heated grid correlationms.
Such empirical correlations appear suitable for inclusion in com-
prehensive gasifier simulation models (see EPRI AP-2740).

. This study was conducted at atmospheric pressure; it appears that
further gasification studies in a high-pressure laboratory entrained
flow reactor would provide conditions more nearly approximating
those in larger pressurized gasifiers currently under development.
For example, the cracking of methane is one reaction whose rate
might be correlated with pressure.

This report is of particular interest for the coal gasification research commu-
nity. The information produced by such experiments should be useful to developers
of mathematical models for coal gasification reactor simulation studies in the

course of gasifier design and development.

George H. Quentin, Project Manager
Advanced Power Systems Division
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SUMMARY

The objective of this program is to develop the techniques to predict the pyrolysis
behavior of a coal under conditions typical of entrained flow gasifiers. To achieve
this objective, measurements of coal pyrolysis were made in a dilute-phase, lab-scale
entrained flow reactor which has the capacity for in-situ analysis by FT-IR. These
theory under development at Advanced Fuel Research, Inc. The theory predicts
pyrolysis product yields and compositions in detail, and provides a foundation for
modeling phenomena such as ignition, swelling, char reactivity, methane yield and

the formation and gasification of tar and soot.

The experimental facility provides control and measurement of process conditions,
has provisions for collecting all pyrolysis products (i.e. char, tar, soot and the
following gases: CO, COz, Hp0, CHy4, CpHp, CoHy4, CoHg, C3Hg, C3Hg, C4Hg, CgHg, NH3,
HCN, SOz, COS, CSy, CH30H, CH3COOH, CH3COCH3, and achieves good material balance.

It has optical access to the reaction zone and employs FT-IR for in-situ analysis of
gas species and gas temperature. Coal pyrolysis data have been obtained at
temperatures between 700°C and 1200°C and particle heating rates between 5,000 and
100,000°C/sec. at atmospheric pressure. The reactor is unique in the completeness
of the pyrolysis data obtained, thus providing an adequate test of the pyrolysis
predictions.

Four coals (Pittsburgh #8 and Illinois #6 bituminous coals, a Wyoming subbituminous
coal and a Montana lignite) were tested during the initial operation of the reactor.
Data were obtained for char composition and gas yilelds as functions of reaction time
and temperature. Results from these tests suggested modifications to the sample
collection procedures to improve mass balance. The modifications were made under
DOE Contract #DE-AC21-81-FE05122. The reactor was subsequently used to study
pyrolysis of a second Illinois #6 and a Utah bituminous coal under this project.
These data have been compared with the pyrolysis model.

Results from the entrained flow reactor experiments indicate that FT-IR is an
excellent way to measure gas evolution (including in-situ measurements of species

and temperature) and functional group changes in the reactants. The measurements
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have yielded additional evidence that coal pyrolysis kinetics are insensitive to
coal rank. Good agreement between theory and experiment have been obtained using a
set of distributed kinetic rate coefficients which fit experiments differing

substantially in configuration, temperature and reaction time.

An assessment has been made of the application of the correlations obtained under
this program to large scale gasifiers. There are three applications which have been
identified. First, the correlations may be used to infer reactor conditions from
the composition of chars, tars and gases sampled from the gasifier. Second, given
the approximate conditions of the gasifier, predictions can be made for volatile
yields, compositions and physical properties and their dependence on variations in
coal or operating conditions. Third, the model can be integrated with previously
developed computer codes for fluid mechanics and reaction chemistry to provide a
truly predictive capability for gasifiers. The model appears capable of predicting
the thermal decomposition phenomena which are of importance in coal gasification,

but additional work is needed on volatile oxidation, swelling and char reactivity.
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Section 1

INTRODUCTION

A key element in predicting coal gasification behavior is pyrolysis. This is the
initial step in gasification, the step which controls the amount, physical structure
and reactivity of the char and the step which 1s most dependent on the properties of
the coal. Recent reviews of coal pyrolysis (1,2,3) conclude that the pyrolysis
product distribution and apparent kinetic rates vary widely with the experimental
measurement. Analysis of the reported data shows that the wide variation cannot be
explained by variations in coal rank. It is clear that to establish a true
predictive capability, additional work is needed to understand pyrolysis reactions,
to separate chemical kinetics from heat and mass transfer effects and to define

accurate rates.

Useful experiments for investigating pyrolysis have been performed with the captive
sample, heated grid devices which have achieved good mass and elemental balances and
have provided data on individual species evolution (4-15). An extensive set of
heated grid data provided the basis for developing a general kinetic model of coal
pyrolysis (11-15). The model considers the coal to be an ensemble of functional
groups. During pyrolysis the functional groups decompose with rate coefficients
which are insensitive to coal rank to form light gas species. Simultaneously, a
representative sampling of functional groups evolves without decomposition. They
evolve as constituents of coal molecule fragmenté which break off to form tar.
Pyrolysis is viewed as "depolymerization” in parallel with thermal decomposition of
the "monomers"”. The model predicts the time-and temperature—dependent evolutions of
the products of thermal decomposition using: 1) a coal independent set of kinetic
rate coefficients, 2) the coal's structural composition and 3) the time—-temperature
history of the coal. While the heated grid experiments are excellent for obtaining
material balance and for minimizing secondary reactions, the heating of the coal is
slower than in gasifiers so that the kinetic data is difficult to extrapolate to

gasifier conditions.

Entrained flow reactors provide more realistic particle heating but have been
employed primarily to study pyrolysis weight loss (1l6-23). 1In a separate
complementary program (see EPRI Final Report, AP 2602) (21), the pyrolysis model

under development at Advanced Fuel Research, Inc. (AFR) was compared with
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experimental studies of coal pyrolysis performed at Combustion Engineering, using a
laminar entrained flow reactor (called the Drop: Tube Furnace system, DTFS) (16),
similar to the one described by Badzioch and Hawksley (LZ). These experiments
provided char samples reacted at various distances and temperatures. Analyses of
the functional group composition of chars by Fourier Transform Infrared (FT-IR)
Spectroscopy and analysis of physical properties by optical microscopy were
performed at AFR and these data plus elemental analysis were compared with the
theoretical predictions. The results of the study indicate that the AFR coal
pyrolysis model could be used to predict char composition as a function of time and
temperature in the entrained flow reactor. Full validation of the model, however,
requires more complete pyrolysis data such as char, tar and gas yields and

compositions.

A new reactor was proposed to obtain such data to overcome several limitations in
the Combustion Engineering DTFS Reactor. The DTFS was not operated to provide
quantitative feeding and collection of the coal and products. The char yield for
example, was done by ash tracer which has potential inaccuracies. Only a limited
number of gases were analyzed and it was difficult to determine the gas yields as a
weight percent of the feed coal. The DTFS heat exchanger was not adequate to
preheat nitrogen to the furnace temperature and there was an unheated connection to

the test section which allowed the gas to cool.

The purpose of the present study was to build a reactor in which it was possible to
measure the total distribution of pyrolysis products among char, tar and gas and the
composition of each product and to use these data to test the additional predictions

of the model.

The program was divided into seven tasks. Task 1 was the assembly and testing of
the reactor. Section 2 describes the new apparatus which was designed to combine
the advantage of the controlled rapid heating offered by the Badzioch and Hawksley
reactor with the advantage of optical access available in recently developed
laboratory reactors (24,25). The new reactor: 1) injects coal into a preheated gas
stream in a hot furnace to provide rapid particle heating, 2) provides for optical
access, 3) employs FT-IR to measure species concentration and temperature, both
in-situ and in an external cell, 4) has provisions for collecting all the pyrolysis

products to obtain mass balances and 5) is designed for 2 atm pressure.

Under Tasks 2 and 3 the reactor was used to study pyrolysis and secondary reactions

of interest in gasification. Pyrolysis measurements were performed on 6 coals with
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variations in temperature, gas feed composition and coal type. Section 4 presents
the data obtained with four coals (Pittsburgh #8 and Illinois #6 bituminous coals, a
Wyoming subbituminous coal and a Montana lignite) pyrolyzed in helium at furnace
temperatures from 700°C to 1200°C, during initial operation of the reactor.
Additional data are presented for a second Illinois #6 and a Utah bituminous coal in
nitrogen at 1100°C obtained after modifications had been made to the reactor to

improve the sampling system. All runs were made at 1 atm.pressure.

Under Tasks 4~6 the previously developed pyrolysis model (26-30) was improved and
generalized for application in the entrained flow reactor. It has also been applied

for other reactor geometries. A discussion of this work is presented in Section 3.

Task 7, the assesment of the application of the results to large—scale gasifiers is
presented in Section 5. At the present stage of development, the model and
experimental data provide a strong foundation for interpreting results in large
scale gasifiers. Additional work to couple the model with accurate codes for fluid
mechanics, heat transfer and reaction chemistry could provide a powerful tool for
modeling gasifier performance in design or development. The conclusions and

recommendations are presented in Section 6.

Results from the entrained flow reactor experiments indicate that FT-IR is an
excellent way to measure gas evolution (including in-situ measurements of species
and temperature) and functional group changes in the reactants. The measurements
have yielded additional evidence that coal pyrolysis kinetics are insensitive to
coal rank. Good agreement between theory and experiment have been obtained using a
set of distributed kinetic rates which fit experiments differing substantially in
configuration, temperature and reaction time. The model appears capable of
predicting thermal decomposition phenomena which are of importance in gasification.
Additional work is needed on volatile oxidation, swelling and char reactivity, as
well as the incorporation of the pyrolysis component into a comprehensive computer
code simulating fluid mechanics, heat transfer and chemical reactions in an

entrained flow gasifier.
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Section 2

EXPERIMENTAL

ENTRAINED FLOW REACTOR

The reactor has been designed to study coal behavior under conditions of temperature
and heating rate encountered in an entrained flow gasifier. The schematic of the
experiment is presented in Fig. 2-1. The reactor itself is shown in Fig. 2-2 and
views during various stages of assembly are shown in Figs. 2-3 to 2-5. The reactor
consists of a heat exchanger and test section contained in a 30 cm diameter by 60 cm
long hot section of a furnace. The furnace is heated with Kanthal Super 33
electrical heating elements. These are the U-shaped rods shown in Fig. 2-3b. The
electrical connections are shown in Fig. 2-4. The hot section is insulated with 1.2
to 2.5 cm of Zircar type Sali and type Al 30 refractories in the hot section, 5 cm
of Babcock and Wilcox Safil bulk alumina fiber in the middle and 5 cm of Combustion
Engineering Cer-wool-2700 in the coolest section. The layers of insulation can be

seen in Fig. 2-3.

The heat exchanger (visible in Fig. 2-3) consists of a 10 cm diameter alumina
cylinder filled with alumina chips. The test section (also visible in Fig. 2-3)
consists of a 5 cm diameter alumina tube. The heat exchanger and test section are
connected with the Zircar type Sali U-tube shown in Fig. 2-4a. The furnace is

enclosed in a gas tight steel enclosure.

To operate the reactor, a gas stream of predetermined composition 1is heated during
transit through the heat exchanger (maintained at furnace temperature). Prior to
heating, the gas composition can be analyzed by routing the stream through an
infrared cell. The gas stream then turns through the U-tube and enters a test
section, maintained at the furnace temperature. Coal is introduced into the test

section at variable positions through a movable water cooled injector.

The coal is fed using a modification of a MIT entrainment system (31) illustrated in
Fig. 2-6. 1In the modified system, the feeder tube, which extends up through the
coal bed, is slowly lowered as the feed gas (injected above the bed) exits through
the tube. When the tube feeder entrance is at the level of the bed, coal is
entrained in the gas and enters the tube. The rate for coal feeding is controlled

by the rate at which the tube is lowered.
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Figure 2-1. Schematic of Entrained Flow Reactor.
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Figure 2-2. Entrained Flow Reactor.
Separation Cyclone.

a) Reactor, b) Close-up of Char



Figure 2-3. Hot Section of Furnace During Assembly, a) Heat Exchanger
and Test Section, b) Kanthal Heating Elements Added.



Figure 2-4. Furnace During Assembly, a) Gas Path "U" Tube, b) U-Tube in
Place.



Figure 2-5. Electrical Connectors During Assembly, a) Internal Connection
b) External Connection.



Figure 2-6. Coal Feeder, a) Schematic, b) Feeder in Place.



After a variable residence time, the reacting stream passes optical access ports and

immediately downstream is quenched in a water cooled collector. There are five .
optical access ports, two of which are presently employed for the FT-IR beam. The

other three ports are available for additional diagnostics.
GAS ANALYSIS BY FT-IR

The FT-IR can quantitatively determine many gas species observed in coal pyrolysis
including CO, CO2, H20, CH4, CoHp, CoHy, CoHg, C3Hg, C3Hg, Ci4Hg, CgHg, NH3, HCN,
S0, COS, CSy and heavy paraffins and olefins. Infrared spectra were obtained with
a Nicolet model 7199 FT-IR using a globar source and a mercury-cadmium telluride
detector. For obtaining the spectra within the furnace and within the cell, 100
scans at 0.5 wavenumber resolutions were accumulated in 140 seconds and transformed
in under 2 minutes. The instrument can take spectra every 80 msec to follow rapid
changes in the reactor or co—add spectra for long periods of steady state flow to
increase signal to noise ratio. FT-IR is well suited to in-situ furnace experiments
since the FT-IR system operates by coding the infrared source with an amplitude
modulation which is unique to each infrared frequency. The detector is sensitive to
the modulated radiation so that unmodulated stray radiation is eliminated from the

experiment.

Figure 2-7 compares the gas analysis spectrum from the in-situ port with that of the
sampled gas (analyzed in the room temperature cell) with the coal injector at 66 cm
above the optical port and the furnace at 1100°C. The in-situ spectrum shows an
acceptable noise level and no drastic effects from the particle scattering. The
species which can be easily seen are CO, CO2, H20, CH4, and heavy paraffins.
Additional species could be observed through the use of software signal enhancement
techniques (32). The room temperature cell spectrum shows lower noise which permits
the measurement of additional species including CoHjy, CoHy4, CoHg, C3Hg, HCN, NH3,
CoS, CS2, SO2, and heavy paraffins and olefins.

Several comparisons have been made between the in-situ spectra and the cell spectra
to determine whether there are any substantial differences in species concentration
due to reactions within the sample collector. For the conditions used so far, no

such variations have become appearant and so the room temperature cell spectra have

been used for gas analysis.

Figure 2-8 compares the room temperature cell spectra for pyrolysis gases from .
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Jacob's Ranch coal injected at 66 cm above the optical port at furnace temperatures
of 800 and 1200°C. Important differences in the product mix at these two
temperatures can be observed. The top pair of spectra show the region between 3500
and 2800 ecm~l. At 1200°C there is HCN, CoHp and CH4. At 800°C there is less
methane and little HCN or CpHy but significant amounts of ethane and heavy paraffins
(indicated by the broad background). This observation is consistent with the
cracking of paraffins to form olefins, acetylene and soot which has been discussed
previously (12-14, 30). The region between 2600 and 1900 cm~1 shows the CO2 and CO.
The CO2 increases by 50% but the CO increases by a factor of 3 in going from 800°C
to 1200°C. This is consistent with previous observations of low temperature

production of COj and high temperature production of CO (11-15, 30).
TEMPERATURE MEASUREMENT BY FT-IR

The relative intensities of the hot CO absorption lines can be used for measuring
gas temperature. An initial assessment of temperature measurement from CO
intensities was performed under the EPRI program and coantinued under DOE contract
#DE-AC21-81~FE05122 (30). Figure 2-9 compares the in-situ FT-IR spectra of CO taken
at furnace temperatures of 20°C and 1100°C. The major lines result from transitions
between rotational fine structure of the lowest two vibrational levels. The
theoretical absorptions at an absolute temperature T are given by a degeneracy term

times a Boltzman distribution (33):

A=C (2041) e ~ [J—@L”—)B]
KT

where A is the integrated absorbance of the line, J 1s the rotational quantum number
of the initial state, B is the rotational constant for CO, K is the Boltzman

constant, and C is a constant.

Plotting 1n(A)/(2J+1)) vs J(J+1) gives a straight line with slope -B/KT = -2.76/T.
The low temperature spectrum ylelds a reasonable straight line with a slope
corresponding to a calculated temperature of 303K (30°C). The high temperature
spectrum is not linear. One contribution comes from lower temperature CO which may
exist near the reactor tube walls or windows. A second factor is possible
saturation effects in the high intensity lines. A third nonlinear contribution 1is
interference from the next highest vibrational transition. A portion of these

lines, labled Vi —p Vg in the diagram, can be seen between the major lines from 2000
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to 2050 wavenumbers (34). The relative intensity of these lines with respect to the
ground state transitions can also be used for measuring temperature. The solid data
points have been chosen to minimize the non-linearites. The slope of the solid
points gives T = 1323K (1050°C) compared to T = 1203K (930°C) as measured with a
suction pyrometer at the optical port. This is not unreasonable since the suction
pyrometer measures the average gas temperature, while the lines used for the FT-IR

determination ignore the cooler gas near the walls.

PRODUCT COLLECTION AND SEPARATION

A great deal of effort was expended under the present project and under DOE contract
#DE-AC21-81-FE05122 to establish an acceptable product collection and separation

scheme.

The schematic for the presently used procedure is illustrated in Fig. 2-10. The
determination of the pyrolysis product distribution is as follows:

° The amount of coal fed is determined by weighing the feeder before and
after a run. This procedure eliminates problems originally experienced in
determining the coal feed rate from the rate at which the feeder tube is
lowered. That method suffers because of variations in bed density, or
surface geometry and start up or shut off transients.

° All the pyrolysis products are collected and quenched in a water—cooled
collector at the bottom of the reactor. An improvement in this procedure
which is being planned is to use a gas quench to a temperature of
400-500°C. This procedure would prevent possible condensation of the tar
on the collection walls and on the char.

° Char is collected in a cyclone and weighed. The cyclone pictured in Fig.
2-2b is designed to separate particles larger than 4 microns (35). Tests
of the cyclone performed under DOE contract #DE-AC21-81-FE01522
demonstrated that 97% of -200 +325 mesh coal fed to the cyclone was
collected. Plans have been made to maintain the cyclone at 400-500°C to
avold tar condensation.

° Gas, fine solids (e.g. soot) and condensed tar vapor which pass through
the cyclone are collected in an initially evacuated polyethylene bag. The
use of the bag allows the volume of gas collected during the run to be
determined directly.

° The pyrolysis gases are quantitatively determined by drawing off a sample
from the bag through a teflon filter into a FT-IR cell where the volume
percent of gases are determined. The total quantitiy of each gas
collected is determined from the volume percent and total volume of gas
collected. Sampling from the bag allows mixing of the gases produced
during the run, thus eliminating problems due to fluctuations in feed.
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Figure 2-10. Schematic of Pyrolysis Product Separation Train.




TABLE 2-1

Sample of Data from Pyrolysis Run

FYROLYSIS SUMMARY REPORT - FUHRUN 474 1% - 6 - 82
RUN CONDITIONS
4698 mg. VACDRY COAL - Coal Fed During Run
§ sec. @ @ Anps
§ sec. @ 9 Anmps
1168 Degqrees C. @ & torr with ALTUBE gqrid - (Furnace Temperature)
758.680 mu. Final Pressure for 182.506 liters - Pressure and Total Gas Collected

CoAL

Name 3 FITT - 24 _ Pittsburgh Seam - (injector position in inches measured from

Z ASH = 11.4080 6 cm above the optical point)

FYROLYSIS PRODUET YIELDS, AS WEIGHT PERCENT OF COAL

Bry Ut. X DAF Wt. %
_coal basis coal basis

Char 46.973% 39.69%2

Tar 9.83368 11.698¢9

Gas 22.9596 25.9138

Water 21.3857 24.3631

Missing -.93268 -1.87324

WET GAS ON
Dry Wt. Z DAF Wt. % Volume 1
Methane 5.89695 6.6557¢8 41196
co 7.31954 8.26133 L 29219
Hydrogen @ ['] )
co2 1.89857 2.14285 4.82309E-2
Acetylene 1.58367 1.78978 .86814
Ethylene 1.21448 1.37089 4.84875E-2
Ethane 1.92689E-4 2.16714E-4 7.154864E-6
Propylene 07988 .08926 2.18485E-3
Paraffins 0 # 8
Dlefins 1.60498 1.81139% 2.13548E-2
HCN 2.84679 3.21348 .11785
Anmonia 3.61833E-3 4.88390E-3 2.37909E-4
cos 5.29156E-3 5.97241E-3 2.85796E-5
€S2 45618 .50881 6.61988E-3
502 5.43422E-2 6.13343E-2 9.49093E-4
Water 21.5887 24,3431 .92799
OTHER § 8 29219
Gas Total: 44,5454 56.2778
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bag contents through a Balston filter lined with a filter paper. The
filter is weighed before and after sample collections. A sample of tar or
soot 1s extracted from the filter paper for FT-IR and elemental anlaysis.
Some additional tar or soot sticks to the walls of the collection bag.

The bag is weighed before and after collection to determine solids
collected on its interior.

° Tar and soot is collected in two places. Most is collected by pumping the ‘

° Hydrogen is determined in some cases gravimetrically. A sample of gas is
drawn through a liquid nitrogen trap into a gas bulb. The gas bulb is
welghed to determine the volume percent hydrogen.

The data analysis is presented in table form as illustrated in Table 2-1. The
pyrolysis products are presented as a weight percent of the feed coal on a dry and
dry ash free basis. Material balances range from 80 to 100%. Generally, cases in
which tar yields are low (such as with lignites or with high temperature reaction
conditions) produce good material balance. Cases in which tar yields are high
result in unmeasured heavy hydrocarbon and tar deposition on walls. Then, material

balances as low as 807 are observed.

The run tables are stored on magnetic disks and may be used for data presentation
utilizing a routine which will plot designated items in the table as functions of
reaction conditions. An example of the distribution of ethane and ethylene from
pyrolysis of four coals is illustrated in Fig. 2-11. Little scattering is observed
in the gas data.

FOURIER TRANSFORM INFRARED (FT-IR) SPECTROSCOPY ANALYSIS OF SOLIDS

Methods for preparing quantitative FT-IR spectra and determining functional group
concentrations have been described in the EPRI Final Report AP2602 (21) and in a
number of previous publicatioms (13,26,36,37). Using these techniques, FI-IR
spectra were prepared for the chérs obtained in the entrained flow reactor. Figure
2-12 shows the FT-IR spectra for a feed coal, a char and a tar. The spectra were
obtained using KBr pellets which were dried after preparation to remove water and
corrected for scattering. The functional groups associated with the absorption

bands are indicated in the figures.

To get a quantitative measure of the functional group concentrations, a curve

analysis program developed at Advanced Fuel Research, Inc. was used to synthesize
the IR spectra. The synthesis is accomplished by adding 45 absorption peaks with
Gaussian shapes, fixed position and width, and variable height. The technique is

described in more detail in other references (21 and 37). Figure 2-13 illustrates

the synthesis for a coal. The top of the figure compares the coal and the simulated
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spectra. In most cases the two can't be distinguished. The peaks which are used

for the functional groups are indicated in the lower part of the figure. ‘




Section 3
THEORY

Aspects of the Advanced Fuel Research coal pyrolysis model have been presented
previously (11-16,26-30). The important features of the model and its application

are reviewed in this section.

MODEL ASSUMPTIONS

The coal pyrolysis model employs the following three primary assumptions:

(a) Coal consists of an ensemble of functional groups, most of which
decompose independently to produce light gas species at rate coefficients

which depend on the functional group but are insensitive to coal rank.

(b) Simultaneous with the production of light gas species is the thermal
cleavage of bridge structures in the coal to release molecular fragments
of the coal (tar) which consist of a representative sampling of the

functional group ensemble.

(c) The tar competes with the light hydrocarbons and other light species
for the coal's donatable hydrogen (hydroaromatic or aliphatic) to
stabilize free radicals. When the internal donatable hydrogen has been

consumed, tar and light hydrocarbon evolution ceases.

Pyrolysis is viewed as "depolymerization” in parallel with thermal decomposition of
the "monomers” with the products competing for the donatable hydrogen for

stabilization.

Assumption (a) is based on a striking feature of thermal decomposition which was
observed for a variety of coals. That is, the temperature-and time-dependent
evolution rate coefficient of a particular species and the normalized
time-temperature—dependent decrease in the functional group concentration is similar
for all coals. This is true even though the amount of the species or the functional
group composition may vary substantially from one coal to another. An example of
this behavior is illustrated in Fig. 2-1l. The maximum yield of each species varies

from coal to coal, but if the yields are compared on a normalized basis
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(i.e. fraction of maximum yield), the dependence on reaction distance is quite
similar. This is consistent with kinetic rate coefficients which are independent of

coal rank. Additional experimental evidence which appears to support assumption (a)

The evidence for assumption (b) (that the tar consists of minimally disturbed
fragments of the parent coal) is the striking similarity between the two materials
which has been observed in elemental composition, FTI-IR spectra and NMR spectra
(11,13,14,16,28,44,and 45). An example of FT-IR spectra for a tar and its parent
coal is presented in Fig. 3-1. For most bituminous coals the two materials are
almost identical, suggesting that the tar is a representative sampling of the coal
molecular structure (such as "oligomers” from the depolymerized coal "polymer").

The tar differs slightly from the parent coal in that it has a higher concentration
of aliphatic hydrogen, especlally methyl groups. This extra hydrogen i1s presumably
abstracted from the char to stabilize the free radical sites formed when the bridges

were broken.

Assumption (c) 18 that the simultaneous evolution of tar and light gases creates a
competition for donatable hydrogen to stabilize free radical sites. This hydrogen
is likely to come from the aliphatic or hydroaromatic portion of the coal H(al).
Supporting evidence comes from the observation that tar evolution ceases when the
aliphatic peak in the FT-IR spectra of chars goes to zero. (Note that at this point
there is still aromatic hydrogen left in the char). If this argument is correct, it
is reasonable to expect the tar yield to depend on H(al). Indeed, there 1is a
correlation between tar yield and H(al) (27, 28, 46).

A number of results indicate that the conditions of coal conversion may influence
the competition for hydrogen. Some conditions preferentially inhibit the evolution
of the large molecules, allowing the light specles to escape with most of the

H(al). An example is pyrolysis in thick beds as in the determination of "proximate
analysis fixed carbon”. Under thick bed conditions the tar has opportunity to
repolymerize as it percolates through the bed. This results in substantially lower
tar yields than the corresponding yield for vacuum pyrolysis in a thin bed. Since
the most important mechanism for removing aromatic carbon from the coal is tar
evolution, the low tar yield means that most of the aromatic carbon will be retained
in the "fixed carbon". This results in the near equality between "proximate

analysis fixed carbon” and "aromatic carbon™ reported by van Krevelen and Schuyer,
(47) and recently studied by Solomon, (26). High pressures also inhibit tar yields

by reducing the evaporation and diffusion of heavy molecules, as discussed in Sec.5.
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Some recent results from the Mobil liquefaction research program (48,49) seem to

show the opposite effect. Under certain mild liquefaction conditions the soluble ‘
products are very similar in composition to the parent coal and the yield shows a

rank dependence which is similar to what is observed in thermal decomposition except

that the yields are higher by a factor of two and a half (50). Under the conditions

of these experiments, there 1s little or no hydrogen donated from the solvent so the

hydrogen for stabilizing free radicals comes from the coal. The solvent may act,

however, to retain and transfer H(al) from the coal and to transport the heavy

molecules into solution. Both conditions presumably make more H(al) available for

tar formation.

In addition to the basic assumption, there are several additional assumptions
included in the model.

(d) Under conditions where pyrolysis products remain hot (such as in the
entrained flow reactor) pyrolysis of the functional groups continues at
the same rates used for that functional group in the char, (e.g., the
rate for methane formation from methyl groups in tar is the same as from
methyl groups in the char). For the entrained flow reactor all the
products react for the same time. For heated grid pyrolysis simulations,
it is assumed that gases and tars are at the grid temperature for 10

milliseconds.
(e) The use of a donatable (hydroaromatic) hydrogen to stablize a tar
molecule is assumed to create a methyl group in the tar and to convert

another donatable hydrogen to an aromatic.

(f) First order rates are assumed for the following cracking processess

paraffins to olefins and hydrogen; olefins to acetylene and hydrogen.
(g) Other than cracking reactions, gas phase chemistry is ignored.
(h) Reactions between gases and char are ignored.

(1) Cracking of the aromatic nuclei of the tar to form smaller molecules

is not considered.

(j) Possible rank dependent variations in the tar rate have been

ignored. This 1s one of the most controversial features of the model.
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The tar evolution rate 1s believed to be influenced by transport effects
which chould be different for swelling and non swelling coals. For the
present these effects are ignored and the amount of tar is a parameter of
the model. Improvement in the tar evolution model are discussed in

Section 5.
CHEMICAL DESCRIPTION OF PYROLYSIS MODEL

The relationship between a coal molecule and its thermal decomposition products has
been discussed previously (11-16, 21, 26-30, 50). The relationship is illustrated
in Figs. 3~2 and 3-3, taken from (28), which shows a hypothetical molecule of a

Pittsburgh Seam coal (PSOC 170) and its decomposition‘products. The corresponding

structure parameters and the source for the data are summarized in (28).

The decomposition products in Fig. 3-3 are obtained after the weak links in the
structure are ruptured. For example, the bond between aliphatic carbons (A) or
between the oxygen and an aliphatic carbon (B) are most likely to break. The
breaking of these bonds releases the ring clusters with their attached functional

groups. These large molecules comprise the coal tar.

Simultaneous with the evolution of tar molecules is the competitive cracking of the
bridge fragments, attached functional groups and ring clusters to form the light
molecules of the gas. A given species, a methyl group for example, may evolve as
part of the tar without rupture of its local bonds or may evolve into the gas as

methane with local bond rupture and the addition of a hydrogen.

Thermal decomposition results suggest the following relationship between the
components of coal and the evolved light species. At low temperatures there is very
little rearrangement of the aromatic ring structure. There is, however,
decomposition of the substituted groups and aliphatic (or hydroaromatic) structures
resulting in CO3 release from the carboxyl, H20 from hydroxyl, hydrocarbon gases
from aliphatics, H2S from mercaptans and some CO from weakly bound ether groups (see
Fig. 3-3).

At high temperature there is breaking and rearrangement of the aromatic rings. In
this process, Hy is released from the aromatic hydrogen, CSy from the thiophenes,
HCN from ring nitrogen and additional CO from tightly bound ether linkages. As this

process continues the char becomes more graphitic.
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Figure 3-2.
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Summary of Coal Structure Information in a Hypothetical Coal
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Figure 3-3.

Cracking of Hypothetical Coal Molecule During Thermal Decomposition.




MATHEMATICAL DESCRIPTION OF PYROLYSIS MODEL

The mathematical description of the pyrolysis model has been presented previously
(11-15,21,26-30). The evolution of tar and light species provides two competing
mechanisms for removal of a functional group from the coal: evolution as a part of a
tar molecule and evolution as a distinct gas species with cracking of the molecule.
The model considers the removal of functional groups by the parallel independent

evolution of the light species in competition with tar evolution.

To model these two paths, with one path yielding a product which is similar in
composition to the parent coal, the dry ash free coal 1s represented as a
rectangular area with X and Y dimensions. As shown in Fig. 3-4, the Y dimension is
divided into fractions according to the chemical composition of the coal. Y°4
represents the initial fraction of a particular component (carboxyl, aromatic
hydrogen, etc) and the sum of the Y°;'s equals one. The evolution of each component
into the gas (carboxyl into CO3, aromatic hydrogen into Hj, etc) is represented by
the first order diminishing of the Y; dimension, Y;=Y°; exp(-kit). The X dimension
is divided into a potential tar forming fraction X° and a non—-tar forming fraction
1-X°. The evolution of the tar is represented by the first order diminishing of the
X dimension X=X° exp(-kyt). The fractional amount of a particular component in the

char is,

Wi(char) = (1-X°+X)Y3

and the amounts in the gas and tar may be obtained by integration with respect to

time starting from t = O.
Wi(tar) = (X°Y°3 - XYj) kx/(kj + kx)
Wi(gas) = (1 - X°) (¥°4 = Yy) + Wy(tar) ky/ky
E)Wi(char) + Wy (tar) + Wy(gas) =1

Further decomposition of aliphatic species to form olefins, acetylene and soot and

other model assumptions modify the basic equations.

Figure 3-4a shows the initial state of the coal. Values for Y° are obtained from

elemental and FT-IR analysis and from the heated grid pyrolysis experiment. The

value of X° is at present a parameter of the model. It is controlled by the oxygen
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and donatable hydrogen content of the coal and can be influenced by pressure,

particle size, bed geometry and the transport properties of the pyrolysis medium.

Work is presently in progress (51) to compute the tar yield by employing a theory of
depolymerization, vaporization and diffusion similar to that of Unger and Suuberg

(52). This approach is discussed in Section 5.

Figure 3-4b shows the initial stage of thermal decomposition, during which the most
volatile components Hp0, CO-loose and CO2 evolve from the hydroxyl, ether—loose and
carboxyl groups, respectively, along with aliphatics and tar. At a later stage
(Figure 3-4c) CO-tight, HCN and Hy are evolved from the ether-tight, ring nitrogen

and aromatic hydrogen. Figure 3-4d shows the final state of the char, tar and gas.

KINETIC RATE COEFFICIENTS

To define kinetic rate coefficients ki, for various species as a function of
reaction temperature, it is important to consider the possible causes for the wide
variations (up to 5 orders of magnitude for CO2) in reported rates (15). ¥For coal
pyrolysis in the absence of external reacting gas species, such variations may be

caused by:

° Coal type.
® Reaction conditions (pressure, heat & mass transfer rates).

o The assumptions used for deriving a kinetic expression.

Of these three causes, it is the last two which appear to produce most variations.

Variations in reacting conditions lead to problems because coal pyrolysis often
occurs during coal heating. The transient conditions are often poorly known and so,
while pyrolysis rates may be reasonably well determined, the temperatures to which

they apply are not.

The assumptions used for deriving kinetic rates in coal are troublesome because of
the coal's inhomogeniety which typically produces a distribution of rates rather
than a single sharp rate for any chemical reaction. Such variations can be
understood from the work of Steinm et al. (53) and Vernon (54) which suggest a
variation in bond energies with the degree of ring condensation. Most investigators
have assumed a first order process and a rate constant with an Arrhenius temperature

dependence. Using a two parameter fit to define the rate when three parameters
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(e.g., frequency factor, ko, activation energy, E, and a distribution parameter,

¢") are required has contributed to the wide variation in published rates.

Examples of the variability in kinetic rate coefficients which can result from the
assumptions of the analysis are illustrated in Fig. 3-5 which shows numerical fits
to the pyrolysis data of Campbell (55) for CO3. The simulations are performed
assuming 0 = 0 (Campbell's assumption) and a large G-. Both values of O produced

good fits with the data. The resulting kinetic rate coefficients were are follows:

g =0
kioose = 550 exp (-9815/T)
keight = 230 exp (-11582/T)

Large 0 (3-10% of activation energy)
Kiooge = 1.0 x 1021 exp (-(40100 + 4000)/T)
Keight = 2.4 x 1011 exp (-(30100 + 1000)/T)

It is obvious that the experimental data from one constant heating rate experiment

is insufficient to uniquely determine the ¢ values and hence the rate coefficients.

At least one more experiment with a different heating rate, to adequately shift both

peaks of Fig. 3—5, is necessary to enable a unique determination of G .

Weimer and Ngan (39) obtained useful kinetic rate coefficients by using a three
parameter fit to simulate both their own low heating rate experiment and the rapid
heating rate experiments of Suuberg, et al. (6,7). The simulations for two
experiments at substantially different temperatures can differentiate between the
ambiguous choices of the kind presented in Fig. 3-5. Using 3 parameters, it is
possible to fit both the high and low heating rate experiments reasonably well. TUse
of Campbell's 0 = 0 would provide a terrible fit to Suuberg's high heating rate
data and Suuberg's J = 0 fit does not work well for Campbell's or Weimer and Ngan's

low heating rate data.
On the basis of these results a distributed activation energy model was used for

species evolution kinetics. A more complete discussion of the distributed

activation energy model is contained in the EPRI final report AP2602 (21). The
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product sources Wi(E) for each species i1 as a function of activation energy E is

assumed to be

Wi(E) =Yio  exp (-(E-Eg0)2/2 ;%)
ovzm

where 0~ i is the width of the distribution and Ej, is the average activation
energy. For computation purposes this distribution is represented by 21 components.
Each part of the distribution evolves with a kinetic rate coefficient
ki = kjo exp(-E/RT) where ki, 1s the frequency factor. Experiments at several
heating rates are used to define the kinetic rate parameters. Such a kinetic
description allowed the simulation of CO2 evolution from coal in a wide variety of

experiments without varying the kinetic rate coefficients (15,21,50).
COAL PARTICLE TEMPERATURES

The model requires coal particle time-temperature histories as input. The
calculations are discussed in detail in (21). For the entrained flow reactor,
particle temperatures have been calculated, given the reactor wall temperature as a
boundary condition, by considering the following: a) radiative heat transfer between
the coal particles and the wall; b) convective heat transfer between the coal and
the gas; c) conductive heat transfer within the gas. Calculations were performed
numerically on a PDP/1ll computer using a Runge-Kutta integration scheme to determine
the temperature of tubular shells at progressive cross sections of the flow path.
Instant mixing of the feed gas with the preheated gas was assumed. The coal
particle weights have been measured, and the absorptivity and heat capacities were

assumed to be 0.7 and 0.3 cal/gram®C respectively.

The methods of calculation are described in reference 21. A modification has been
made in calculating the mass of gas contained in any one volume element. Presently,
the mass contained in a volume element is fixed at the value it would have at the
nominal average temperature, (and therefore the pressure varies from point-to-point
within the reactor). This change allows the average temperatures to be calculated
correctly, but ignores variations in mass flow with radius. Previously the pressure

was fixed and the mass within an element varied.

Calculations for coal particle temperatures vs the distance travelled (for the
injector 66cm above the port) are presented in Fig. 3-6a and b with helium and
nitrogen for the ambient gas, respectively, for furnace temperatures of 700 and

1200°C. Calculations for a furnace temperature of 1100°C and for various parametric
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values of the distance between the injector and the optical port are illustrated in

Fig. 3-7 where nitrogen is the ambient gas.

For the heated grid flash pyrolysis simulations (Fig. 3-10) a model assuming
radiative heat transfer is used to calculate particle temperatures from the grid

temperature.

SAMPLE CALCULATIONS

The theory was recently compared to results from the entrained flow reactor and to
heated grid pyrolysis experiments (30). The entrained flow reactor data for
pyrolysis in one atmosphere of nitrogen of a Beulah (Zap) North Dakota lignite are
compared with the pyrolysis model simulation in Figs. 3-8 and 3-9. The coal

composition parameters and kinetic rate coefficlents are presented in Table 3-1.

To test the generality of the model, the simulation using the same kinetic rate
coefficients has also been applied to data for the pyrolysis for 10 seconds in
vacuum of a Pittsburgh seam coal in a heated grid. The results are presented in
Fig. 3-10 The experimental apparatus and the data have been presented previously

(12). The coal composition parameters are presented in Table 3-1.

The overall pyrolysis product distributions are presented in Figs. 3-8a and 3-10a.
The model does a good job of simulating the total weight loss. The gas content for
the lignite is much higher than for the bituminous coal because of the higher amount
of oxygen containing species. The tar content for the lignite is much lower with
substantial scatter in the data because of tar collection on walls amentioned in
Section 2. The tar is presented in Fig. 3-9c. The highest tar values appear at 16
and 26cm (also see Fig. 4-32). These are also the reaction distances at which the
missing material (which is probably tar) is the highest. It seems that the tar is
cracking at longer reaction distances as the measured tar is lower and there is

little missing materfal. Cracking of tar has not been incorporated in the model.

Char compositions are presented in Figs. 3-8b and c and 3-10b. There is good
agreement between the theory and the data except for the prediction of nitrogen in
the bituminous coal and aromatic hydrogen in the lignite. The nitrogen in the
bituminous coal disappears less rapidly than predicted. A previous study (38),
suggests that the difficulty of nitrogen removal from char goes up with rank. Under

these circumstances a rank dependent rate would have to be used for the HCN-tight

component. The predicted trend for the aromatic hydrogen (Fig. 3-8c) is accurate .
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TABLE 3-1

Kinetic Rate Coefficients and Functional Group Compositions

PSoc 170
c iti Pittsburgh Beulah
omposition g..n coal Lignite

Kinetic Rate Coefficients

Parameters -1
- (WT% DAF) _(WT% DAF) (sec ™)
< 819 <703
u .054 .049
N .014 .011
S(organic) .019 .011
0 .094 .226
1.000 1.000
Y, €0, = Loose .006 .052 k= 1.0 x 1021 exp((-38,376 + 4000)/T)
Y,  co, - Tight 002 013 ky = 2.4 x 10' exp((-28,800 + 1500)/T)
om0 029 .10 ky = 1.7 %10  exp((~30,000 ¥ 1500)/T)
Y°, €O ~ Ether Loose .006 .020 k, =1.7x10'"  exp((-25,000 + 2500)/T)
Yo CO ~ Ether Tight .103 .136 ks = 2.5x10"  exp((-23,000 + 2300)/T)
LA HCN - Loose .003 .008 kg = 5400 exp(-8850/T)*
1%, HCN - Tight .024 .012 k;  =7.0 x 107 exp(-32,000/T)*
¥ o, .0004  .001 kg = 1.2 x 1012 exp((-27,300 + 3000)/T)
°, ch_ - Aliphatic .196 .169 kg = 1.7 x 101 exp((-30,000 + 1500)/T)
Y%,  Methane .033 .021 kg =1.2x 101 exp((-27,300 + 3000)/1)
Y0, We-aromatic .017 .015 k;; = 1.6 x 107 exp((-23,000 + 2300)/T)
Y%,  C-Non Volatile .562 441 ki, =0
Y%,  s-Organic .019 .011
Total 1,000 1.000
x° Tar .43 .16 Kp = 4.5 x101%  exp((-26,400 + 1500)/T)
Cracking Rates:
Paraffins ~ Olefins kg = 1.5 x 10;1 exp((~27,600/T)
Olefin ~ Acetylene AC = 2.1 x 10 exp (-22,000/7)

*Distributed rates have not yet been determined.
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but the amplitude is low. This may be due to the conversion of hydroaromatic to
aromatic hydrogen accompanying the stabilization of tar and aliphatic free radicals.

This effect has now been incorporated into the mathematical model.

The evolution of paraffins, olefins and acetylene are considered in Figs 3-8d and
3-10d. Both data sets show the cracking of paraffins to form olefins and the
cracking of olefins to form acetylene. The data are reasonably well predicted by
the model except for acetylene for which the prediction is too high. This is
probably due to soot formation from the acetylene. Determination of the kinetics
for paraffin and olefin cracking were obtained by injecting ethane into the furnace.
These data are illustrated in Fig. 3-9a along with the data on ethane and ethylene
from coal pyrolysis in Fig. 3-9b. Acetylene yields for the pure ethane case were in
agreement with theory indicating that there is less soot formation in the pure case
than with coal present. The incorporation of soot production into the model will be

the subject of future work.

The predictions for methane formation (Figs. 3—-8e and 3-10e) need additional work.
Cracking of methane which is evident for the bituminous coal from the low
concentrations of methane at high temperatures has not been modeled. Additional
methane formed from methyl groups created during the stabilization of radicals and
from cracking of other species has also been neglected. This may be the reason for

the low prediction for the lignite.

Results for HCN and NH3 are presented in Figs. 3-8f and 3-10f. HCN production is
the dominant nitrogen gas species. The model prediction is in good agreement with
the data. The high prediction for HCN from the bituminous coal is in agreement with
the low prediction for nitrogen in the char, Fig. 3-10b.

The oxygen containing species are considered in Figs. 3-9d-f and Fig. 3-10c. The
data for the heated grid case (Fig. 3-10c) where secondary reactions are minimized
are reasonably predicted except for CO for which the rate seems too high. The
predictions for the entrained flow reactor (Figs. 3-9d-f), where secondary reactions
occur, are very inaccurate. Incorporation of these reactions into the model will be

the subject of future work.
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Section 4

PYROLYSIS RESULTS

Pyrolysis measurements were performed on 6 coals with variations in'temperature,
ambient gas composition and coal type. This section presents the data obtained with
four coals (Pittsburgh #8 and Illinois #6 bituminous coals, a Wyoming subbituminous
coal and a Montana lignite) pyrolyzed in helium at furnace temperatures from 700°C
to 1200°C, during initial testing of the reactor. The initial test suggested a
number of improvements in the reactor configuration to improve product collection.
These improvements were made under DOE contract #DE-AC21-81FE05122. Using the
improved reactor, additional data were obtained for a second Illinois #6 and a Utah
bituminous in Nitrogen at 1100°C at 1 atmosphere. Compositions for the six coals
are given in Table 4-1.

INITIAL RESULTS WITH FOUR COALS

During the initial testing of the reactor, pyrolyses were performed in helium at
temperatures from 700°C to 1200°C. The run conditions are presented in Table 4-2.
During this period of operation, weights of the coal fed and products collected were
not determined. Instead, the gas was sampled during a period when the coal feed
rate was held constant. Measurements were made of the volume feed rate of coal in
cc/min in the coal feeder and of the density of the coal powder im grams/cc to
determine the coal feed rate in grams/min. The volume percent of pyrolysis gases
were determined in the external FT-IR cell. The gases were determined as a weight %
of coal from the molecular weight of the gas and the known input gas feed rate in

liter/min.

Char samples were collected for amalysis. Average coal and char particle weights
were determined by counting and weighing groups of particles. An example is shown
in Table 4-3. The table shows the results for Jacob's Ranch chars obtained at
increasing distance in the reactor at a temperature of 1000°C. The determinations
for a given char show good reproducibility and the averages for the five chars show

a continuous weight loss with reactor distance.

Elemental analyses for the chars were obtained at Galbraith Laboratory. Under the

DOE contract #DE-AC21-81FE05122, FT-IR spectra were obtained for all the chars
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TABLE 4-1

Ultimate Analyses for Six Coals
Used in the Entrained Flow Reactor Study

COAL TYPE WTZ (DAF)
Cc H N S 0 ASH (Dry)

Savage Montana Lignite 71.2 4.6 1.1 1.3 21.8 10.6
Jacob's Ranch Wyom. Subbituminous 74.3 5.2 1.1 .6 18.8 7.8
Illinois #6 Bituminous (C.E.) 73.9 5.1 1.4 4.2 15.4 11.0
Pittsburgh #8 Bituminous 83.5 5.5 1.6 3.3 6.1 9.2
Utah Bituminous (Texaco) 75.9 5.4 1.3 .5 16.9 8.5
Illinois #6 Bituminous (Texaco) 75.9 5.5 1.5 4.1 12.4 13.2




€=y

TABLE 4~-2

Experimental Conditiomns

Coal Carrier Seéondary Average
Wall Ambient Feed and Sheath Gas Feed Hot Gas
Temp Gas Rate Gas Feed Rate Velocity
Run # Coal (°C) (g/min) (1/min) (1/min) (m/sec)
1. I11. #6 800 Helium 2.4 1.0 46.5 1.5
(CE)
3. Savage 800 Helium 2.4 1.0 46.5 1.5
Lignite
4. Jacob's 700 Helium 2.4 1.0 50.4 1.5
Ranch
5. Jacob's 800 Helium 2.4 1.0 46.5 1.5
Ranch
6. Jacob's 900 Helium 2.4 1.0 42.0 1.5
Ranch
7. Jacob's 1000 Helium 2.4 1.0 39.2 1.5
Ranch
8. Jacob's 1200 Helium 2.4 1.0 33.6 1.5
Ranch
9. I11l. #6 1100 Nitrogen 1.5 1.0 26.6 1.1
(Tex)

10. Utah 1100 Nitrogen 1.7 1.0 26.6 1.1




TABLE 4-3

Determination of Average Particle Weights

Injector Sample Weight #of Particles Average Weight/Particle
Distance (micrograms) in Sample (micrograms)
66 cm 4.1 60 6.83x102

7.2 105 6.86X1072

3.0 43 6.98X10™

6.2 92 6.74X10~

4.8 69 6.96X10=2

Average 6.87X1072

56 cm 7.6 105 7.24x10“§
5.5 69 7.97X10_5
4.0 52 7.69X10
7.8 107 7.29x10°2
5.9 78 7.56X10-2
Average 7.55X1072
46 cm 9.8 122 s.oaxlo”g
7.4 94 7.87x1o'2
8.6 108 7.96X10°
9.6 119 8.07X1072
4.4 55 8.00Xx10=2
Average 7.99x1072
36 cm 9.0 97 9.28x10~2
3.2 36 8.89x1072
4.6 50 9.20X10”2
9.2 102 9.02X10_,
6.6 75 8.80X10-2
Average 9.04X1072
21 cm 5.2 49 1o.6x1o'22
8.0 83 9.64X10”
12.0 116 10.3x1072
5.4 52 10.4X10
6.5 67 9.70X10=2
Average 10.1x1072
6 cm 3.4 27 12.6x1o'§
11.0 98 11.2X10”
8.5 67 12.7x1o‘§
11.8 91 13.0x1072
18.2 141 12.9x10=%
2

Average 12.5X10°




produced in the reactor using the techniques described in Section 2.

Spectra for the chars produced at 800°C are illustrated in Figs. 4-1 to 4-8.

Spectra in Figs. 4-1 to 4-4 are for dry KBr pellets. The slope is due to scattering
by the char particles which increases with carbon concentration. A scattering
correction has removed the slope in Figs. 4-5 to 4-8. The spectra show rapid
removal of aliphatic (peaks near 2900 cm-1), and about 1/2 the hydroxyls (broad hill
peaked at 3400 wavenumbers). The spectra show retention of aromatic hydrogen (peaks
near 800 and 3100 wavenumbers) and of C-0 bonds (broad peak near 1200 wavenumbers).
The peak at 1600 is also retained. This peak is believed to be due to strongly
hydrogen bonded hydroxyls (perhaps to ring nitrogens) (37). Mineral peaks increase
as volatiles are removed from the char. The results for Illinois #6, Pittsburgh #8,

Montana Lignite, and the Wyoming subbituminous are all similar indicating that the

functional group chemistry in the chars is insensitive to coal rank. Evidence such

as this suggests that a pyrolysis model can be created using kinetic rate

coefficients which are independent of coal.

Spectra for Jacob's Ranch chars produced at 700, 900, 1000°C and 1200°C are
presented in Figs. 4-9 to 4-16. Spectra for 1000°C and above show aromatic hydrogen
(peaks near 800 and 3100 wavenumbers) reaching a maximum and then dropping at long
residence distances. The C-0 bond concentration also appears to be reduced at long
residence distances. The 1600 peak is also drastically reduced. The slopes

increase with increasing carbon concentration in the char.

Normalized functional group concentrations presented in Figs. 4-17c to 4-24c, have
been obtained by dividing the respective peak heights by the corresponding peak
heights in the parent coal.

The pyrolysis data for Runs 1-8 are compared to the theoretical predictions in Figs.
4-17 to 4-24. The kinetic rate coefficients and coal composition parameters are

presented in Tables 4~4 and 4~5. Note that all coals are fitted using the same

kinetic rate coefficients.

Figures 4-17a to 4-24a present the particle temperature calculated for each run. A
complete time-temperature history is calculated for each injector position and
temperature. Swelling effects which would influence the radiation absorption have

not been included.

Figures 4-17b to 4-24b present the elemental compositions normalized by their
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respective values in the parent coal (i.e. C (char) /C (coal)). Predicted values

for C and H are in good agreement with the data. The trends for O+S are predicted

but, there are substantial differences in magnitude. Since 0+S are determined by
differences, this is not surprising. Predictions for nitrogen are too high. The

problem with nitrogen is discussed in the next section.

Figures 4-17c¢ to 4-24c present the hydrogen functional group concentrations
normalized to their respective values in the parent coal. In general, the trends
and magnitudes have been predicted with good accuracy. The predicted aromatic
hydrogen in the lignite is too low, an effect also seen in Fig. 3-8c. There appears

to be some chemical effect not modeled which is most important for lignites.

Figures 4-17d to 4-24d present the char and volatiles. The weight percent char has
been determined by weighing groups of char particle as discussed above. The results
are in reasonable agreement with the predictions except for the Pittsburgh coal,
Fig. 4-18. This was the only swelling coal studied and the effects of swelling and

sticking may cause a sytematic increase in the char weight.

Results for methane, CO and COy are presented in Figs. 4-17 to 4-24 e and f. The
trends and orders of magnitude are correct but there is substantial scatter in the
gas data. The modifications to the reactor made subsequent to these runs have

reduced the scatter for Runs 9 and 10 presented below.

In general there is reasonable agreement between the data and the prediction of the

model.

RESULTS FOR ILLINOIS #6 AND UTAH BITUMINOUS COALS

After reactor modifications which resulted in the final configuration described in
Section 2, pyrolyses were performed in nitrogen for Illinois #6 and Utah bituminous
coal samples (received from Texaco) at a furnace temperature of 1100°C (Runs 9 and
10).

FT-IR spectra for chars and tars are presented in Figs. 4-25 to 4-28. The Utah and
Iliinois #6 chars show almost identical behavior. The scattering slope variations
with injector position are similar. They are intermediate between those for the
Jacob's Ranch chars at 1000°C and 1200°C. In agreement with the observations for

Runs 1-8, the functional groups react at different rates. Aliphatics are fastest,

methyl groups and hydroxyls are slower, aromatic hydrogen increases and then ‘
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decreases, and C-0 bonds appear to be the least volatile. Mineral peaks increase

proportionately as the volatile species are removed.

The theoretical results were obtained using the most recent version of the pyrolysis
theory (36). The kinetic rate coefficients and coal composition parameters are
presented in Table 4-4 and 4-5.

The comparisons of theory and experiment are presented in Figs. 4-29 to 4-39. It
has been possible to obtain accurate simulations of most species for both coals.
The analysis has suggested changes for kinetic rate coefficients presented
previously (21) for CO~-tight and tar. It also is apparent that cracking of heavy
hydrocarbons to produce lighter species, which has not been modeled, prevents
accurate modeling of the split between hydrocarbon species. It also appears that
the evolution of HCN must be tied to the evolution of aromatic hydrogen as the
formation of HCN requires hydrogen.

The char yields are presented in Fig. 4-29. There is good agreement between theory
and experiment. Weight loss appears to occur slightly faster than predicted. This
may result from more rapid particle temperature increases than are predicted. This
would be expected if there were mixing of the particles and gas which removed them

from the center line of the reactor.

The elemental compositions for the chars are presented in Fig. 4-30. The elemental
composition of the char is normalized by the composition of the parent coal. The
agreement between theory and experiment is good except for nitrogen at high
temperature which is lower than predicted. Problems in modeling the nitrogen
evolution occur because HCN evolution must be tied to the availability of hydrogen
in the char. This modification is presently being addressed. As expected, there is

scattering in the oxygen data which are done by difference.

The hydrogen functional group compositions for the chars are presented in Fig. 4-31.
The functional group composition is normalized by the composition of the parent
coal. There is good agreement between theory and experiment except for the high
aromatic concentrations for the Utah Bituminous coal. This is the same problem that
occurred for the lingite. A possible explanation is the formation of an aromatic
hydrogen when a hydroxyl abstracts a hydrogen from the hydroaromatic or aliphatic to
form water. Such chemistry would be expected for hydroxyl groups originally

attached to hydroaromatics or aliphatics.
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Figure 4-32 present data for the yields of tar and "dry gas" (gas minus water). The
predicted gas values are good but the tar yields are too low. It is clear
experimentally that tar is accumulating on the walls of the water cooled collector
and in the cyclone. Comparing the predicted tar values with "tar plus missing” in

Fig. 4-33 shows much closer agreement between theory and experiment.

Figure 4-34 presents the comparison for paraffins, olefins and acetylene. The
results show the progressive cracking of compounds to form less saturated compounds
as time or temtemperature increases. The general trends are predicted. While the
start of the acetylene production occurs at the right place, the predicted values
are much too high. This is believed to be due to soot formation which will be
modeled in the future. The predicted values of olefin and paraffin are good for the
Utah Bituminous coal and are in agreement with results for several other coals. For
the Illinois #6 coal, the olefins are lower than predicted. The ratio of maximum
olefin to paraffin for this coal is different from all other coals studied in this

reactor.

Results for methane are presented in Fig. 4-35. Agreement between theory and
experiment is excellent. In the present version of the theory, the tar gets
enriched in methyl groups (the source for the methane) when it abstracts hydrogen to
stabilize free radical sites. The subsequent cracking of the tar produces higher
methane values than observed for the same coal in heated grid experiments where the

tars cool quickly after formation.

Ethane and ethylene are presented in Fig. 4-36. Predictions for ethane are in
agreement with the data. Predictions for ethylene are too low. This is most likely
due to the cracking of higher molecular weight species to form ethylene which has

not been modeled.

CO and CO2 are presented in Fig. 4-37. Predictions for COy are in good agreement
with the data. Predictions for CO are not good for the Illinois #6. The predicted
CO ultimate yield is determined from the oxygen which remains after CO2 and Hj0
evolution. Any errors in the coal's oxygen determination shows up in CO. The high
sulfur values which include mineral sulfur is likely to result in an anomaléusly low

oxygen value.

The results for water are presented in Fig. 4-38. There is good agreement between

theory and experiment.
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HCN and NH3 are presented in Fig. 4-39. The predictions of NH3 are good. The
. predictions of HCN need work and as discussed above, must be coupled to the hydrogen

evolution.
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Figure 4-1. FI-IR Spectra of Chars from Illinois #6 Bituminous Coal
Pyrolyzed at 800°C in Helium (Run #1). The spectra are for dried KBr pellets.
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Figure 4-2. FT-IR Spectra of Chars from Pittsburgh Seam Bituminous Coal
Pyrolyzed at 800°C in Helium (Run #2). The spectra are for dried KBr pellets.
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Figure 4-3. FT-IR Spectra of Chars from Savage, Montana Lignite Pyrolyzed at

800°C in Helium (Run #3).

The spectra are for dried KBr pellets.
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Figure 4-4. FT-IR Spectra of Chars from Jacob's Ranch Subbituminous Coal
Pyrolyzed at 800°C in Helium (Run #5). The spectra are for dried KBr pellets.
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Figure 4-5. FT-IR Spectra of Chars from Illinois #6 Bituminous Coal
Pyrolyzed at 800°C in Helium (Run #1). A scattering base line correction
has been applied and the spectra have been scaled to 1 mg/cm“ DRY.Coal.
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Figure 4-6. FT-IR Spectra of Chars from Pittsburgh Seam Bituminous Coal
Pyrolyzed at 800°C in Helium (Run #2). A scattering base line correction has
been applied and the spectra have been scaled to 1 mg/cm“ DRY Coal.

4-15




ABSORBANCE / (MG./CN.ZI

SAVAGE @ 800 C.

]
MINERALS

Cc-0

CARBONYL
AROMATIC
MINERALS

ALTPHATIC

HYDROXYL
AROMATIC

46
- 36
()
un
. 6
Q
o
4+0bo 34bo 28b0  22b0 18D0 10B0  4bo

WAVENUMBERS (cM~ 1)

Figure 4-7. FT-IR Spectra of Chars from Savage, Montana Lignite Pyrolyzed at
800°C in Helium (Run #3). A scattering base line correstion has
been applied and the spectra have been scaled to 1 mg/em® DRY Coal.
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Figure 4-8. FT-IR Spectra of Chars from Jacob's Ranch Subbituminous Coal

100

Pyrolyzed at 800°C in Helium (Run #5). A scattering bage line correction has

been applied and the spectra have been scaled to 1 mg/cm” DRY Coal.
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Figure 4-9. FT-IR Spectra of Chars from Jacob's Ranch Subbituminous Coal in
Helium at 700°C (Run #4). The spectra are for dried KBr pellets.
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Figure 4-10. FT-IR Spectra of Chars from Jacob's Ranch Subbituminous Coal in
Helium at 900°C (Run #6). The spectra are for dried KBr pellets.
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Figure 4-11. FT-IR Spectra of Chars from Jacob's Ranch Subbituminous Coal in
Helium at 1000°C (Run #7). The spectra are for dried KBr pellets.
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Figure 4-12. FT-IR Spectra of Chars from Jacob's Ranch Subbituminous Coal in
Helium at 1200°C (Run #8). The spectra are for dried KBr pellets.
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Figure 4-13. FT-IR Spectra of Chars from Jacob's Ranch Subbituminous in Helium
at 700°C (Run #4). A scattering bage line correction has been applied and the
spectra have been scaled to 1 mg/cm“ DRY Coal.
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FT-IR Spectra of Chars from Jacob's Ranch Subbituminous in Helium

at 900°C (Run #6). A scattering baie line correction has been applied and the
spectra have been scaled to 1 mg/em® DRY Coal.
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Figure 4-15. FT-IR Spectra of Chars from Jacob's Ranch Subbituminous in Helium
at 1000°C (Run #7). A scattering bise line correction has been applied and the
spectra have been scaled to 1 mg/cm” DRY Coal.
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Figure 4-16. FT-IR Spectra of Chars from Jacob's Ranch Subbituminous in Helium
at 1200°C (Run #8). A scattering bgse line correction has been applied and the
spectra have been scaled to 1 mg/cm”“ DRY Coal.
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aromatic hydrogen H(ar) values were obtained by difference due to

interference from the mineral peaks in the region of the FT-IR spectra

near 800 wavenumbers).
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Figure 4-19., Comparison of Theory and Experiment for Savage, Montana Lignite

Pyrolyzed in Helium at 800°C Wall Temperature (Run #3). Symbols are

Experimental Data, Lines are Theory. a) Coal Particle Temperature, b) Char

Elemental Composition Normalized to Parent Coal, c) Char Hydrogen Functional

Group Composition Normalized to Parent Coal, d) Product Distribution as

Weight Percent of DAF Coal, e) Methane as Weight Percent of DAF Coal and f) CO

and CO, as Weight Percent of DAF Coal. (Note that the aromatic hydrogen H(ar) .
values were obtained by difference due to interference from the mineral peaks

in the region of the FT-IR spectra near 800 wavenumbers).
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4-29




KELVINS

PARTICLE TEMPERATURE

NOAMAL 1ZED

1.2

\

X &+
:ﬂl o |= (=2

CHAR COMPOSITION

CHAR COMPOSITION NORMAL 1ZED

d

Volatiles

1600
L
PREDUCT
80
1

1200
i

800
PERCENT

Char

400

HEIGHT

o T T T T T . T 1] T ) T 1] T
.0 10.0 20.0 30.0 40.0 S0.0 60.0 70. 0 10.0 20.0 80.0 40.0 S0.0 80.0 720.

INJECTOR. POSITION CM INJECTOR POSITION CM

(OCARBON
ANYOROGEN
+NITROGEN
4 X0 #ND §

O chy e

RRODUCT
8.0
1

PERCENT
6
——

L3

0

e

T T T ) 1 o T Tt T )] o7 T
0 0.0 20.0 30.0 0.0 S0.C €0.0 70.0 ‘o 10.0 20.0 80.0 40.0 S0.0 60.0 70.
INJECTOR POSITION CM INJECTIOR POSITION CHM.

WEIGHT

os]

2%.0

OHAR) C Dco f
METHYL

o ‘l o X coz

X

2.
1
20.0
1

12.0
A

PERCENT  PRODUCT
16.0
]
o

8.0
i

co

HE IGRT

%.0
I

+ J co,
0

96" 1.0 20.0 9.0 0.0 sb.0 eb.0 70 ¥ Ro o o o o .
INJECTOR. POSITION CM INJECTGR POSITION CM

Figure 4-21. Comparison of Theory and Experiment for Jacob's Ranch Subbituminous

Coal Pyrolyzed in Helium at a 800°C Wall Temperature (Run #5). Symbols are

experimental data, lines are theory. a) Coal particle temperature, b) Char

elemental composition normalized to parent coal, c¢) Char hydrogen functional

group composition normalized to parent coal, d) Product Distribution as

weight percent of DAF coal, e) Methane as weight percent of DAF coal and £) CO

and CO, as weight percent of DAF coal.
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Figure 4-22. Comparison of Theory and Experiment for a Jacob's Ranch
Subbituminous Coal Pyrolyzed in Helium at a 900°C and Wall Temperature (Run #6).
Symbols are experimental data, lines are theory. a) Coal particle temperature,
b) Char elemental composition normalized to parent coal, c) Char hydrogen
functional group composition normalized to parent coal, d) Product

Distribution as weight percent of DAF coal, e) Methane as weight percent of

DAF coal and f£) CO and CO, as weight percent of DAF coal.
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Comparison of Theory and Experiment for a Jacob's Ranch

Subbituminous Coal Pyrolyzed in Helium at a 1000°C Wall Temperature (Run #7).
Symbols are experimental data, lines are theory. a) Coal particle temperature,
b) Char elemental composition normalized to parent coal, c¢) Char hydrogen
functional group composition normalized to parent coal, d) Product Distribution
as weight percent of DAF coal, e) Methane as weight percent of DAF coal and f)

CO and CO, as weight percent of DAF coal.
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Figure 4-24. Comparison of Theory and Experiment for a Jac g Ranc

Subbituminous Coal Pyrolyzed in Helium at 1200°C Wall Temperature (Run #8).
Symbols are Experimental Data, Lines are Theory. a) Coal Particle Temperature,
b) Char Elemental Composition Normalized to Parent Coal, c) Char Hydrogen
Functional Group Composition Normalized to Parent Coal, d) Product Distribution
as Weight Percent of DAF Coal, e) Methane as Weight Percent of DAF Coal and f)

CO and CO, as Weight Percent of DAF Coal. (Note that the aromatic hydrogen H(ar)
for injector position of 56 and 66 cm were obtained by difference due to a high
level of noise in the FT-IR spectra of these chars).
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TABLE 4-4

Kinetic Rate Coefficients

°, c0, - Extra-loose ky = 0.10E+l5 exp((23900. + 2500.)/T)
°, o, - Loose k, = 0.10E+l5 exp((27900. + 1400.)/T)
1, o, - Tight kg = 0.10E+l5 exp((32900. + 3300.)/T)
v, 1,0 k, = O0.17E+l5 exp((30000. + 1500.)/T)
Y0, CO - Ether Loose kg = 0.17E+12 exp((25000. + 2500.)/T)
°, CO - Ether Tight kg = 0.10E+l9 exp((54900. + 5000.)/T)
°, HCN - Loose Mz = 0.54E+04 exp(( 8850. + 0.)/T)
1, HCN - Tight *kg = O0.70E+08 exp((32000. + 0.)/T)
¥, N kg = 0.12E+13 exp((27300. + 3000.)/T)
Y%,  CH-Aliphatic kjp = O0.17E+15 exp((30000. + 1500.)/T)
Y%,  Methane-loose k3 = O0.17E+15 exp((30000. + 1500.)/T)
Y%,  Methane-tight kj = 0.17E+13 exp((30000. + 3000.)/T)
Y%,  H-Aromatic ky3 = 0.16E+08 exp((23000. + 2300.)/T)
Y°,,  C-Non Volatile ky, =0
Y°15 S-Organic

Total
x° Tar ko = 0.45E+14 exp((26400. + 1500.)/T)

Cracking Rates:
Paraffins - Olefins ko, = 0.15E+12 exp((27600.)/T)

Olefin ~ Acetylene k¢ = 0.21E+08 exp((22000.)/T)

*Distributed rates have not yet been determined.
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TABLE 4-5

Coal Functional Group Composition for Six Coals

Savage Jacob's Illinots #6 Pittsburgh #8 Utah Iliinois #6
Composition Montana Ranch Bituminous Bituminous Bituminous Bituainous
Paranater Liynite Subbituainous Coal (C.E.) Coal Coal (Texaco) Coal (Taxaco)
(WX DAF) (WIX DAF) (WTZ DAF) (WTX DAF) (WTZ DAF) (WIX DAF)
C 0.712 0.754 0.739 0.835 0.759 0.759
H 0.046 0.053 0.051 0.055 0.054 0.055
N 0.011 0.012 0.014 0.016 0.013 0.015
S(organic) 0.013 0.005 0.042 0.033 0.005 0.047
0 . 0.218 0.176 0.156 0.061 0.169 0.124
1.000 1.000 1.000 1.000 1.000 1.000
Y°,  Cop - Extra-loose 0.0100 0.0090 0.0100 0.0036 0.0110 0.0100
Y°2 €0, = Looae 0.0150 0.0135 0.0300 0.0060 0.0165 0.0300
°, €0, = Tight 0.0250 0.0225 0.0100 0.0024 0.0275 0.0100
°, Hy0 0.1006 0.0503 0.0450 0.0238 0.0344 0.0450
Y°5 CO - Ether Loose  0.0200 0.0600 0.0300 0.0060 0.0300 0.0300
v°6 CO - Ether Tight  0.1414 0.1125 0.1059 0.0484 0.1422 0.0534
1°, HCN - Loose 0.0036 0.0101 0.0100 0.0071 0.0073 0.0121
"°a HCN - Tight 0.0160 0.0130 0.0170 0.0237 0.0170 0.0170
Y°9 NH, 0.0010 0.0000 0.0000 0.0000 0.0000 0.0000
v°1° Ci-Aliphatic 0.1864 0.2251 0.1491 0.2319 0.1810 0.1946
Y%,  Methane-loose 0.0065 0.0110 0.0110 0.0126 0.0110 0.0110
v°u Methane-tight 0.0065 0.0110 0.0110 0.0224 0.0110 0.0110
v°u H-Aromatic 0.0150 0.0120 0.0160 0.0170 0.0160 0.0160
Y°14 C-Non Volatile 0.4400 0.4450 0.5130 0.5620 0.4900 0.5130
v°15 S-Organic 0.0130 0.0050 0.0420 0.0330 0.0051 0.0469
Total 1.0000 1.0000 1.0000 1.0600 1.0000 1.0000
x° Tar 0.1600 0.1500 0.3100 0.4300 0.3600 0.3100
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Figure 4-25. FT-IR Spectra of Chars from Illinois #6 Bituminous Coal
Pyrolyzed at 1100°C in Nitrogen (Run #9). The spectra are for dried KBr pellets.
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Figure 4-26. FT-IR Spectra of Chars from Utah Bituminous Coal Pyrolyzed at

1100°C in Nitrogen (Run #10). The spectra are for dried KBr pellets.
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Figure 4-27. FI-IR Spectra of Chars from Illinois #6 Bituminous Coal Pyrolyzed

at 1100°C in Nitrogen (Run #9).

and the spectra have been scaled to 1 mg/cm® DRY Coal.
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A scattering base line correction has been applied
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Char Yield as Weight Percent of DAF Coal for Coal Pyrolyzed im

Nitrogen with a Furnace Temperature of 1100°C. a) Illinois #6 Bituminous Coal
(Run #9) and b) Utah Bituminous Coal (Run #10).
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Figure 4-30, Char Elemental Composition (DAF) Normalized to Parent Coal
Elemental Composition (DAF) for Pyrolysis in Nitrogen with a Furnace

Temperature of 1100°C.

a) Illinous #6 Bituminous Coal (Run #9) and b) Utah

Bituminous Coal (Run #10).
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Figure 4-32. Dry Gas (Gas Minus Water) and Tar as Weight Percent of DAF Coal
for Pyrolysis in Nitrogen with a Furnace Temperature of 1100°C.
#6 Bituminous Coal (Run #9), b) Utah Bituminous Coal (Run #10).
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Figure 4-33. Tar plus Missing Gas as Weight Percent of DAF Coal for Pyrolysis
in Nitrogen with a Furnace Temperature of 1100°C. a) Illinois #6 Bituminous
Coal (Run #9), b) Utah Bituminous Coal (Run #10).
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Figure 4-34. Paraffing, Olefins and Acetylene as Weight Percent of DAF Coal for
‘ Pyrolysis in Nitrogen with a Furnace Temperature of 1100°C. a) Illinois #6

Bituminous Coal (Run #9), b) Utah Bituminous Coal (Run #10).
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Figure 4-35. Methane as Weight Percent of DAF Coal for Pyrolysis in Nitrogen
with a Furnace Temperature of 1100°C. a) Illinois #6 Bituminous Coal (Run .
#9), b) Utah Bituminous Coal (Run #10).
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Figure 4-36. Ethane and Ethylene as Weight Percent of DAF Coal for Pyrolysis

in Nitrogen with a Furnace Temperature of 1100°C.
Coal (Run #9), b) Utah Bituminous Coal (Rum #10).
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Figure 4-37. CO and CO
Nitrogen with a Furnace Temperature of 1100°C.
Coal (Run #9), b) Utah Bituminous Coal (Run #10).
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Section 5

ASSESSMENT OF EXPERIMENT AND THEORY APPLICATIONS TO LARGE SCALE GASIFIERS

The objective of this program is the development of correlations between the
products of pyrolysis and the time~temperature history experienced by coal in a
reactor. Under task 7 of the program, an assessment was made of the application of

these correlations to large scale entrained flow gasifiers.

There are two immediate applications of the correlations: 1) given samples of char,
tar and gas extracted from test points in a large-scale gasifier, information can be
obtained about the time—temperature history of the coal and pyrolysis products (this
assumes that the composition of the char is essentially determined by pyrolysis at
the gasifier temperature with gasification reactions primarily reducing the char
mass at constant functional group compositions); 2) given the approximate conditions
of the gasifier and a choice of feed coal, predictions can be made for volatile
yield and composition. It is intended that future expansion of the model will allow
predictions of char reactivity, swelling, tar molecular weight distribution and
reactivity, plus soot yileld and reactivity.

With additional work, an accurate predictive model for thermal decomposition effects
in an entrained gasifier may be obtained by coupling the pyrolysis model
(generalized to include the additional properties discussed above) with
comprehensive computer codes simulating heat transfer, fluid mechanics and chemical
reactions. Such detailed codes have been developed (see EPRI Report AP2470) (57)
and currently require experimental data on coal devolatilization. The pyrolysis
correlations presented herein may substitute for such data allowing variations of
coal properties, (e.g. volatile yield and char reactivity) with gasifier

conditions.
USING GASIFIER SAMPLES TO INFER GASIFIER CONDITIONS

On the basis of the pyrolysis experiments and pyrolysis theory, it is possible to
estimate the conditions inside a gasifier from char samples taken from the different
functional groups disappear from the char at rates which can vary substantially.

For example, with reference to Figs. 4-1 to 4-16, if reaction times are om the order

of a second, temperatures above 700°C must be reached by the coal particle to cause
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any pyrolysis; and a temperature above 1100°C is required to remove aromatic
hydrogen and ether oxygen. Analysis of tar provides additional information. At
1100°C, aliphatic hydrogen functional groups are very volatile while aromatic
hydrogen is reasonably stable. The swelling behavior of a swelling coal provides

information on the particle heating rate as discussed below.

The availability of a data base characterizing thermal decomposition for the coals
of interest with the pyrolysis model for interpretation should allow a determination
of the time—temperature history of the particle.

USING GASIFIER SAMPLES TO PREDICT REACTION PRODUCTS

In designing and operating a coal gasifier it is important to know a number of
parameters which affect gasification behavior of a coal, and the effect on these
parameters of changing the coal feedstock or operating conditions. The parameters
are: volatile yield, volatile production rate, volatile composition, char
reactivity, volatile reactivity, swelling and sticking behavior, soot production and
reactivity, and pollutant formation potential. The pyrolysis theory tested under
this contract and being generalized under DOE contracts #DE-AC01-81~FE05122 (56) and
DE-AC-82-PC50254 (58) will provide the tools necessary to make such predictions,
given the gasifier operating conditions. The theory is presently capable of
providing good volatile yield predictions and recent developments in the model are

addressing the additional properties.

Volatile Yield and Composition

The pyrolysis theory allows the prediction of the products of pyrolysis from: 1) a
set of kinetic rate coefficients independent of the coal, 2) the structural
composition of the coal, and 3) the time-temperature history of the coal.
Application to entrained flow reactors and heated grid pyrolysis are discussed in
this report and in References 30,38,56, and 58. Good predictions of volatile yield

and composition are obtained.

Char Reactivity

Of the reactions occurring in coal gasification, char gasification has been shown to
be significantly slower relative to gasification of volatiles (16), so it dominates
the overall reaction time. But, char reactivity may be controlled by the initial
pyrolysis conditions, which are in turn controlled by the volatile combustion. It
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is therfore important to understand the effect of char formation conditions on its

reactivity.

Under DOE Contract #DE-AC22-82PC50254, the effect of molecular alignment on
reactivity (58) is being studied. The fact that the reactivity of graphite is a
strong function of the molecular aligntment suggests that increasing the molecular
alignment in coal will reduce reactivity. An extreme example of molecular alignment
may occur with cenosphere formation. In cases of swelling, a volume of liquid coal
is subjected to bilateral extension. If the stress is sufficiently large, the
aromatic molecules of the coal will align so their planes lie parallel to the

surface of the cenosphere.

The effect of such alignment on reactivity under combustion conditions may be seen
in Fig. 5~1. The figure shows a char particle (from pyrolysis of a Pittsburgh Seam
coal) which is being attacked at holes in the surface while, large regions of the
surface appear impervious to oxygen attack. Such holes have been observed for
pyrolysis under non-reacting conditions and are caused by evolution of volatile
gases (56). These holes presumably provide access to the reactive edge carbons

which are not available in the molecularly aligned surface. The density of such

holes and the degree of alignment are controlled by the coal plasticity and particle

heating rate. So, the control of heating rate is an important factor in char

reactivity. The heating rate is in turn controlled by the volatile yield, rate and

composition and the reaction conditions. To predict the heating rate will require

coupling the pyrolysis theory to a model for the gas concentration in the reactor
g 8

and gas phase chemistry.

While the above effect is most prevalent for swelling coals, molecular alignment may
be important for non—swelling coals as well. Figures 5-2 and 5-3 present chars for
Illinois #6 and Utah bituminous coals which don't exhibit swelling. The chars do,
however, show evidence of melting with holes blown to release gases. The particle
in Fig. 5-3b shows no melting, therefore it may be fusinite. Additional work is
required to develop a correlation between the reactivity and time temperature

history of the coal.
Tar Evolution
At present, the pyrolysis model treats tar as a single product with an elemental and

functional group distribution based on the parent coal. The tar yield is treated as

a parameter of the model. A more detailed understanding of tar formation is
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Figure 5-1. Electronmicrographs of Char Produced from Pittsburgh Seam Coal in a 13%
Oxygen/87% Nitrogen Ambient at 1100°C. The Chars Show Attack of Oxygen at Holes

(Believed to be Produced by Volatile Release) with Little Attack on the Surface.



Figure 5-2. Electronmicrographs of Char from Illinois Itf Bituminous Coal
Pyrolyzed in Nitrogen at 1100°C with the Injector at 66 cm.



Figure 5-3. Electronmicrographs of Char from Utah Bituminous Coal Pyrolyzed
in Nitrogen at 1100°C with the Injector at 66 cm.



required to predict the effects of pressure and bed geometry on tar yield, the
gasification and soot formation properties of the tar and the viscosity of the coal
melt as the tar evolves. As a foundation for a better tar evolution model a
successful theory for polymer depolymerization recently developed under sponsorship
of the Gas Research Institute (51) is being incorporated into the pyrolysis model
(56). The theory combines statistical depolymerization with vaporization and
diffusion to predict product yield and composition.

The theory was validated with experiments on poly(l,4-dimethylenenaphthalene) which
we have synthesized to model certain aspects of coal chemistry. It predicts many
features observed for coal and provides new insight into the role of donatable
hydrogen in controlling product yields. It also provides predictions of the product
distribution in pyrolysis experiments under various conditions which affect the
transport of the molecules. Such distributions have been measured with field

ionization mass spectrometry (FIMS). As presented in Fig. 5-4, higher external

pressure retards the evaporation of heavier products and leads to a narrower product

distribution. The experimental intensities (see numbers on figure) are in good
agreement with the prediction (numbers in parenthesis). Because the average product
size decreases as pressure increases, the demand of hydrogen donor per unit mass of
product increases. If the amount of donatable hydrogen is limited, the increased
demand results in lower tar production. The prediction of the pressure effect on
tar yield for the model polymer is presented in Fig. 5-5 along with the pressure
effect on tar yield for coal. Our experimental results show that the char yield in
polymer pyrolysis increases from 5% to 19% when the pressure increases from 2 torr

to 5 atm in agreement with the prediction (51).

To apply the depolymerization theory for coal, experiments are being performed to
determine the molecular weight distribution of coal tar and its variation with
process conditions (56). The field ionization mass spectra (FIMS) for the
Pittsburgh coal tars produced in the FIMS itself are shown in Fig. 5-6. The spectra
indicate that the average molecular weight of tar increase as reaction temperature

increases. The prediction for the polymer shows a similar trend.

Work is proceeding to incorporate the depolymerization model into the coal pyrolysis
model and compare the predictions with the results of the above experiments and

others to be performed.
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Volatile Reactivity

The heat released by the volatiles during gasification or combustion will control
the particle heating rate (and hence the char reactivity). There is almost no data
available on the combustion kinetics of volatiles. Such information is essential
for predicting ignition. Data on combustion of volatile species have been obtained
as a function of oxygen in the entrained flow reactor under DOE Contract
#DE~AC22-82PC50254.

Figure 5-7 presents data for a Pittsburgh #8 bituminous coal. Figure 5-7a shows
that for up to 6% oxygen there is little attack on the char. A surprising result

was that under the same conditions there was little attack on the tar. At 13%

oxygen, both tar and char react with oxygen. Figure 5-7b shows the effect of oxygen
on the hydrocarbon gases. Paraffins are initially small, olefins dissapear quickly
and acetylene increases initially (due to higher temperature pyrolysis) before being
oxidized.

Additional data obtained with variations in oxygen, steam, CO, temperature and time

are needed for a complete gasification model.

Swelling

For swelling coals, formation of cenospheres in a gasifier will drastically affect
the fluid mechanical properties and the reactivity of the char. A model is being
developed for predicting the swelling behavior of coal, especially cenosphere
formation, in an entrained flow reactor (56). Although a numbér of attempts have
been made to model this behavior, none of them have been directly related to the

chemical structure, i.e. functional group distribution, of coal.

Two equations have been derived which predict the swelling behavior of coal. The
first equation describes the growth of single cell spheres. It is based on the work
of Chiou and Levine (59) and relates the swelling due to the pressure of the
evolving gases against only the viscous forces in the coal melt. The equation
relates the velocity of the outer wall to the pressure drop across the cell wall,
and the viscosity. The pressure inside the cell is calculated using AFR's pyrolysis
model to determine the rate of gas evolution, and 1is corrected for the loss by

diffusion through the cell wall.
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The other equation is a rupture criterion which predicts cell wall rupture when a

critical pressure is reached.

The swelling equation and rupture equations, were incorporated into the pyrolysis
code. Computations were made for several cases in which a Pittsburgh #8 bituminous
coal was subjected to various heating conditions which resulted in varying amounts
of swelling. The results are presented in Table 5-1 where D/D, is the ratio of the
maximum to the original diameter. The agreement between theory and experiment is

good.

The parameters of the model are the minimum viscosity and the tensile strength of
the coal melt. For the present time we have used 1 x 104 poise for the melt
viscosity and a critical stress of 10 atmospheres. These are both reasonable
values, but in future work we plan to predict these parameters from the functional

group composition of the coal and the molecular weight distribution in the melt.
COUPLING PYROLYSIS, FLUID MECHANICS AND CHEMISTRY

It would be highly desirable to have a computer simulation model capable of
predicting the gasification behavior of coals in large—scale gasifiers. Such a
computer code would allow informed choices to be made in design, coal feedstocks and
operating conditions. At the present time, many components for such a model exist
in various stages of development. Comprehensive codes exist for simulating coupled
fluid mechanics, heat and mass transfer and chemical reactions in an entrained
gasifier. Such codes are in the early stages of validation. These codes require
volatile yield and composition, char reactivity and char physical properties as
input. As discussed above, the pyrolysis theory can presently predict the volatile
yield and composition and has the capability of predicting char reactivity and
physical properties, given the time-temperature history of the coal particle.

A completely predictive theory requires obtaining data for the combustion and
gasification of the volatiles and coupling the pyrolysis code with comprehensive
gasifier simulation codes. Such a coupled code would calculate particle
temperature, volatile release, volatile reaction, heat release, swelling, char

reactivity and fluid-particle interactions simultaneously. For coals exhibiting

heating rate dependent properties, such as swelling and char reactivity, such a

model is required.
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TABLE 5-1

Comparison of Observed and Predicted Swelling Behavior

CASE REFERENCE FURNACE TEMPERATURE AMBIENT GAS ESTIMATED HEATING OBSERVED D/Do  PREDICTED D/Do

RATE

1 DOE 800°C Helium 3x103°C/sec 4 3.5
4th Quarterly

3 DOE 1000°C Helium 1.0x10% 1-2 2.0
4th Quarterly

5 EPRI (Ref.4) 1273°C Helium 3x10% 1 1.1

6 DOE 1100°C Nitrogen 1x10% 2 1.5

5th Quarterly




Section 6

CONCLUSIONS AND RECOMMENDATIONS

1. Coal pyrolysis during the initial stage of gasificaton is extremely important in
predicting gasification behavior because the pyrolysis process controls volatile
yield and composition, ignition, swelling and char reactivity. The pyrolysis
correlations which are being developed have the potential for predicting all of

these properties.

2. The experimental reactor and analysis procedures put forth in this study provide
data under conditions of temperature and heating rate appropriate to gasification.
Temperatures up to 1500°C and heating rates between 103 and 105°C/sec can be
achieved. The experimental facility provides control and measurement of process
conditions, has provisions for collecting all pyrolysis products (i.e. char, tar,
soot and the following gases: CO, COz, Hp0, CH4, CpHp, CoH4, CoHg, C3Hg, C3Hg, C4Hg,
C¢Hg, NH3, HCN, SO, COS, CSy, CH30H, CH3COOH, CH3COCH3), and achieves good material
balance. It has optical access to the reaction zone and employs FT-IR for in-situ
analysis of gas species and gas temperature. Pyrolysis data for six coals have been
obtained. The reactor has also performed successfully with reactive ambient gas

compositions to study pyrolysis and char reactivity.

The reactor was designed for only 2 atm. pressure and was operated at 1 atm. It is

recommended that a high pressure reactor of similar design be built to study the

effect of pressure variations on pyrolysis behavior.

3. The entrained flow reactor has provided pyrolysis yield and kinetic rate data
under conditions which are closer to those of a typical gasifier than have
previously been available using heated grid techniques. These conditions included
higher heating rates than can be obtained with the heated grid and secondary

reactions of volatiles which do not occur in the heated grid.

It is recommended that work continue to separate the effects of heat and mass

transfer to define more accurate chemical kinetic rates in pyrolysis.

4. The ability to perform in-situ FT-IR measurements of gas species and temperature

has been demonstrated. Several comparisons have been made between the in-situ

6-1




spectra and the cell spectra to determine whether there are any substantial
differences in specles concentration due to reactions within the sample collector.
For the conditions used so far, no such variations have become appearant but the
ability to test this possibility for other species and other conditions is
important. The ability to perform gas temperature measurements is proving quite

useful in trying to determine particle temperatures (58).

5. The pyrolysis model which employs a rank-independent set of kinetic rate
coefficients has been successful when compared with experimental data for all the
coals and conditions studied. The functional group compositions (which are the
coal-dependent parameters of the model) are reasonable compared to what is expected
for coals of similar rank. The model appears capable of predicting thermal
decomposition phenomena which are of importance in gasification, but additional work

is needed on volatile oxidation, swelling, tar formation, and char reactivity.

It is recommended that models for swelling, tar yield, volatile oxidation and char

reactivity be integrated with the basic pyrolysis model.

6. An assessment has been made of the application of the correlations obtained
under this program to large scale gasifiers. There are three applications which
have been identified. First, the correlations may be used to infer reactor
conditions from the composition of chars, tars and gases sampled from the gasifier.
Second, given the approximate conditions of the gasifier, predictions can be made
for volatile yields, compositions and physical properties and their dependence on
variations in coal or operating conditions. Third, the model can be integrated with
previously developed comprehensive computer codes for gasifier simulation to

provide a truly predictive capability.

It is recommended that work be undertaken to expand the data base to additional

coals, particle sizes, temperatures, heating rates and pressure. It is also

recommended that the pyrolysis model be combined with codes for fluid mechanics and

reaction chemistry to simulate gasifier operatioms.
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APPENDIX




I11inois #6 Bituminous
(sample from Texaco)




.Illinois #6 Bituminous Coal Pyrolyzed in
Nitrogen at 1100°C with Injector at 0 cm.

; PYROLYSIS SUMMARY REPORT
RUN CONDITIUNS
43719 mg. VALDRY ClAL
t sec. & § Anps
§ sec., & 9 Anps
1y Legrees €, & 8 torr with ALTUBE 9rid

= FUHRUN 424

762.208 mnm. Final Fressure for 77.2418 liters

CoaL
Mame ¢ ILLE - 4§
Z ASH = 13.2108

YROLYSIS PRODUCT DISTRIBUTION

Iry Wt. % DaF Wt. %
Char 81.9348 78.1481
Tar .884631 1.82121
Gas 3.860767 4.38722
Water 1.89238 2.87672
Hissing 12,4668 14.36864

GAS CONMFOSITION

Gy Wt. % DAF Wt. %

Methane 15817 17382
co L5615 64746
Hydrogen ¢ g
co2 2.28335 2.53872
Acetylene 2.53287E-3 2.94143E-3
Ethvlene 08724 07747
Ethane 2.98302€-2 2.97618E-2
Fropylene 874677 .688446
Faraffins L49009 96469
Oiefins LB778¢ .88872
HCH 2.59860E-2 2.99413E-2
Annonia 4.22964E~3 4.87344E-3
Cos 6.39197E-3 7.36488E-3
£s2 5.38952€-2 6.11767E-2
802 LH46334 .§7298
Water 1.88238 2.87672
OTHER ] g

Gas Total: 5.61046 6.46393

Volume ¥
1.277728E-2
2.73837E-2
9

86817

.33664E~4

258924E-3

17211E-3

.48844E-3

-P4263E-3

. 2480112-3

J1920E-3

.38762E-4

LAS025E-4

.S1850E-4

«34741E-3

B9437

2.73337E-2

_—_ NG G N P e G —



Illinois #6 Bituminous Coal Pyrolyzed in
Nitrogen at 1100°¢C with Injector .at 16 cm

TROLYSIS SUMMARY REFORY

FUN CONDITICHS
2818 wq. VACDRY COAL
g csec. & ¢ Anos
§ sec. ¢ & Awups

1188 Degrees C. @ @ torr with ALTUBE gr14

764,480 am. Final Fressure fo

CGAL

Name 3 ILLSO - 4
% ASH = 13,2142

FYROLYSIS PRODUCT DISTRIBUTION

Dey Wt. %
Char 59.6863
Tar 16.9751
Gas 16.1237
Water J.8181%
Missing 9.48438

(345 COMPOSITION

Dry Wt, %
Methane 1.44840
co 3.564348
Hydrogen o}
co2 4,16133
fdcetvlene $.02226E-2
Ethylene 96841
Ethaie 47222

Praopylene 77171
FParaffins 2.22849
3}

Olefins 2. 09594
HCN 4621
Gnnonia 1.39292E-2
Cos 1.53854E-2
£s2 187568
802 12748
Jater 3.81015
OTHER g

Gas Total: 19.9339

r 78.6849 liters

79471
.786468E-2
16659
24489
.88941
2.56769
2.34886
.16848
1.60493E-2
1.772728-2
12386
.146880
4.39908
8

22.967°9

Vo

sl
]
S

t
2

9.

1
1
1

3.

LY

FUHRUN 423

lume %

i e $2547E-2
07918

87718E-2
L20837E-3
13153262
78168E-3
L14212E-2
.64862E-2
.52897E-2
36525E-3

S9N 77E-

1.59349E-4

8.

1

78998E-4
.23782E-3
99185
LB7719




Illinois #6 Bitgminous Coal Pyrolyzed in
Nitrogen at 1100°C with Injector at 26 cm

FYROLYSIS SUMMARY REFORT
RUN CONDITIONS
31888 wms. VACIORY COAL
¢ cec. @ & Anps
§ sec. @ ¢ Awmps
1169 Degress €. @ 8 torr with ALTUBE grid
762.0883 mn. Final Fressure for 77.4868 liters

CoaL
Mame ¢+ ILL6 - 8
% A3H = 13.2186¢

PYROLYSIS FPRODUCT DISTRIBUTION

Ory Wt. 7 GAF Wt. %
Char 94,3405 47.345%
Tar G.62886 6.4B361
Gas 17.1934 19.8184
Water 3.31714 4.05247
fMissing 19.3589 22.3855

GAS COMPOSITION

Iry Wt. % DAaF Wt. X v

Methane 2.04662 2.35813
Co 4,384%9 5.62927
dydroaen ] g
cg2 3.79832 4.32113
Acetylena 13427 15478
Ethylene 1.24581 1.43543
Ethane 39286 49563
Fropylene .74292 .B5a08
Paraftfing  1.9%636 1.83934
Olefins 2.37643 2.73814
HCN 32566 37523
AmKonia 2.08683E-2 2.40354E-2
Cos 1.2814%9E-2 1.47654E-2
€S2 L1712 13495
502 18726 12359
Water 3.51714 4.05247
DTHER g ?

Gas Total: 28.7186 23.8629

A-5

FUHRUN 423

olume %

15238

18568
g .

1152
b.15144E-3
.29984E-2
.39787E-2
LA8708E-2
2637282
3.36988€E-2
1.43672E-2
1.46164E-3
2.544190E-4
1.83576E-3
1.99639E-3

16113

.18948

2O - Cn
.

18 - 6 -

ez




RUN

455

CONDITIONS

59 ma. VACD

PYRCLYSIS SUMHARY KEFORT

RY COAL

§ sec. @ & Aaps
B sec. 8 @ Anps

1188 Degrees C. @ § torr with ALTUBE gqrid
Final Fressure for 79.4968 liters

763.830 wun.
CoaL
Mane ¢ ILLO -

12

&

Z ASH = 13.21¢¢

FYRGLYSIS FRODUCT DISTRIBUTION

Char
Tar
(Gas
Wate
Miss

T
ing

S3.7186
4.74065
20.8638
5.1489%6
16.327

GAS COMFOSITION

tethane
co
Hvdrogen
co2
fdcetylene
Ethylene
Ethane
Fropylene
Faraffins
OBlefins
HCN
ffnnonia
€os

€s2

§02

Water
OTHER

< X R (N ]
- - .
o o~

—
.

SO LN s

D =
. - .
) O~ O~ B O~ G & M) Gl

G = L0 Wn D G Ld G SN
(= SR N S I (N O o B AL B (S I -~
~ O~ SRS PD LN = 3 0 O~

-y

. .

Y

wn

o

o

0 0 O 3

Illinois #6 Bituminous Coal Pyrolyzed in
Nitrogen at 1100°C with Injector at 36 cm

FUHRUN 422 18 - & - 82

46.6743
I.46221
23.117¢6
3.93286
18.813¢

5.83388
.26829
1.65370
38265
72194
1.21245
3.06559¢4
78837
2.57713E-2
1.33504E-2
.16282
L1196
d.73266

Yolune X
23251
20935

9
1389
1.24937E-2
B7150
1.54431E-2
2.068116E-2
1.74757E-2
4,40463E-2
3.17649E-2
1.83542E-3
2.69390E-4
2.99385E-3
2.11804E~3
27624
28935




PYRBLYSIS SUMHARY REFORT

RUN CONDITIONS

421¢ ng. VACDRY COAL

£ sec. @ 0 Amps

# zec. B § Anps

1199 Deqrees C. @ & tarr

762.893 sn. Final Pressure fo

COAL
Mame ¢ ILLE - 18
% ASH = 13.21¢8
FYROLYSIS PRODUCT DISTRIBUTION
Ly ut Z
Char 53.2992
Tar 4.33254
Gas 22.499%
Water 4,20208
Missing 15.6664
GAS COMFOSITION
Dry Wt. %
Hethane 873359
ca 7.1233¢
Hydrogen g
coz2 5.14318
Acetylene 37984
Ethylens 1.49384
Ethane 17182
Fropylene 372N
Faraffins 485641
flefins 2.62566
HCN 1.19548
AnAonia 2.47142E-2
Cos 1.148935E-2
c£s2 18714
502 88247
Yater 4.20208
DTHER 9
Gas Total: 26,7817

"
1

Illinois #6 Bituminous Coal Pyrolyzed in

Nitrogen at 1100°C with Injector at 46 cm

FUHRUN 421 19 - 3

with ALTUBE qvrid
79.4068 liters

DAF Wt. %
45,1911
4.79198
25.9242
4.84164
18,8589
DAF Wt. % Vaolume %
J.54118 . 248324
0.2¢762 32081
9 ¢
9.72831% 5113
43768 1.83831E-2
1.847%1 07403
19786 7.34831E-3
. 42884 1.14541E-2
.69871 ?.33864L-3
3.02538 4.83997E-2
1.27397 S.29289E-2
2.84758E-2 1.87899E~-3
1.32383E-2 2.47497E-4
.19258 2.84249E-3
J18332 1.81894E-3
4.841448 .20888
¢ . 52881
30.7659




Illinois #6 Bituminous Coal Pyrolyzed in
Nitrogen at 1100 C with Injector at 56 cm

PYROLYSIS SUMMARY REFPORT
[UN CONDITIONS
4548 ng. VACORY COAL
g sec. @ ¢ Anps
# sec. @ Y Amps
1188 Deqrees C. @ & torr with ALTUBE grid
763.688 an. Final Pressure for 82.2948 liters

coat

Name ¢ ILL6 - 2¢
Z aSH = 13.2199

FYROLYSIS PROGUCT DISTRIBUTION

Ory Bt. % DaF Wt. %
Char 51.4224 44.98283
Tar 4.43318 741236
Gas 21.2879 24.43358
Water 3.18112 3.57313
pissing 17.8353 28,5549

GAS COMPOSITICN

FUHRUN 42¢

Dry Wt. % DaF Wt. % Volume %
Methane 3.11486 © o 3.58887 26729
co 6.946005 8.61%942 34139
Hydrogen 6 ] 9
co2 4.45214 §.1297¢9 138973
Acetylene 61999 71425 3.27385E-2
Ethylene 1.546878 1.77530 87555
Ethane B9568 L1815 4.,37571E-3

Propylene .208598 23734
Faraffins 1175 12876
Olefins 2,37772 2.73963
HEN 1.45021 1.67893
Annonia 2.44583E-2 3.07158E-2
Cos 1.20051E-2 1.38324E-2
C52 L5795 18199
S02 98201 09483
Water J.18112 3.57313
OTHER "] '}

Gas Tatals  24.30990 28.8099

4.73412E-3
1.82671E-3
3.88657E-2

87374
2.15312E-3
2.74727E-4
2.85362E-3
1.76587E~3

16376

. 341349

14 - 5 - 82




Illinois #6 Bitu%inous Coal Pyrolyzed in
Nitrogen at 1100 C with Injector at 66 cm

FYROLYSIS SUMMARY REFORT - FUHRURN 319
IWUN CONDITIONS
s688 mg. VACDRY COAL
§ sec. @ € Anmps
# sec. @ & Anups
1189 legrees C. @ 9 torr with ALTUBE 4qrid
782.489 an. Final Fressure for 88.0488 liters

CDAL

Name ¢ ILLS - 24
% ASH = 13,2189

FYROLYSIS FRODUCT DISTRIBUTION

bry Wt. % DAF Ut. X
Char 51.1339 43.6961
Tar 7.17588 8.26768
Gas 23.3854 26.94351
Water 4.48738 5.17029
Missing 13.8181 15.9213

(GAS COMFOSITION

Iry Wt. X BAF Nt. X Volure 2
Methane 3.54360 4,.08227 < 3445¢
co 776377 8.94547 44147
Hydroqen @ ¢ g
co2 4.954409 S5.70804 W« 17520
Acetylene  .72054 .83598 4.34241E-2
Ethylene 1.55124 1.78735 .98621
Ethane 2.78807€-2 3.20321E-2 1.44202E-3
Propylens  .16395 .18894 6.87453E-3
Paraffins 17389 .28836 3.22146E-3
Olefins 2.3322¢6 2.68724 4,32952E-2
HCN 1.80601 2.08089 .10488
Aunonia 2.,72422E-2 J3.13886E-2 2.49343E-3
cas 1.38717E-2 1.59831E-2 3.59766E-4
£s2 .2198% .25239 4.48519E-3
s02 .88398 89676 2.04193E-3
Hater 4.48738 S5.17929 268364
OTHER g 8 .43147

’ Gas Total: 27.8729 32.1134




Utah Bituminous
(sample from Texaco)
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Utah Bitu%inous Coal Pyrolyzed in Nitrogen
at 1100°C with Injector at 6 cm
PYROLYSIS SUMMARY REFQRT - FUHRUN 445
FUN CONDITIONS
458 ng. VACDRY COAL
. & 8 Amps
. O3 Anps
Ileqrees C. @ @ torr with ALTUBE arid
62.4690 ma. Final Fressure for B4.858¢ liters

uooan

o o
m o

-~
L=~
L

CoaL

Hame ¢ UTAH - 8
% ASH = 8.500¢0

FYROLYSIS PRODUCT DISTRIBUTION

Dry Ut. % DaF wt, %

Char 88.3348 78.5080

Tar 4.45168 4.86523

Gas 3.65764 3.99742

Uater 90149 . 98544

Missing 19,6941 11,6438

(GAS COMFOSITION

Dry Wt. % DaF Wt. X Volume %
Hethane .29725 L22601 1.73312E-2
£a .56268 6149 2.68872E-2
Hydrogen # g ¢
coz2 1.16348 1.27113 3.53469E-2
fcetylene 6.80147E-3 7.43336E-3 J.49999E-4
Ethylene 17537 19146 8.379974E-3
Ethane .13833 .15139 §.17819E-3
Fropylene  .21349 . 23355 6.89753E-13
Paraffins .61331 .672851 9.77206E-3
Glefins .95688 60853 8.84877E-3
HCN -8.18725¢E-3 -8.94782E-3 -4.05787E-4
Amnonia J.66025E-3 4.08927E-3 2.88871E-4
cos ~2.79534E-4 ~3.059502E-4 -6.233346E-6
€52 2.21469E-2 2.42043E-2 3.89887E-4
502 2.94194E-3 2.778160E-3 5.31406E-5
Water 70169 .98946 4.648909L-2
OTHER ¢ 2 2,68872E-2
Gas Total:  4.4%5934 4.98288

A-11




Utah Bituminous Coal Pyrolyzed in Nitrogen
at 1100°C with Injector at 16 cm

PYROLYSIS SUMNARY REFORT

KUN CONDITIONS

4700 n3. VACDRY COAL
¢ sec. @ @ Awnps
§ sec. @& ¢ Anmps

1199 liegrees £. @ 8 torr with ALTUBE grid

FUHRUN 448

764.409 mm. Final Pressure for 88.8589 liters
COAL
Name 1 UTAH - 4

Z ASH = £.50¢9d

FYROLYSIS PRODUCT DISTRIBUTION

firy Bt. % DAF Wt. %
Char S8.9042 95.4866
Tar 7.21489% 7.88512
Gas 11.7873 12.7948
Water 1.78122 1.8592%
Missing 20.4723 22,3741
(GAS COMPPOSITION
Dey Wt. % Dar Wt. %
Methane .92577 1.81177
co 1.61742 1.78767
Hydrogen @ ]
coz2 2.72695 2.98827
Acetylene 2.96106E-2 3.23613E-2
Ethylene 756318 83447
Ethane .28484 31838
Fropylene 76242 .83325
Faraffins 2.25683 2.46779
Olefins 2,25291 2.46219
HCH 2.91678E-2 3.18765E-2
Anmoniz 6.19688E-3 6.77255E-3
cos 6.1918%9E-4 §.76799E-4
cs2 4.62627E-2 S.85603€-2
502 4.76625E-3 3.20246E-3
Water 1.76122 1.85725
DTHER g [
Gas Total: 13.4085 14.6541

A-12

Yolume 7
98182
08168
g

L08764
1.610854E~3
3.85449E-2
1.338746E-2
2.56711E-2
3.80144E-2
3.79282E-2
1.52768E-3
5.154936-4
1.45938E~5
B.60826E~4
1.65183E-4

.09253

.88148

10 - 6 - 82




Utah Bituminous Coal Pyrolyzed in Nitrogen
at 1100°C with Injector at 26 cm
PYROLYSIS SUMMARY REFORT FUHKUN 458
IUN CONDITIONS

5958 ma. VACDRY COAL

g sec. @ & Aups

§ sec. ¥ ¢ Awnps

1180 Desrees C. @ § torr with ALTUBE grid

765,400 wir. Final Fressure for 63.5250 liters
{0AL

Hare ¢ UTAH - 8
X ASH = B.54000

FYROLYSIS FRODUCT DISTRIBUTION

Dry Wt. % DAF Wt. %

Char 53.4151 49.887%

Tar 5.66218 6.18818

ias 16,3653 17.8269

Water 2.8155 2.28275

Missing 22.6818 24.7014

(GAS COMFOSITION

Iry Wt. % DAF Wt, % Volume %

Hethane 1.59381 1.64264 21125
Lo 2.50127 2.73363 .249883
Hvdrogen 9 ) g
coz2 2.84468 3.11134 . 14558
fcetylene 09438 L0313 3.14181E-3
Ethylene  1.40934 1.53643 L1246
Ethane G4184 99138 §.45570E-2
Propylene 1. 19J74 1.28846 5.92053E-2
Paraffine  2.5645 2.8827% L6885
Clefins 3.5 98? 3.89859 49538
HCH 12240 13377 1.81951E-2
Ankonia 7.B9679E-3 8.58865E-3 1.83932E-3
£os 7.52510E-4 B8.22415E-4 2.82042E-5
cs2 S.21668E-2 SJ70121E-2 1.54357E-3
502 5.02864E-3 5.49578E-3 1.76695E-4
Vater 2,01331 2.2827 17432
OTHER 9 ] .28638

Gas Total:

A-13




Utah Bitum%nous Coal Pyrolyzed in Nitrogen
at 1100 °C with Injector at 36 cm

FYROLYSIS SUMMARY REPORT  ~  FUHRUN 449 14 - & - B2
RUN CONDITIONS
4246 mq. VACDRY COAL
# sec. @ 0 Anps
f sec. @ 0 Anps
1162 Dearees €. @ £ torr with ALTUBE arid
765.288 nn. Final Fressure for 75.8736 liters
COoAL
flase ¢ UTAH - 12
X ASH = B.588d8
FYROLYSIS PRODUCT DISTRIBUTION
ey Wt. % DAF Ut. X
Char 49.1148 44,3834
Tar 5.54431 6.859998
Gas 24,9882 27.22
Uater 3.83458 3.31639
Missing 17,4015 19.8181
GAS COMPOSITION
Dry Ut. % DAF Wt. 2 Voluse X
Hethane 2,77142 3.82909 23774
co 4.88777 5.34183 23957
Hydrogqen @ 4 9
co2 4.49725 4.91563 . 14027
Acetylene 27672 .38243 1.44876E-2
Ethylene 2.52083 2.75599 . 12356
Ethane .5498% 60993 2.91548E-2
Propvlene 1.30858 1.430086 4,27585E-2
Faraffins 1,92522 2.10487 J3.14556E-2
Olefins 5.62134 6.14354 87184
HCN L4609 58378 2.34312E-2
Ammonia 1.78375E-2 1.86283E-2 1.37548E~3
Cos 5.88375E-5 6.34312E-5 1.327608E-6
€s2 471048 B775% 1.28219E-3
s02 3.94280E-5 4,30828E-5 8.43344E~-7
Water 3.8345¢6 J3.31639 146018
OTHER ¢ ) . 23957
Gas Total: 27.9427 36.5385

A-14




U CORDITIONS
1578 n9.
§ sec. @ ¢ Awos
# sec. @ & Amps

PYROLYSIS SUMMARY REFORT

VACDRY COAL

Utah Bituminous Coal Pyrolyzed in Nitrogen
at 1100°C with Injector at 46 cm

FUMRUN 446

1196 Deqrees C. @ ¢ torr with ALTUBE qrid

765,608 nn.

UTAH -
8.589¢0¢

Hane 3
“ ASH =

16

Final Fressure for 77.7625 liters

FYROLYSIS FRODUCT DISTRIBUTION

Iry Wt. %

Char 44.7323

Tar 9.71948

Uas 27.7289

Water 2.43028

Missing 19.183¢8

GAS COMFOSITION

Drv Wt. X

Methane 4.983346

€0 6.986335
Hydrogen 0

caz2 4.81871

Acetylene $8B873

Ethylene 2.79594

Ethane 49838

Fropylene 82441

Faraffins 83594

Olefins 5.36058

HCHl 89281

Anmania 2.046449

cos -6.42276

£82 07704

502 -4.266356

Water 2.63628
UTHER 9

Gas Taotal: 30.3851

D&F Wt. %
39.5981
4.25989
38.3048
2.88199
20.9659
DAF Wt. % Vaolume X
4.,49837 . 36432
7.63535 36457
g 8
9.26635 158264
64345 J.27244E-2
J.85567 14430
.94448 2.40977E-2
900859 2.83526E-2
91359 1.43815E-2
5.8598%54 .89222
.97488 §.77440E-2
E-2 2.25649E-2 1.73518E-3
E-4 -9.20520E-4 —2 02867E-5
984639 S0319E-3
£E-3 -4.66290E-3 -9.6339?E H
2.88187 . 14452
g 360957
33.1859
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Utah Bituminous Coal Pyrolyzed in Nitrogen
at 1100°C with Injector at 56 cm

FYROLYSIS SUMMARY REPORT - FUHRUN 447
RUN CONDITIONS

989¢ mg. VACDRY COAL

g sec. @ @ Awmps

# sec. @ & Anps

119¢ Degrees C. @ & torr with ALTUBE grid
768.488 mnn. Final Fressure for 77.9629 liters

CoaL

Nane : UTAH - 28
% ASH = B8.500688

FYROLYSIS FRODUCT DISTRIBUTION

Dry Wt. % DAF Wt. %
Char 45.957% 46.9372
Tar 5.19854 J.68157
GGas 28.7987 31.4652
Water 4.27633 4.6735¢
Missing 13.7767 17,2423

Bry Wt. % DAF Ut. % Volume %
Methane 4,74%59 9.21247 54581
co 6.97692 7.62585 45554
Hydrogen @ 9 9
€co2 4.96207 5.42303 29618
Acetylene 797467 77342 4.97629E-2
Ethylene 2.93299 J3.2054% 19151
Ethane .36120 39475 2.2012812-2
Propylene 70779 77354 3.08108E-2
Paraffins .79848 .87265 1.72371E-2
Oletins 5.29482 5.78669 11524
HCH 1.17381 1.28285 87948
Ammonia 2.9%791E-2 2.83925€-2 2.797395E-3
cos -9.42487E-4 -1.83004E-3 -2.87188BE-5
£s2 .88293 09864 1.99517E-3
502 -2.63656E-3 -2.88148E-3 -7.53184E-5
Water 4,27633 4.67358 38879
OTHER 8 g SAG556

Gas Total: 33.8678 36.1388
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Utah Bituminous Coal Pyrolyzed in Nitrogen

at 1100°C with Injector at 66 cm

FPYROLYSIS SUMMARY REFORT
FRUN CONDITIONS

31458 na. VACDRY COAL

§ sec. B 0 Amps

# sec. @ ¢ Anmps

1188 Deqrees C. @ § torr with ALTUBE grid
765.688 ma. Final Fressure for 93.8440 liters

CoAL

Name ¢+ UTAH - 24
4 A5H = B.5£088

FYROLYSIS FRODUCT DISTRIBUTION

ot = - - 4 = = - > - ——————

Dry Wt. % DAF Wt. %
Char 446.8931 41.9997
Tar 6.63013 7.24683
Gas 31.4493 34.3798
Water 2.90364 3.173383
Missing 12,1237 13.2499

GAS COMFOSITION

FUHEUN 444

Dry Wt. X DAF Wt. % Volume %
Methane 4.46553 4.88038 246011
co 9.29487 19.1583 . 39733
Hydrogen 0 ) )
coz2 6.19711 6.77288 13126
Acetylene 1.48233 1.62004 9.31342E-2
Ethylene 2.74631 2.99487 B2
Ethane 10764 A1764 3.344235E-3
Propylene 24928 « 27235 5.93000E-3
Faraffins 88134 .§8899 9.82574E-4
Olefins 4.56274 4.98648 5.06247E-2
HCN 2.13784 2.33643 07379
Anmonia 3.20278E-2 3.50022E-2 1.73584E-3
cos ~2.70047E-3 -2.95134E-3 -4.19474E-5
cs2 18383 .11348 1.27338E~3
502 ~2.82473E-3 -3.08714E-3 -4.11352E-5
Water 2.98364 3.17338 19488
DTHER [ [} . 30938

Gas Total: 34.3529 37.5442
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