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ABSTRACT 

Coal pyrolysis was investigated using an opposed-jet experimen

tal system with a premixed flame in opposition to a ^/coal 

stream. Two coals were studied, an Illinois #5 bituminous and a Beulah 

low-sodium lignite, each under oxidizing and reducing conditions. Par

ticle sizes ranged from 106 to 63 (im and the mass average size for both 

coals was 73 [im. 

Rapid heating rates of 20,000 K/s for reducing conditions and 

70,000 K/s for oxidizing conditions were achieved with this configura

tion. Results showed that pyrolysis products are formed very rapidly, 

but depend on coal composition. There was no indication of hetero

geneous combustion prior to evolution of volatiles, but two-stage com

bustion away from the particle surface was inferred to occur. 

Analysis by computer model to obtain rate data from the experi

mental profiles indicated that maximum rates of formation occurred at 

the peak volatile species concentrations. 

xi 



CHAPTER 1 

INTRODUCTION 

Coal pyrolysis is the process by which volatile matter in coal 

can be driven out of coal particles and broken down into tars, hydrocar

bon products, and simple permanent gases. The phenomenon occurs in the 

industrially important processes of coal combustion and coal gasifica

tion and can be used as a predictor of the final products in such sys

tems (Wen and Dutta, 1919). As more and more emphasis is placed on coal 

as a fuel and as a source for chemical feedstocks, chemistry involving 

pyrolysis reactions will become necessary for the efficient and safe use 

of coal. 

Coal devolatilization is both a time- and temperature-dependent 

process (Horton, 1979). The higher the pyrolysis temperature and the 

greater the operating time, the larger is the amount of material driven 

off during pyrolysis. It is this relation between time and temperature 

which has been the focus of the majority of pyrolysis research (Anthony 

and Howard, 1976). The importance of a complete time/temperature his

tory for the devolatilizing coal cannot be overstated. Without a com

plete history, determining the rates of formation of evolved species 

cannot be done with reliable accuracy. 

Although experimental systems may vary, all techniques fall into 

two groups: 1) entrained-flow techniques, and 2) captive-sample experi

ments. Both techniques have been used to model and simulate coal 

1 
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combustion and gasification. To better understand the experimental 

application of these two techniques, a brief summary is given of the 

conditions under which pyrolysis occurs, for industrial combustion and 

gasification of coal. 

In combustion, coal particles are fed into a very hot environ

ment (> 1500 K). This is done by fluidizing pulverized coal particles 

in air or 0^ and piping the mixture to the combustion chamber. During 

this transport to the furnace, and for a short time in the furnace prior 

to ignition, the coal particles are heated rapidly, causing changes in 

the coal both chemically (Solomon and Colkett, 1979) and physically 

(Hamilton, 1980). These changes affect the combustion characteristics 

of the particle during combustion and char burnout. Initial combustion 

of volatiles also changes the pollutant formation and final combustion 

product distribution. 

Gasification is very similar to combustion except that no 0£ is 

present in the reacting system and the final desired products are not 

generally and H^O. Inert carrier gas is used to fluidize the coal 

into a hot environment where the coal undergoes gas/solid and 

solid/solid reactions to produce various products (Suuberg, Peters, and 

Howard, 1978). Different carrier gases and pyrolyzing environments can 

be used to modify the final pyrolysis products (Tamhankar, Sears, and 

Wen, 1984). No burnout occurs at the solid particle; however, a conver

sion of the carbon matrix, which leaves behind non-converted ash, takes 

place. 
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1.1 Experimental Techniques 

Captive-sample and entrained-flow techniques are utilized in 

attempts to artificially model industrial pyrolysis under various condi

tions and to develop kinetic parameters describing pyrolysis. The for

mer technique, the captive-sample technique, uses a fixed amount of coal 

placed in a holding chamber which can be heated either directly or indi

rectly (Anthony et al., 1974). The chamber can be connected to various 

gas inputs so that atmospheric pressure and composition can be strictly 

controlled. Outputs from the chamber are then connected to analyzing 

equipment such as gas chromatographs, mass spectrometers, and infrared 

analyzers. Such equipment gives a good account of gas-phase products. 

Remaining solids are then analyzed for composition and structure. 

Advantages to the captive-sample technique are that it is pos

sible to close the entire mass balance on the coal particle since, by 

judicious choice of pyrolysis environment, only reactive species moni

tored are known to come from the coal and no mass is lost out of the 

system. Various pressures and atmospheres can be studied easily, which 

is useful for kinetic analysis. Vacuum analysis is also possible, so 

that any vaporizing phase can be studied at lower temperatures. The 

time/temperature history is also easily monitored; since the coal is 

fixed in location, all that need be measured is the chamber temperature. 

The disadvantages of the system are that, since the coal is held 

by some means, any solid/coal interaction is difficult to model. Also, 

at high heating rates, additional thermal cracking due to volatiles con

tacting the holding chamber walls makes final product analysis suspect. 

The last drawback is that true industrial processes do not operate in 
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the same manner, so that extrapolations of experimental results to real 

systems do not always adequately predict actual pyrolysis products. 

Work using this technique has been done since the early 1960's. 

Loison and Chauvin (1964) used this technique to measure pryolysis prod

ucts, but did not obtain rate data. An extensive series of experiments 

by Anthony et al. (1974), Anthony et al. (1975), and Anthony and Howard 

(1976) studied weight loss of pyrolyzing coal at heating rates from 100 

to 12,000 K/s. The time resolution of the data was small enough to be 

useful for early heat-up phenomena. Volatile deposition, although pres

ent, was minimized, but no attempt was made to analyze volatile mate

rial. A comparison of pyrolysis products and rates of production for 

both a lignite and a bituminous coal was studied by Suuberg, Peters, and 

Howard (1979) under various pressures under a He atmosphere. Both vola-

tiles and remaining solids were analyzed for composition. The time res

olution of the data was on the order of seconds, so that very little 

information pertaining to early pyrolysis was obtained. An interesting 

conclusion of this experiment was that coal particles undergoing devola-

tilization in precombustion systems ignite at the solid surface. Such 

ignition then becomes the primary source for volatile materials at later 

pyrolysis stages. Another point was that lignites undergo stepwise 

pyrolysis, while bituminous coals undergo continuous pyrolysis, which 

affects the products and characteristics of both coals. Niska, Russel, 

and Saville (1982) showed some evidence of a critical pyrolysis tempera

ture, above which there is a marked increase in the amount of volatiles 

produced. This experiment utilized varying pressures and heat-up rates 

to determine transport effects during pyrolysis. 
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The entrained-flow experiment utilizes a carrier gas of pre

determined composition to carry coal particles into a heated zone where 

pyrolysis occurs. The velocity of the carrier gas determines the 

heating rate of the coal. The heated zone is generally a drop tube with 

heated walls which can be varied to change peak temperature conditions. 

Sampling is usually accomplished by placing a probe in the flow field 

and allowing the particles to fall into the probe. Moving the probe 

along the flow axis is done to obtain time/temperature histories of the 

entrained coal. For simplification, the system is usually modeled as a 

plug-flow reactor (Badzioch and Hawksley, 1970). 

Advantages to this system are that the use of a flow system more 

closely resembles actual operating conditions in industry. The effects 

of any solid boundary are minimized since, by spacing the probe far from 

the tube walls, sampled particles have little opportunity to interact 

with the walls. No product deposition occurs and any thermal cracking 

is caused by gas/solid interaction. There is no lag time in cooling the 

sample before analysis since quench probes can be used to immediately 

reduce the sample temperature below the gas temperature. This prevents 

any subsequent reactions from occurring before sample analysis. 

Disadvantages to this system are that modeling of the flow field 

can be a major concern when trying to predict the time/temperature his

tory of the coal particles. The probe used can plug with coal, making 

further sampling impossible. This requires that the probe be a larger 

diameter than desired, which can substantially alter the flow field. 

Also, particles can condense on the probe walls, making exact weight 

loss measurements difficult. Studying pyrolysis under different 
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pressures in the same apparatus can also be difficult if sufficient pre

caution is not taken to seal the apparatus. 

Although entrained-flow experiments were conducted as early as 

1954, the first truly extensive work was done by Badzioch (1967) and 

Badzioch and Hawksley (1970). This work explored weight loss kinetics 

for different coals of different particle diameters. Experiments were 

performed in ̂  and 0^ atmospheres. Results showed no significant 

difference between particles of 20 to 60 |im in terms of weight loss or 

heat-up rate. Also, no difference in weight loss between the ̂  and 

H^/2% Op atmospheres was noticed. No attempt was made, however, to 

analyze the gas phase sampled. Howard and Essenhigh (1971) concluded 

that no devolatilization in coal systems occurs until the solid surface 

undergoes ignition. This particle ignition causes rapid production of 

volatiles which move out of the particle matrix. They also determined a 

critical particle radius which determined whether the escaping volatiles 

would lift the flame off of the particle surface. The carrier gas was 

air, and the particles were all below 60 [im. 

Kobayashi, Howard, and Sarofim (1977) conducted experiments on 

high-temperature pyrolysis between 1000-2100 K, where they determined 

that low-temperature pyrolysis mechanisms cannot be extrapolated to 

accurately predict high-temperature pyrolysis events. They also showed 

that, for similar residence times at similar temperatures, a lignite 

loses weight more slowly than a bituminous coal. Using a fluidized, 

heated, sand bed, Tyler (1979) showed that, for most coals, tar produc

tion during pyrolysis was maximized at a temperature of 600 C. However, 

thermal cracking may have been important. 
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Solomon et al. (1982) conducted experiments on coal pyrolysis in 

which both the gas-phase species and the residual coal particles were 

analyzed. Solomon et al. used the data to propose the theory that coal 

pyrolysis products are definitely related to the chemical structure in 

the raw coal particle. In a comparable experiment, Solomon and King 

(1984) used model polymers to determine the relation between the compo

sition of the parent molecule and the composition of the observed, 

evolved tars. 

1.2 Opposed-Flow Technique 

Because of the difficulties associated with the previously 

described techniques, a modification of the entrained-flow experiment 

has been developed to study coal chemistry. This is the opposed-jet 

technique. This system was first developed as a tool to study flame 

chemistry and flame dynamics. Hahn (1979) showed that opposed-jet dif

fusion flames exhibit one-dimensional concentration and temperature pro

files. He also was able to calculate net rates of formation of the 

species present in the gas phase. 

The application of the opposed-jet system to two-phase chemistry 

was first demonstrated by Graves (1981), who showed that, for coal dif

fusion flames, the temperature and gas concentration profiles maintained 

their one-dimensional characteristics. The only additional constraint 

was that any particles introduced into the flow field were required to 

obey Stokes' Law, which occurs at low coal/gas ratios. Kram (1984) used 

a premixed flame in opposition to a coal/^ stream to observe 

the physical and chemical phenomena which occur during the rapid heating 
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of coal particles. Kram also verified that a premixed flame in opposi

tion to a fluidized coal stream produced one-dimensional profiles simi

lar to those observed by Hahn (1979) and Graves (1981). Kram's work was 

done in conjunction with a theoretical model developed by Masteller 

(1984), who calculated coal particle trajectories and coal particle 

time/temperature histories. 

Coal pyrolysis in an opposed-jet system was first investigated 

by Kram (1984). Unfortunately, the gas species data provided only a 

qualitative picture of early coal pyrolysis. The reasons for the lim

ited precision were that 1) use of CH^ as a fuel provided an additional 

source of carbon, tending to distort the actual concentrations of pyrol

ysis species; and 2) the probe, which was a 1/4-in. O.D. stainless steel 

tube, was used to provide sufficient solids samples for analysis, but 

did not provide acceptable resolution for the gas species data. By 

using the data obtained by Kram (1984), Masteller (1984) generated the 

particle trajectories and time/temperature histories. Two important 

facts which affected the calculated particle dynamics were 1) for low 

coal densities, there is no experimental difference in the gas-phase 

temperature when compared to a single-phase system; and 2) the coal par

ticle model lacks a heat balance on the coal particles. This means that 

the time/temperature history for a coal particle is independent of the 

particle composition, which allows different coals to be studied under 

identical pyrolysis conditions. 

This research builds on that of both Kram and Masteller as both 

a refinement and an extension of their results. Experimentally, the 

research is intended to provide better precision and accuracy of the 
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measured pyrolysis species. This is done by using a non-carbonaceous 

fuel for the premixed flame. A smaller I.D. probe is used to minimize 

the probe effect on the data. The number of pyrolysis species observed 

was increased, as well as using two flame compositions to get a more in-

depth view .of early pyrolysis behavior. 

This research intends to combine the particle work done by 

Masteller with the work done by Hahn (1979) on determining rates of 

species formation. Use of both computational packages together should 

provide data to calculate rates of formation for pyrolysis species based 

on the mass of coal fed to the system. Combining the experimental and 

computational work should provide rate data for the gas species evolved 

during the rapid heating of coal particles. 

The objectives of the current research are: 

1. To measure gas species evolved during pyrolysis with sufficient 

resolution to generate kinetic rates of formation. 

2. To generate rates of formation of gas species per unit mass of 

coal fed to the system, for a well-defined heating rate. 

3. To measure the effects of both reducing and oxidizing atmo

spheres on pyrolysis reactions and mechanisms. 

4. To compare both experimental and computational results obtained 

from a Beulah low-sodium lignite and an Illinois #5 bituminous 

coal. Such a comparison should provide some insight into the 

dependence of pyrolysis products on coal chemical structure. 



CHAPTER 2 

THEORY AND EXPERIMENT 

2.1 Theory 

The concept behind the opposed-flow configuration is that coal 

particles are fluidized in an inert gas stream and carried toward a hot 

flue gas stream jetting from the opposite direction. The two streams 

meet, free of any physical boundary, and the entrained coal particles 

undergo pyrolysis due to heat transfer from one gas stream to the other 

by radiation, convection, and conduction. The pyrolysis gases can then 

be measured for composition and related to known or postulated pyrolysis 

mechanisms. 

The coal particles and carrier gas enter the system from a 

water-cooled drop tube and move toward the opposite burner. The burner 

stabilizes a premixed flame of predetermined composition, and the prod

uct gases from the flame travel toward the drop tube. Both the burners 

share a common axis, are parallel to the force of gravity, and are sepa

rated by a fixed distance with no barriers to impede the resulting flow 

field. This flow field produces distinct regions which are important in 

the study of the opposed-flow system as a pyrolysis tool (Figure 2.1). 

The first region is the premixed flame zone at the outlet of the 

bottom burner. This region is the heat source for all devolatilization 

reactions occurring within the coal. The region has a width approxi

mately equal to the flame thickness, which depends upon the fuel used 

10 
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Ambient Temperature and Transporting Nitrogen 

upper burner 

— Gas Streamline 
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Figure 2.1 Flow field diagram for opposed-jet system with coal. 
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and the overall gas composition. The next region is the post-flame zone 

and consists of the flue gases from the flame zone and any large, pene

trating coal particles. The thickness of this region is a function of 

the peak flame temperature, the opposing carrier gas flow rate, and the 

final flue gas compositions. This region provides a means of transport 

for the heat generated in the flame zone. 

The next zone is the gas stagnation plane, a narrow region where 

the flue gases from the bottom burner and the carrier gas from the top 

drop tube impact. Tho zone is stable, flat, and dependent upon the gas 

temperatures, gas momenta, and gas densities. This region is important 

since all processes across the region are molecular in nature, limiting 

the rate at which heat and mass can transfer to and from the coal parti

cles. The next region is the particle stagnation plane and it repre

sents the point of farthest penetration for the average size coal parti

cle. The zone is dependent upon coal particle density, gas density, and 

upper and lower gas velocities. In general, it is not possible to pre

dict £ priori the position of the stagnation zones in the flow field 

without doing a detailed numerical model of the entire flow system. The 

final zone in the flow field is the heat-up zone, where heat transfer 

from the gas phase to the coal particle occurs. The thickness of the 

zone, which affects the heat-up time and final particle temperature, is 

dependent upon the gas temperatures and gas momenta. 

All of the coal particles fed to the system do not reach the 

maximum penetration plane. Some particles are being swept out of the 

system along trajectories which are dependent upon particle starting 

position, particle density, and gas velocity (Masteller, 1984). The 
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particle trajectories are hyperbolic in shape and lead the particle out 

of the reaction zone at various axial positions. It is this phenomenon 

which facilitates capture of the particle since, by putting a receptacle 

in line with the particle trajectories, sampling can be accomplished 

isokinetically without disturbing the flow field. Different axial sam

ple locations produce gas and particle samples with time/temperature 

histories that vary in the axial direction, giving a time-dependent pic

ture of the ongoing pyrolysis phenomena. 

Because the sample probe is at right angles to the initial 

direction of the carrier flow, it is possible to obtain axial profiles 

of temperature, gas concentrations, and coal particles. Unfortunately, 

two physical phenomena prevent direct analysis of the data. These phe

nomena are, first, the coal particles do not follow the gas streamlines. 

This occurs because of gravitational and inertial forces which act on 

the coal particle. Second, there is a diffusive flux which transports 

gas species across gas streamlines. This means that any data analysis 

takes into account the transport of both gas species and coal particles 

across gas streamlines. Computer analysis of the data is required to 

relate the gas profiles obtained experimentally to the computed particle 

time/temperature position; In this manner, rates of gas species formed 

can be calculated based on the mass of coal fed to the opposed-flow 

system. 

Although the system is cylindrical, it is not necessary to sam

ple in all three spatial dimensions. Physical symmetry removes any 

angular dependence. This reduces the number of independent variables 

from three to two. Such an experimental system would require sampling 
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in two dimensions; however, the opposed-jet system is one-dimensional 

with respect to axial position (Kram, 1984). The one-dimensionality is 

a result of having two diametrically opposed jets of very large diam

eter. Similar results are found numerically by solving the equations 

which describe the physical system. A full derivation is given by Hahn 

(1979) and Graves (1981), so only a short summary will be presented 

here. 

2.2 Model 

The model of the opposed-jet system starts with the use of the 

full set of Navier-Stokes equations for energy, momentum, continuity, 

and species in cylindrical coordinates, with r and z as the independent 

variables. The gas jets are assumed to be infinitely wide so that edge 

effects and radial concentration gradients may be ignored. Density, 

viscosity, and diffusivity are taken as functions of temperature, which 

couples the equations, making their solution extremely difficult. The 

solution of the equations in one dimension is possible, so a variable 

transform to reduce the number of independent variables from two to one 

is sought. The transform takes the form of a dependence of the radial 

velocity on both radius and axial position and is as follows: 

vr(z) = ri)j(z) [2.1] 

v2(z) = vz(z) [2.2] 

p(z) = p(z) [2.3] 

T(z) = T(z) [2.4] 

XA(z) = XA(z) [2.5] 



P = p1(z) - ̂  [2.6] 

where Q is an eigenvalue (Masteller, 1984). Further assumptions on the 

dependence of the measured variables on axial position are made so that 

when Equations [2.1] and [2.6] are substituted into the model equations 

all radial dependence is removed. 

It is necessary to verify experimentally that the model does 

describe the physical system. Kram (1984) showed that the opposed-jet 

system is, indeed, one-dimensional with respect to axial position. He 

measured both temperature and gas species profiles at different (r,z) 

locations in the flow field and developed a series of plots which showed 

only an axial dependence for measured quantities. 

It should be noted that the simplifying expressions used do pre

dict that the radial velocity does, indeed, depend on radial position. 

This dependence on radius clarifies the conceptual problem of coal par

ticles or of gas species which do not follow the gas streamline, yet do 

exhibit similar time/temperature histories. This occurs because as a 

coal particle changes radial position the radial velocity changes pro

portionally. A particle moves faster as it travels out of the flow sys

tem so that particles reaching the same axial position travel to that 

position in the same time interval, but do not reach the position with 

the same velocity. This radial dependence also results in species 

transport across gas streamlines, producing one-dimensional species pro

files. This species transport is the primary mechanism for heat and 

mass transport over important regions of the experimental system. 
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2.3 Experimental Equipment 

The experimental system is shown in Figure 2.2. The heart of 

the system is the opposed-burner configuration. The top section of the 

burner configuration is not a true burner, but rather a coal injection 

tube. The tube is a 2.5-ft section of SCH 5 stainless steel pipe with 

an aluminum honeycomb at the outlet end and a tapering aluminum cylinder 

at the inlet (Figure 2.3). The honeycomb is 3 inches thick with holes 

of 1/4-inch diameter and acts as a crude laminar flow device to ensure 

the even distribution of coal and gas to the system. The inlet end 

(Figure 2.3) was devised to distribute the incoming carrier gas and coal 

particles evenly throughout the gas stream and to prevent larger agglom

erates from reaching the pyrolysis zone (Graves, 1981). 

The coal is fed to the system by means of a screw feeder driven 

by a 1/8-HP induction motor. The coal comes to the end of the feed line 

and is swept away by the high-velocity carrier gas. This mixture is 

then fed to the top section of the drop tube where it is blown into the 

closed end above the aluminum expansion. Gravity and the gas velocity 

carry the coal down through the aluminum expansion into the main body of 

the drop tube, where the decrease in pressure acts to even out the par

ticle density. The suspension then exits the aluminum honeycomb at the 

drop tube outlet and enters the pyrolysis zone. 

The bottom burner is a true flat-flame burner and is shown in 

Figure 2.4. The burner is a modification of a previously designed 

burner used by Kaskan (1956) and Kram (1984). The modifications were 

necessary to increase the accuracy of the pyrolysis data and the safety 

of the experimental system. The equipment modifications were necessary 
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because of a change from hydrocarbon fuels to hydrogen as the energy 

source for the pyrolysis reactions. Hydrogen was preferred since any 

carbon-containing compounds in the sample gas would have to originate 

from the coal and not the flame (Kram, 1984). 

This change in fuels caused technical and safety problems. The 

first was that the flammability limits of hydrogen are 4 to 70 percent 

in air. This makes gas leaks a hazard around the burner, where a leak 

could cause an unwanted ignition. This problem was solved by using dual 

gaskets around the burner flange and sintered burner disk, as well as 

stainless steel lines for all fuel-containing lines. The second problem 

was that hydrogen has a very high flame velocity. The danger is that 

the flame will propagate through the lines, where an explosion could 

occur. The modifications to solve this problem were twofold: first, a 

second sintered disk was inserted below the top sintered disk as a flame 

break; second, a thermocouple was placed inside the space between the 

two sintered disks. This thermocouple was wired into a Chromalox tem

perature controller which was, in turn, connected to an ITT solenoid 

valve. When the temperature between the disks rises above 250 C, the 

solenoid valve closes and shuts off any hydrogen flowing into the 

burner. In this way, the-system was protected from flashback through 

the feed lines. 

The final problem associated with using hydrogen was an exten

sion of the problem of high flame velocity. Because the bottom burner 

diameter was 4 inches, any undiluted flame would require large 

amounts of gas to maintain a flame at the upper burner. Since bottled 

gas was the source of all the gas components, extended experimental runs 



at large flow rates were not practical. The solution to this problem 

was to dilute the combustion gases heavily with nitrogen. This had the 

effect of lowering the flame velocity and peak flame temperature. The 

optimum amount of ̂  would be that amount which minimized the flame 

\/elocity and maximized the burning temperature, within the constraints 

of maximum experimental run time and acceptable amount of gas used 

during an experimental run. 

However, the purpose of this study was not to optimize the 

flame, but to obtain pyrolysis rate data. For this reason, flames were 

chosen solely on the basis of flame stability and experimental run time 

(Table 2.1). 

Table 2.1 Flame configurations and operating conditions. 

Oxidative 
Pyrolysis 

Reducing 
Pyrolysis 

H2 (SLPM) 20 24 

02 (SLPM) 13 11.5 

N2 (SLPM) 111 122 

Corrected flame temperature (K) 1,370 1,365 

Average post-flame temperature (K) 1,180 1,184 

Gas velocity (cm/s) 30 33 

Carrier velocity (cm/s) 22 22 

Burner spacing (cm) 3.0 3.0 

Heating rate (K/s) 25,000 35,000 
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The next part of the apparatus which will be discussed is the 

sample probe and sample analysis. The probe was the same probe used by 

Kram (1984) with one exception, the probe O.D. was reduced from 1/4 to 

1/8 inch. This was done to provide better resolution of the gas data. 

2 2 
The effective area was reduced from 0.0491 in. to 0.0123 in. at the 

probe face (Figure 2.5). The change in probe diameter increased the 

frequency of plugging the probe, even at lower coal feed rates. Dupli

cate probes were constructed and as one probe became clogged another 

probe was attached. To exchange probes, it was necessary to remove the 

sample equipment from the gas stream, replace the clogged probe, and 

reinsert the probe into the gas system. This procedure resulted in air 

becoming entrained in the sample lines, which required that the sample 

lines be thoroughly flushed before another sample was taken. 

The probe used was a water-quenched probe in order to minimize 

the size of the probe inserted into the system and to ensure that all 

gas-phase and gas/solid reactions were quenched. Because of the amount 

of water used for quenching, no attempt was made to directly measure 

water produced. It was also necessary to remove as much water as pos

sible from the sample lines since water would affect the analysis of the 

other species. Figure 2.6 shows the main water removal system. This 

system was also used as the main particle trap for solids analysis. 

During operation of the equipment, a sample was passed through a section 

of tube wrapped in cooling coils. From there, it was sent to a water-

cooled gravity separator. The bottom leg of the separator was attached 

to a catch pot which was attached to a centrifugal pump. The overhead 

leg of the separator was attached to a diaphragm pump which sent the 
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sample gas to the gas analysis system. The pump at the bottom outlet of 

the system ensured that all solids and condensed liquids were removed 

from the sample line. The pump at the top of the separator was heated 

at the outlet to 50 C to ensure complete vaporization of any remaining 

condensables. The two outlets of the separator could be closed off 

independently, depending upon the type of sample required, or operated 

together for both solid and gas samples. 

2.4 Safety Modifications 

The remainder of the experimental system was described by Kram 

(1984); however, the following changes were necessary for safe operation 

of the equipment as a result of the change to hydrogen as the fuel for 

the experiment. 

Because hydrogen is very flammable in air, it was necessary to 

fill the reaction chamber with inert gas. Opening the chamber after 

this point was not desirable, so a pilot light was installed above the 

bottom burner. This pilot light was ignited as a CH^ diffusion flame, 

using air from the bottom burner and CH^ from the pilot outlet. This 

pilot light, once ignited, allowed remote ignition of the hydrogen flame 

without exposing the combustible mixture to an additional source of oxy

gen. A thermocouple was installed next to the pilot light to monitor 

the flame temperature during start-up and throughout the experimental 

run. The thermocouple was a Pt/Pt Rh thermocouple positioned 0.5 cm 

above the bottom burner. The thermocouple served as the primary indica

tion that a H£ flame was burning. An Omega #650-R-A digital readout was 

used to display the flame temperature. 
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As a precaution against leaks, all lines carrying combustible 

gas to the bottom burner were changed from 3/8-in. O.D. polyethylene 

tubing to 3/8-in. O.D. stainless steel tubing because of its higher 

burst pressure, resistance to crimping, and resistance to high tempera

ture. As was previously mentioned, an ITT N/0 solenoid valve was 

attached to the feed line and closed if the temperature behind the 

bottom burner reached 250 C. A second solenoid valve, Honeywell N/C, 

was connected to the burner gas inlet and was manually operated in case 

of irregularities during system operation. Solenoid valves were chosen 

so that in case of power failure the system would shut down without haz

ard to the equipment or operators. Manual toggle valves were also 

installed upstream of the Honeywell valve at the and air inlets. 

These valves made it possible to control the air, nitrogen, and hydrogen 

inputs independently, especially during shutdown when nitrogen was fed 

through both top and bottom burners prior to reopening the chamber after 

an experimental run. The toggle valves could then be opened indepen

dently to purge the air lines and then the hydrogen lines without any 

mixing or change in inert flow rate. 

A final precaution was to install an explosion vent at the rear 

of the pyrolysis chamber.• Although an explosion during an experiment 

was an unlikely occurrence, there was always the possibility of an unde

tected leak of hydrogen finding an air source during start-up and 

exploding. The explosion vent was based on a design supplied by Fike 

Company. It consisted of a sheet of 0.001-in. aluminum foil with an 

2 
area of 7.5 ft . The foil was tested to a burst pressure of 2.5 psi, 
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which was low enough to prevent over-pressure damage to the chamber and 

to the 3/8-in. Plexiglas viewport. 

2.5 Operating Procedure 

Use of hydrogen as a fuel created certain problems that required 

that the operating procedure be well-planned so as to avoid accidents. 

To begin an experiment, the chamber was flushed with ̂  for 10 

minutes to ensure that minimal 0£ remained in the chamber prior to igni

tion. Cooling water flows were turned on and the sample system was 

turned on and allowed to vent to the atmosphere. Because direct igni

tion of a hydrogen flame can be dangerous, a premixed CH^A^/^ flame 

was ignited first. Once this flame was allowed to stabilize, hydrogen 

could then be introduced while modifying the CH^ input. The end result 

was that a premixed flame would replace the premixed 

flame. The change of fuels was done manually to allow for operator 

judgment during start-up. 

The high flame velocity of the flames required that the gas 

pressures for the combustion gases, especially and air, be monitored 

closely to prevent any large, sudden pressure changes during start-up. 

Such changes would dramatically alter the flame composition, possibly 

beyond the capability of the experimenter and safety equipment to cor

rect, prior to failure. Pressures were set before ignition to minimize 

any modifications. Throughout the start-up procedure, temperature was 

closely monitored since a rapid change in the flame temperature indi

cated a potentially hazardous flame composition. 
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During operation, the system was not hazardous, provided that 

the gas flow rates were maintained. Both the gas cylinder outlets and 

the gas regulator pressures were monitored to ensure that the gas flows 

were at safe levels. Coal particles introduced to the system were also 

used to confirm the presence of a stable flame, since once the illumi

nates from the coal stopped radiating it was obvious that the external 

heat source, i.e., the flame, was extinguished. 

System shutdown was achieved by turning off the fuel to the 

flame and allowing the chamber to purge. The average time constant for 

the chamber was found to be 0.5 min. The coal feeder was turned off 

during purge while the sample system was allowed to vent to evaporate 

any h^O in the system. Cooling water was left on until the following 

morning. 

2.6 Sample Analysis 

Data obtained from the experimental system were as follows: 

1) initial gas velocities, 2) coal particle feed rate, 3) temperature 

measurements along the axial coordinate, 4) gas composition measurements 

along the axial coordinate, and 5) solid particle compositions after 

various stages of pyrolysis. The gas velocities were calculated by 

first measuring the volumetric flow rates of the gases, using a cali

brated rotameter for each gas. Volumetric flow rates were then con

verted to linear velocities by dividing by the burner face area. The 

coal feed rate was measured in a similar manner by monitoring mass out

put per unit time. The calculations for gas flows and coal feed rates 

are shown in Appendix A. 
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Temperature data were taken using a ID-mil, Pt/Pt Rh thermo

couple threaded into a quartz tube yoke with a spacing of 8 inches. The 

design was based on a thermocouple used by Corley to measure temperature 

in similar systems (Corley, 1984). The thermocouple was connected to 

the same apparatus as the sample probe, which precluded the need for 

independent support mechanisms. An Omega #650-R-A digital thermometer 

was used for displaying the measured temperature of the gas system. 

The thermocouple was inserted into the gas stream, perpendicular 

to the flow field, with the quartz arms of the probe equally spaced from 

the burner O.D. The bead of the thermocouple was centered at the burner 

diameter. From this position, it was possible to move the thermocouple 

into or out of the flow field along the burner diameter to obtain tem

perature measurements. 

Because the thermocouple bead was able to view the cooler walls 

of the enclosure, it was necessary to correct the measured temperature 

for radiative losses to the environment. The equation used for this 

correction was the equation for a sphere radiating to a black body: 

T  =  T  + eod( T  4  -  T M
4 ) / 2 A  [ 2 . 7 ]  

g c c w 

This equation predicted temperatures that were 4.0 to 1.5 percent higher 

than measured temperatures (raw temperature data and empirical constants 

are given in Appendices B and A, respectively). This difference was 

attributed to discrepancies between the assumption of a radiating sphere 

and the thermocouple bead, which more closely approximates a radiating 

wire. Although more accurate models are available, any gain in accuracy 
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is far outweighed by the computational difficulty in using more complex 

equations. 

The gas samples extracted during an experimental run are sent to 

a Perkin-Elmer Sigma 1 gas chromatograph for analysis. A final water 

knock-out and particle filters were installed in the sample lines to 

ensure that the minimum amount of contaminants was sent to the gas chro

matograph. The filters were a glass/wool filter in series with a Nupro 

2 (arn filter. Smaller-pore filters presented too large a pressure drop 

for accurate sampling. 

The sample gas was sent to a V/alco ten-port value for injection 

onto the chromatograph columns. No attempt was made to accurately moni

tor the sample gas flow rate. The reason was that, to maintain iso

kinetic sampling at the probe tip, it was necessary to vary both the 

quench water flow rate and the sample pump vacuum setting. These 

changes would result in changes in the sample gas flow rate as the probe 

was moved through the axial direction. Instead of measuring sample flow 

rate, the sample pressure at the inlet to the sample valve was measured. 

The sample inlet pressure was maintained at 10 psig; by doing so, the 

amount of sample gas in the sample loop remained constant. The volume 

of the sample loop was 1.0 cc and the temperature was maintained at 

200 C. The amount of sample in the loop could then be calculated by 

using the ideal gas law as a first approximation. This resulted in a 

value of 4.5x10 ̂  g-mols of sample for each analysis. 

A needle valve was placed before the pressure tap so that any 

change in the amount of sample from the sample pump, which would change 

the pressure to the sample valve, could be corrected by changing the 



amount of gas bled off from the sample line. In this manner, the pres

sure to the sample valve could be maintained at 10 psig. For sample 

gases with low concentrations, the sample pressure was increased so that 

the peak areas from the chromatograph increased. Conversely, sample gas 

with large concentrations would be analyzed at a lower sample pressure 

to minimize the noise generated by the chromatograph. 

The chromatograph was used to analyze the pyrolysis gas for CO, 

CO2, 0and CH^, as well as total hydrocarbon as equivalent meth

ane. A thermal conductivity cell was used to analyze the permanent 

gases and methane. Two packed columns were used to separate the sample 

gas into its components. The first column was an 8-ft column packed 

with 45/60 mesh Mol-Sieve packing. The second was a 6-ft column packed 

with 800/100 mesh Poropak-T. An 80/100 mesh Mol-Sieve column, 8 ft 

long, was used during the reducing environment pyrolysis studies to 

obtain better separation of the sample gas. 

To calibrate the thermal conductivity detector (TCD), a standard 

gas of 6.64% H2, 1.89% CH4, 15.21% C02, 4.89% CO, and 71.37% N2 was 

diluted with N2 to produce concentrations of species similar to the con

centrations in the actual sample. The mixture was sent through the sam

ple line, starting at a point upstream of the sample pump and continuing 

to the ten-port injection valve. The samples were injected onto the 

Mol-Sieve and Poropak-T columns where the sample gas was separated into 

component parts, each part passing over the TCD filament. The signal 

peak areas from the TCD were recorded for each gas and related to gas 

concentration. The diluent flow rate was then varied and the process 
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was repeated. In this manner, complete calibration curves for each gas 

were obtained (see Appendix C). 

The flame ionization detector (FID) used to measure the hydro

carbon output during pyrolysis was a Perkin-Elmer FID. The calibration 

procedure was very similar to that of the TCD, but CH^ diluted with ̂  

was used as the calibration gas. Methane was used as the FID calibra

tion gas since no attempt was made to separate the hydrocarbon compo

nents formed during pyrolysis. All volatile matter sampled was con

verted to C-H radical and reported as equivalent methane. A strip-chart 

recorder was used to monitor the FID signal. The response of the FID 

was fast enough so that the measured variable was peak height. A cali

bration chart was generated for concentration as a function of peak 

height (see Appendix C). 

Solids analysis was carried out by the University of Arizona 

Analytical Center using a Perkin-Elmer C-H-N analyzer. Samples of raw 

coal, as well as coal samples taken during experimental runs, were anal

yzed. Total reported analysis consisted of mass percent carbon, hydro

gen, and nitrogen, as well as mass percent ash. 

2.7 System Limitations 

The system, as described and operated, has proven to be an 

effective tool in obtaining temperature, gas species, and solids data. 

Any data presented, however, must be viewed within the limitations of 

the experimental system and analysis equipment. For this reason, it is 

important to examine and discuss areas of the system where error is 

liable to be very large. 
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The first problem which greatly affects the accuracy of the data 

is the sample probe. Sampling from particle-laden environments is a 

severe problem in coal studies. Point sampling is preferred since cal

culation of pyrolysis rates and particle time/temperature histories is 

easier and more accurate. However, plugging of the sample probe occurs 

more frequently as the probe diameter is reduced. In this study, an 

1/8-in. O.D., 3/32-in. I.D., stainless steel probe was used for gas 

sampling which, although smaller than previously used (1/4-in. O.D. 

probes), still accounts for 11 percent of the burner spacing. This led 

to sample averaging over the probe radius, which lowers the accuracy of 

the data taken. The mixing did not affect trends that appeared in the 

data, but rather smoothed out any steep curves that may have been 

observed with a smaller probe. The size of the probe also had an effect 

on the error in the measured data. Because the region of interest for 

pyrolysis was narrow compared to the entire burner spacing, the size of 

the probe affected the error in measured data. This error can be traced 

back to difficulty in accurately measuring the probe position. Discrep

ancies in actual probe position and measured probe position could lead 

to misaligned data, especially for steep concentration gradients. 

Another limitation is that the probe is water-cooled, making 

complete water balances difficult. When the amount of water used for 

quenching is on the order of 10 ml, any water released by the coal will 

not be detectable and must be ignored. Models can account for much of 

the water, but the relative error is still high enough to preclude any 

meaningful conclusions concerning water chemistry during pyrolysis. 

This leads to the final limitation of this configuration, that for 
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pyrolysis under short time scales, less than 50 ms, the amount of 

pyrolysis products will be very small over a large area of the flow 

field. Small concentrations are much harder to detect accurately and 

precisely due to system noise or sampling inconsistencies. Although 

trends in concentrations are preserved, very small concentrations do not 

carry the same confidence as do larger concentrations of the same 

species. 

It is hoped that future work will address these difficulties to 

improve the quality of the data. 



CHAPTER 3 

RESULTS 

The experimental data presented in this thesis were obtained 

during 25 experimental runs in which coal type and pyrolysis environment 

were varied. Two different coals, an Illinois #5 bituminous and a 

Beulah low-sodium lignite, were studied. Particle size varied from 63 

to 106 (jjn for the bituminous coal and from 63 to 106 (jm for the lignite 

(Table 3.1). The particles used in the experiments were separated from 

the raw coal using a low-pressure Augsburg separator with a 63—(juii mesh 

sieve. The resulting particle cut was analyzed using a sonic sifter 

with trays for 106, 88, 74, and 63 |am. Table 3.2 shows the ultimate 

analysis for each coal as received. The pyrolysis conditions studied 

were an oxidizing environment containing 2.1% 0^ in the post-flame zone 

and a reducing environment containing 3.0% in the flame zone. Param

eters for each pyrolysis system are given in Table 3.3. Feed rate for 

both coals was maintained at 3.0 g/min. 

Each operating condition was analyzed in four sections: 1) tem

perature, 2) gas species analysis, 3) solids composition analysis, and 

4) hydrocarbon analysis. Because of different analysis requirements, 

simultaneous data collection was not possible. However, the data for 

each operating condition were treated as if only one experimental run 

had been conducted for each. Extreme care was taken to ensure that each 

experimental run was identical to the others in the same series. 
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Table 3.1 Particle size distributions. 

Mass mean diameter = 73 |j.m for lignite, 69 (xm 
for bituminous. Mass percents are for particle 
sizes larger than screen size. 

Sieve Size 
(M-m) 

Beulah Lignite 
(mass ?o) 

Illinois #5 
Bituminous 
(mass ?6) 

106 12 2 

88 12 6 

74 27 34 

63 49 58 

100 100 

Table 3.2 Ultimate coal analysis. 

Beulah Lignite 
(8) 

Illinois #5 
Bituminous 
(S) 

N 0.46 0.98 

C 55.23 68.37 

H 3.55 4.57 

Ash 9.40 7.40 

0 and S* 31.37 18.68 

•"•Calculated by difference. 
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Table 3.3 Experimental conditions, critical parameters. 

Oxidative 
Pyrolysis 

Reducing 
Pyrolysis 

H2 (SLPM) 20 24 

02 (SLPM) 13 11.5 

N2 (SLPM) 111 122 

Flame temperature (K) 1,370 1,365 

Average post-flame temperature (K) 1,180 1,184 

Gas velocity (cm/s) 30 33 

Carrier velocity (cm/s) 22 22 

Heating rate (K/s) 25,000 35,000 

Coal feed rate (g/s) 3.0 3.0 

3.1 Oxidative Pyrolysis 

The temperature profile for oxidizing pyrolysis is shown in 

Figure 3.1. A more complete profile comprising data taken over the 

entire flange spacing and three radial positions is given in Appendix D. 

The temperature exhibited a peak near the bottom burner, caused by the 

premixed flame. The region of constant temperature covered 67 percent 

of the burner and had an average value of 1184 K. The initial tempera

ture increase from the drop tube covered 0.9 cm and showed an increase 

of 880 K. These temperature regions were correlated to the flow field 

regions discussed earlier. 

Because the peak temperature was measured above the bottom 

burner, it was assumed that the flame approached adiabatic conditions. 
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The constant temperature zone indicated that convective heat transfer 

dominated this position of the experimental system. The size of the 

constant temperature zone was a good indication of the amount of heat 

transfer away from the flow field either by convection or radiation. 

The large size of the zone indicated that heat loss perpendicular to the 

flow field was minimal. The heating zone near the drop tube indicated, 

qualitatively, the amount of heat transferred to the carrier gas phase 

and the coal particles. Primary transport of heat to this region was 

assumed to be by both radiation and molecular conduction. The relative 

temperature change in this region was 1000 K/cm. Using the average car

rier velocity of 22.0 cm/s, an estimate of the particle heating rate was 

calculated. An exact heating rate was found after all experimentation 

was completed using an opposed-jet model (Masteller, 1984). The rough 

calculation produced a heating rate of 22,000 K/s, while the simulation 

produced a rate of 24,000 K/s. 

Under the oxygen-rich conditions studied, sufficient air was fed 

to the burner to produce a 2.7 percent excess of oxygen in the post 

flame. This concentration is comparable to the 0^ concentration used by 

Badzioch and Hawksley (1970) during their coal weight loss experimenta

tion. The oxygen profiles were different for both coals (see 

Figure 3.2). Although the amount of O2 initially in both coal systems 

was the same, the curves show different consumption rates in the 

particle-laden streams. The drop in 0£ concentration for the bituminous 

coal occurred from 1.9 to 2.4 cm above the bottom burner. The concen

tration change was from 2.1 to 0.3 percent oxygen, resulting in a 
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Figure 3.2 Oxygen profile, Illinois #5 bituminous and Beulah lignite, 
oxidizing pyrolysis. 
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relative change of 3.6?5 C^/cm. The relative change in 0^ concentration 

for the lignite pyrolysis was 2.25% C^/cm. 

The CO and CO^ profiles for the lignite and the bituminous coals 

indicated marked differences in the pyrolysis chemistry of the two 

coals. Figures 3.3 and 3.4 show the CO and CO2 profiles for the 

Illinois #5 coal. These profiles show similar behavior in that both 

concentrations peak rapidly and decay away toward the bottom burner. 

Maximum CO concentration was found to be 260 ppm and occurred at 2.25 cm 

from the bottom burner. The maximum C0£ concentration was 1450 ppm and 

occurred at 2.1 cm from the bottom burner. The separation between these 

peaks was 0.15 cm. Oxygen depletion in this region was 1.2 percent, 

accompanied by a temperature drop of 50 K (Figure 3.5). No light hydro

carbon products were found in the gas phase, which was a strong indica

tion of volatiles combustion occurring very rapidly after volatiles 

production. 

Carbon monoxide and carbon dioxide profiles for the Beulah lig

nite under oxidizing conditions are shown in Figures 3.6 and 3.7, and 

indicate the same behavior as for the bituminous coal. As expected, the 

amounts of CO and C0£ produced by the lignite were different than for 

the bituminous. The maximum CO concentration was 780 ppm, occurring at 

2.2 cm from the bottom burner; and the maximum C0£ concentration was 

530 ppm, occurring at 2.0 cm above the bottom burner. Both peaks showed 

a rapid rise, but dissimilar decay. The CO peak decayed slightly more 

rapidly than the CO2 peak, which may have been caused by slow oxidation 

of CO to CO2. The separation between peaks was 0.20 cm and in this 

region O2 depletion was 0.4 percent, with a 35 K temperature change 
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(Figure 3.8). No hydrocarbons were measured in the gas phase, indi

cating rapid production and combustion of volatile matter. 

3.2 Reducing Pyrolysis 

The temperature profile for pyrolysis under reducing conditions 

is shown in Figure 3.9. This profile was similar in shape to the oxi

dizing profile except for two differences: 1) the average temperature 

did not span as large a fraction of the burner spacing, and 2) the tem

perature fell off more rapidly for reducing pyrolysis than for oxidizing 

pyrolysis. The temperature rise from the upper drop tube to the average 

temperature was 880 K over a distance of 1.05 cm, resulting in a rela

tive change of 840 K/cm. Using the average carrier velocity of 22 cm/s 

as a comparison, the heating rate was 18,500 K/s. Model prediction was 

20,000 K/s. The lower heating rate may have been caused by the extra 

diluent required to bring the flame velocity within manageable limits. 

The measured gas species were CO, C02> CH^, and remaining 

hydrocarbons reported as number of equivalent CH groups. Of the species 

of interest, only H^, CO2, and total hydrocarbons were detected. 

Neither CO nor CH^ was detected as a pyrolysis product for either coal. 

The lower limits of detection were 10 ppm CO and 10 ppm CH^. Although 

the detection limits did not rule out entirely the presence of CO and 

CH^, all theoretical assumptions were based on the absence of those com

pounds. Hydrogen concentration for both coals is given in Figure 3.10. 

There was no measured difference on concentration as a function of 

coal type. Such an observation limits possible pyrolysis reactions 

to those systems in which H-C, OH, or H2O were reactants. 
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The CO2 and total hydrocarbon profiles for the bituminous coal 

under reducing conditions are shown in Figures 3.11 and 3.12. The CC^ 

peak had a maximum of 310 ppm at an axial location of 2.5 cm above the 

bottom burner. The concentration of CC^ did not return to zero after 

reaching a maximum because particles that deposited on the probe and 

fell through to the bottom burner underwent slow oxidation to CC^. Car

bon dioxide formed in this manner diffused toward the drop tube, where 

the sample analysis detected CC^. It was not possible to remove this 

effect from the analyzed samples since the effect occurred as soon as 

steady state was achieved. This type of species production was not 

observed in the oxidizing system since the large amounts of CO^ formed 

masked the lower concentrations produced at the bottom burner. The con

centrations were not of sufficient magnitude to alter the measured data. 

The maximum concentration of hydrocarbons measured was 300 ppm and 

occurred at an axial location of 2.2 cm from the bottom burner. This 

spatial resolution indicated the formation of CO2 from chemically bound 

oxygen, which would diffuse through the coal pore structure faster than 

the liberated hydrocarbons (Simons, 1984). The low quantity of hydro

carbons liberated was an indication that the molecular weights of the 

hydrocarbons were fairly large. Observation ,of tars and an oily sub

stance mixed within the quench water during operation of the equipment 

was further evidence that condensable species were being formed. Mini

mal thermal cracking of the hydrocarbons was assumed during pyrolysis. 

Figure 3.13 shows a composite diagram of the species measured during the 

reducing pyrolysis of the Illinois #5. 
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The species profiles measured during the reducing pyrolysis of 

the Beulah lignite differed somewhat from the bituminous profiles. The 

CO2 profile (Figure 3.14) showed similar increases and decays to the 

bituminous coal. The maximum concentration for observed CC^ was 300 ppm 

and occurred at an axial location of 2.2 cm above the bottom burner. 

The total hydrocarbons profile (Figure 3.15) produced a maximum of 

970 ppm and occurred at a location of 2.42 cm above the bottom burner. 

This peak occurred within a very narrow region, comprising only 25 per

cent of the total burner spacing. This total peak height was as much as 

one-half the other measured species peaks. Because no CH^ was observed 

and because the hydrocarbon peak eluted nearer to the CO^ peak than in 

the bituminous case, the inferred hydrocarbon molecular weight was lower 

than for the bituminous pyrolysis. Figure 3.16 provides a composite of 

all measured species profiles obtained during reducing pyrolysis of the 

Beulah lignite. 

The marked differences in the pyrolysis profiles between differ

ent coals under similar conditions supported the theory of different 

mechanisms of pyrolysis for different coals. No evidence was observed 

to support the theory that different pyrolysis conditions produce dif

ferent pyrolysis mechanisms in very short time scales. Such conclusions 

would not necessarily be applicable for extremely similar coals or for 

extremely dissimilar operating conditions. 

3.3 Solids Analysis 

Solid samples taken during the four experimental conditions were 

analyzed for C, H, N, and ash content. All percentages were for mass 
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Figure 3.16 Composite species profiles, Beulah lignite, reducing 
pyrolysis. 



basis and any differences from 100 percent were assumed to be sulfur and 

oxygen. Tables 3.4 and 3.5 give the data for the bituminous coal and 

Tables 3.6 and 3.7 give the ,data for the lignite. Sampling was done at 

only two axial positions. The reason for this was that a 1/4-in. probe 

was necessary to prevent plugging and to ensure sufficient solids col

lection. The larger probe accounted for 40 percent of the heating zone, 

which allowed sampling for particles at only two locations. Attempts 

were made to sample for particles below the heat-up zone; however, none 

were found. Such an observation indicates that all volatiles produced 

must have been produced during heat-up, before the particles left the 

system. Therefore, except for particle agglomerates caught on the bot

tom burner, no additional source for volatiles exists past the average 

temperature knee. The percent mass loss was found using the ash as a 

tracer. 

The bituminous coal differs in mass loss from the lignite. 

Under oxidizing conditions, the carbon content for the lignite drasti

cally increases, while for the bituminous coal the carbon content 

decreases steadily with increased residence time. The hydrogen content 

also changes from coal to coal; the lignite shows a clear maximum in 

hydrogen concentration, while the bituminous coal shows steadily 

decreasing hydrogen concentration. The similarity of N and ash percent

age in the coals studied indicates that similar conditions may be preva

lent in the release or reactions of chemically bound nitrogen or 

included ash. The nitrogen content for both coals undergoes a maximum 

value, which may indicate a threshold temperature or some lag time to 

reaction for the bound nitrogen. Ash content passes through a minimum 



Table 3.4 Illinois #5 bituminous coal, oxidizing 
pyrolysis. 

% Weight 
% Z % H % N % Ash Loss* z 

Raw coal 68.37 4.57 

2.55 66.88 4.48 

2.18 64.26 3.96 

*Based on ash as a tracer. 

0.98 7.4 

1.30 7.13 -4.1 

0.99 7.24 -2.4 

Table 3.5 Illinois #5 bituminous coal, reducing 
pryolyis. 

% Weight 
z % C % H % N % Ash Loss* 

Raw coal 68.37 4.57 0.98 7.4 

2.43 71.20 4.27 1.29 10.04 28.4 

2.12 66.74 4.07 1.30 13.52 48.9 

*Based on ash as a tracer. 



Table 3.6 Beulah low-sodium lignite, oxidizing 
pyrolysis. 

% Weight 
z % C % H % N % Ash Loss* 

Raw coal 55.23 3.545 0.455 9.4 -

2.455 75.95 5.145 1.34 6.58 -47.0 

2.115 76.53 4.70 0.485 7.16 -34.5 

*Based on ash as a tracer. 

Table 3.7 Beulah low-sodium lignite, reducing 
pryolysis. 

% Weight 
z C % H % N % Ash Loss* 

Raw coal 55.23 3.545 0.455 9.4 -

2. 45 74.54 4.69 1.25 8.27 -15.1 

2. 27 74.63 5.115 1.135 6.73 -43.8 

*Based on ash as a tracer. 
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for both coals and then shows signs of increasing. This may indicate 

that loosely bound, low-volatile-point ash is being driven off rapidly 

in the early pyrolysis phase, leaving denser, higher-melting-point ash 

in the carbon matrix. 

Under reducing conditions, the coals exhibit very different 

behaviors. The bituminous coal shows a maximum in carbon content (which 

is the only case to do so), while the lignite shows increasing carbon 

content. This increase in carbon content demonstrated by the lignite is 

similar under reducing and oxidizing conditions. The hydrogen content 

has the same characteristics for both coals. For the bituminous, the 

hydrogen in the solid steadily decreases with increased residence time. 

The lignite exhibits a maximum in chemically bound hydrogen which is 

almost identical for both oxidizing and reducing conditions. 

Nitrogen concentrations for both coals show an initial increase, 

then for the bituminous the nitrogen levels off, while for the lignite 

the nitrogen concentration shows continual increase. Ash content for 

the bituminous coal steadily increases with increasing temperature and 

residence time. This is the only instance where ash content appears to 

be monotonic. The Beulah lignite demonstrates a minimum in ash content 

similar to the trend in oxidizing pyrolysis. Because of the limited 

number of data points, any indicated trends may not be as pronounced 

under longer time scales. 



CHAPTER 4 

DATA ANALYSIS 

The experimental data were analyzed using existing software 

developed by Hahn (1979), Corley (1984), and Masteller (1984). This 

model calculates the velocity field and particle temperatures and tra

jectories using the gas velocities at each boundary, the temperature 

profiles, and the smoothed concentration profiles. The velocities were 

calculated based on the amount of gas fed to each burner. A temperature 

correction to the bottom burner flow rate was made so that the bottom 

boundary begins at the peak measured temperature of 1370 K for oxidative 

pyrolysis and 1350 K for reducing pyrolysis. The bottom burner flow 

rate was taken to be 133 cm/s (which is the cold flow velocity corrected 

for temperature) and the top burner flow was 22 cm/s for both experi

mental cases. 

The temperature profile was fed to the computer and smoothed by 

a cubic spline routine. Except for one point, the deviation from the 

measured temperature and smoothed temperature was less than one percent 

over the entire burner spacing for both cases studied (Figure 4.1). The 

gas concentration data were smoothed by drawing a curve through the 

averaged data points for each species. More rigorous curve-fitting 

techniques were attempted, but were not successful because of insuffi

cient resolution in the data and an insufficient number of data points. 

Figures 4.2 through 4.11 show the measured species data imposed on the 
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computer-smoothed data. The sharp, spiked behavior for the data pre

cluded the use of a single, multiparametric curve to adequately describe 

the data. Another difficulty is that, if the number of curves is mini

mized, then the correlation between measured data and predicted data is 

diminished. Because the rates of formation calculated by the program 

are based on the predicted gas concentrations, the maximum error is gen

erated from the predicted curves. Nonetheless, the derived rates of 

formation are consistent with the data. Still, it is recognized that 

these rates may not be the only rates which are so consistent. 

The velocity profiles generated by the model are shown in 

Figure 4.12. The profile is independent of the species profiles mea

sured during coal pyrolysis and instead is only dependent on the nitro

gen flows from both jets. The only correction which needs to be made is 

to include the 1^0 formed at the bottom burner. The water concentration 

begins at 18 percent of the flue gas and decreases due to convection and 

diffusion. Previous work by Masteller (1984) incorrectly ignored water; 

however, water was found to have a definite effect on the velocity 

field, especially the location of the gas stagnation plane. Changes in 

program logic were necessary so that water concentrations could be cal

culated in both the oxidizing and reducing cases. 

With the smooth temperature and concentration data and with the 

initial gas velocities, the model predicts gas velocity profiles for the 

oxidizing and reducing pyrolysis environments (Figure 4.12). The 

velocities show similar behavior below the stagnation plane. Below the 

stagnation plane, the velocity is slightly higher for the reducing case, 

reflecting the higher cold flow required to balance the flame velocity. 
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Figure 4.12 Gas velocity profiles for oxidizing and reducing pyrolysis. 
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Above the stagnation plane, the gas velocity for oxidizing conditions is 

two to four times higher than for the reducing case. This is caused by 

the higher temperatures in the heat-up zone for the oxidizing case. 

These higher temperatures result in a decrease in the gas density which 

is compensated by an increase in the linear velocity. This increase 

will be shown to have a marked increase in the heating rate between coal 

particles in oxidizing and reducing environments. The last piece of 

information that can be obtained from Figure 4.12 is the location of the 

stagnation plane. This location is indicated where velocity is zero in 

the flow field. As stated earlier, it is not possible to predict the 

stagnation plane location, so that the model provides the only means of 

obtaining this information. The location of the stagnation plane 

affects the heating rate of the coal particles and the final particle 

temperature. 

Using the calculated velocity field and Stokes' Law, Masteller 

(1984) was able to predict particle trajectories and heating rates. 

Figure 4.13 shows the particle trajectories and Figure 4.14 shows the 

calculated time/temperature history for both oxidative and reducing 

pyrolysis. Because Stokes' Law is used and also because the flow field 

is calculated using only gas-phase data, as long as the temperature pro

file remains the same, coals under the same environmental conditions 

will exhibit the same trajectories and similar time/temperature 

histories. 

For modeling convenience, the particles were assumed to start at 

a radial location 1.0 cm and an axial location of 3.0 cm. The final 

particle position is assumed to be at a radial location of 3.0 cm. The 
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and reducing pyrolysis. 



79 

a) 
u 
3 
4-> 
CO 
f-4 
0 
CL 
E 

*U 
(D 
4J 
CJ 
0) (-i 
U 
O 
CJ 

1200-

1100-

1000-

900" 

800"  

700-

600 

500 -

400' 

300 

•o• • 

O Oxidizing 

• Reducing 

r 
30 40 

i 
50 

T 

60 

Time, ms 

Figure 4.14 Time/temperature history for coal particles under reducing 
and oxidizing pyrolysis. 

Pyrolysis heating rates: oxidizing = 70,000 K/s: reducing = 20,000 K/s. 



final time and axial positions were taken from points corresponding to 

the final radial position. The two trajectories are similar to an axial 

position of 2.2 cm above the bottom burner. At this point, the effect 

of the stagnation plane begins to alter the particle trajectories. For 

reducing pyrolysis, the stagnation plane occurs at an axial location of 

2.05 cm above the bottom burner. Particles in this environment reach an 

axial position of 1.95 cm. Under oxidizing pyrolysis, the stagnation 

plane occurs at 1.84 cm above the bottom burner. The particles in this 

system penetrate to 1.75 cm. For both systems, there is slight particle 

penetration of the stagnation plane at 73 ^m. Larger particles and 

agglomerates can penetrate to the bottom burner to react with the 

incoming gases. This can account for the source of gas species at the 

bottom burner. 

The time/temperature histories for the particles are shown in 

Figure 4.14. The oxidizing conditions impart a higher heating rate on 

the particles than do the reducing conditions. A heating irate of 

70,000 K/s was calculated for oxidizing particles and a rate of 

20,000 K/s was calculated for the reducing conditions. The reason for 

such a wide difference in rates can be found by comparing the two tem

perature profiles and velocity profiles. The oxidative case demon

strated a higher temperature heat-up zone and a higher velocity in the 

heat-up zone. As can be seen in Figure 4.14, the coupling of these two 

characteristics produces a substantial increase in heating rate. 

It should be noted that the model incorporates the assumption 

that the particle is at the same temperature as the surrounding gas. No 

energy balance is calculated around the pyrolyzing particle. This 
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assumption results in two possible sources of error. The first is the 

effect of surrounding gas reactions which may, locally, raise or lower 

the particle temperature. This would have the effect of underpredicting 

or overpredicting both the particle temperature and the rate of forma

tion of species, which are temperature-dependent. The second is the 

effect of temperature gradients within the particle. Aside from the 

previously mentioned effects, the effect on internal structure changes 

as the particle temperature changes. At the heating rates studied, 

these factors can be a source of error which should be eliminated in 

future work. 

4.1 Rates of Formation 

From the data input to the model and from the preliminary calcu

lated quantities such as velocity, temperature, and particle trajec

tories, the rates of species formation were calculated and are presented 

in Figures 4.15 through 4.19. The rates reported are in units of 

(g-mol)/(g-s) and are found by dividing the rates of formation of 

species, provided by the model, by the coal density at the appropriate 

axial position. This has the overall effect of changing the units and 

magnitudes of the modeled rates. The shapes of the curves are changed, 

as are the relative magnitudes. For this reason, rates of formation on 

a mass basis will be presented in the text; the modeled rates, which are 

on a volume basis, are listed in Appendix E. 

Because of the short time scales and the complexity of the reac

tions, both rates of formation and destruction were computed. This is 
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consistent with current theory and indicates a need to study a larger 

_9 
species set. Calculated rates below 1.0x10 were considered zero. 

4.2 Oxidizing Pyrolysis 

Figure 4.15 shows the rates for species formed during oxidizing 

pyrolysis of the Illinois #5. The peak rate of CO formation of 0.0855 

mol C0/(g-s), which coincides with the peak CO concentration. This cor

responds to the temperature of 1170 K in the flow field and of the par

ticle. The peak rate of production for CO^ under these conditions is 

0.425 mol C02/(g-s). This corresponds to a C0£ concentration of 

1450 ppm, which is the peak concentration of C0£ in the flow field. 

This peak rate corresponds to a temperature of 1180 K, similar to the CO 

rate. For the Beulah lignite (Figure 4.16), the rates are of lesser 

order, as would be expected for a slower burning fuel. The peak rate of 

CO evolution is 0.085 mol C0/(g-s) at a distance above the bottom burner 

of 2.21 cm, which precedes the peak CO concentration. The peak rate for 

CO^ is 0.050 mol CO^/Cg-s) and occurs at an axial location of 2.5 cm, 

barely preceding the peak concentration. The temperature for both rates 

is 1180 K, which is the peak particle temperature. 

The oxygen rates of formation for both coals are given in 

Figure 4.17. The rates show destruction of oxygen, as would be 

expected, to the point where velocity becomes zero. The rates then show 

that oxygen is being formed in a region where no oxygen should be 

forming. Reasons for this anomaly may be that oxygen may have leaked 

into the sample lines, causing an artificial increase in 0^ concentra

tion, or that the low concentrations measured near the top burner result 
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from deficiencies in resolution. Because of this difficulty, little 

confidence can be placed in the 0^ rates of formation. 

4.3 Reducing Pyrolysis 

Figures 4.18 and 4.19 show evolved species rates of formation 

for both coals under reducing conditions. The bituminous coal exhibited 

a rate of production of total hydrocarbons of 0.02 mol THC/(g-s). For 

both coals analyzed by the software, hydrocarbons were assumed to have 

the properties of acetylene. Ethane was also used as a test, but the 

results did not match the observed data. The rate of evolution of CO2 

reached a maximum of 0.0195 mol ZQ^/{q-s), which precedes the peak con

centration of 307 ppm at an axial position of 2.60 cm. The Beulah lig

nite behaves similarly, but demonstrates a larger rate of volatiles for

mation than does the bituminous coal. This is due, in part, to that 

fraction of the volatiles which condensed during sampling and was not 

analyzed. The peak rate of hydrocarbons formed was 0.119 mol THC/(g-s) 

and corresponded to an axial location of 2.47 cm above the bottom 

burner. The concentration at this point is the maximum concentration of 

volatiles, 970 ppm. The peak rate of CO2 production was 0.010 mol 

C02/(g-s) and occurred at a location 2.46 cm above the bottom burner. 

The concentration at this location was 175 ppm, well below the peak con

centration of 300 ppm. 

An interesting facet of the analysis is that, for the cases 

studied, the rates of formation show very sharp changes to rates of 

destruction. These occur at points where the peak concentration of a 

species has occurred and begins to trail off. While the rates of 
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destruction can be accounted for by chemical reaction, there is enough 

evidence to suggest that non-reaction processes account for some sizable 

fraction of these rates. 



CHAPTER 5 

DISCUSSION 

The data obtained and subsequent data analysis can be used to 

help formulate a more complete picture during early coal pyrolysis and 

coal precombustion. The discussion of results is broken down into two 

sections: 1) the discussion of the experimental data, and 2) the dis

cussion of the experimental data with the calculated rates to support 

the proposed theory. It is necessary to keep in mind that precision of 

data was difficult to maintain for all experimental runs, so that quali

tative results and pyrolysis trends are the emphasized features. Hope

fully, future work will address the problems of consistent, precise 

sampling and analysis. 

5.1 Oxidizing Pyrolysis 

The oxidizing pyrolysis experiments provided an excellent oppor

tunity to study entrained coal particles in a slightly oxygen-rich envi

ronment. Varying coal type allowed investigation of coal composition as 

an independent variable. Composition was the determining factor in gas 

species production during coal pyrolysis. The Illinois #5 pyrolysis 

products were dominated by C0£ production in the gas phase, while lig

nite pyrolysis was dominated by CO production. The initial ultimate 

analysis for both coals as received is reproduced in Table 5.1. The 

bituminous coal contained more volatile matter and less oxygen than did 

the Beulah lignite. Increased volatile matter content does explain why 

90 
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Table 5.1 Ultimate analysis 
nite and Illinois 
coal, as received. 

for Beulah lig-
#5 bituminous 

Beulah Lignite 
(K) 

Illinois #5 
Bituminous 

( S )  

N 0.46 0.97 

C 55.23 68.37 

H 3.55 4.57 

Ash 9.4 7.4 

0 and S* 31.37 18.68 

*Calculated by difference. 

the amount of analyzed carbon was higher for the bituminous coal than 

for the lignite, since the Illinois #5 would release more volatile mat

ter for similar heating profiles. This does not explain the reversal in 

the amounts of CO and CC^ produced for each coal. This can be explained 

by examining the composition of the coal matrix and observing the chemi

cal arrangement. 

Wender (1975) and Given (1960) have proposed structural models 

for coal which are helpful in modeling the observed data. The models 

show that coal is basically large groups of aromatic, organic clusters 

linked by methyl bridges or ether linkages. Oxygen contained in bitumi

nous coals is mainly in the form of ether linkages between the large, 

aromatic clusters. There are few alcohol or ketone groups within the 

coal structure. Because the C-C bond is a weaker bond than the 0-C 

bond, the probability is higher that the ether linkages will sever, 



92 

freeing the aromatic tars, as well as oxygen in the form of CO or CO^. 

Since ether bonds have the form R-C-O-C-R, CC^ is the preferred product 

during pyrolysis. 

The amount of available CO and C0£ from chemically bound oxygen 

is limited. The CO and CO^ observed under oxidizing conditions were 

produced by tar combustion near the particle surface. These aromatic 

clusters have the general composition of the parent coal (Solomon and 

Colkett, 1979) and are typically of very high molecular weight. The 

combustion of these tars occurs close to the particle surface and can be 

viewed as a multi-step, diffusion reaction process. As the particle 

moves through the gas phase, the internal temperature of the particle 

increases, liberating tars and light permanent gases. These products 

diffuse through the coal pore structure to the gas phase. Simultane

ously, O2 in the gas phase is diffusing toward the particle. When the 

reactants meet, some of the CO is further reacted to CO2, the C0£ dif

fuses away from the particle, and the volatile material begins to 

combust. 

Some of the tars burn to CO and lower molecular weight hydrocar

bons, depleting the local 0^ concentration in the gas phase near the 

particle. These compounds diffuse farther out from the particle, where 

the boundary-layer effect near the particle is less and the 0£ concen

tration is higher. Complete combustion of the hydrocarbons occurs in 

this region, causing a further reduction of the O2 in the gas phase com

pared to the initial concentration of O2. 

This type of two-stage combustion does explain the definite sep

aration of the CO and CO2 peaks in the gas' phase. The CO peak indicates 
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combustion chemistry dominated by diffusion effects close to the par

ticle surface, while the CC^ peak indicates combustion chemistry domi

nated by both diffusion and kinetic mechanisms. 

Oxidizing pyrolysis for the lignite is similar to the bitumi

nous; however, the higher 0^ content in the coal alters the reaction 

mechanism. Lignite has much more chemically bound 0^ than does bitumi

nous coal. This 0^ appears in the form of C=0, C-O-C, C-O-H, and C00H, 

while some oxygen is present as phenolic oxygen. As for bituminous 

coals, the C-C bonds are more readily broken than the 0-C or 0-H bonds. 

Double-bonded oxygen may lose one bond, but then break from the coal as 

CO radical. This type of bond cleavage produces large amounts of CO, 

OH, CO^, and ̂ 0 in the gas phase. Hydrocarbon clusters are liberated 

when the chemically bound 0^ is released, but these clusters are of 

lower molecular weight than in bituminous pyrolysis. There is also less 

available hydrocarbon to be released as volatile matter, which lowers 

the gas-phase concentration. 

The hydrocarbon clusters, upon exiting the coal particle, burn 

to CO and smaller hydrocarbons. The low initial concentration of tars 

is not as large a drain on the oxygen concentration, so that a very high 

conversion of hydrocarbons to CO is achieved. The subsequent reaction 

of the resulting CO and remaining hydrocarbons to CO2 is dominated by 

the slow oxidation of CO to CO2. The depletion of oxygen in the gas 

phase is less than for the bituminous coal since the combustion reac

tions are much slower. 
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5.2 Reducing Pyrolysis 

Investigation of reducing pyrolysis offers a chance to study 

thermal decomposition of coal without the interference of secondary 

reactions. The measured species for reducing pyrolysis were CO^ and 

total hydrocarbons (THC). No CO was detected in the gas phase for 

either coal, which suggests similar mechanisms for chemically bound oxy

gen consumption. Hydrogen was present in the gas phase at a concentra

tion of 3 percent at the bottom burner. No change in H2 profiles was 

noticed between the bituminous and the lignite experiments. Because 

detection of H2 was difficult, small changes in H2 concentration 

resulting from gas-phase reaction may have been missed. 

The process for thermal reducing pyrolysis appears to be the 

breaking of C-0 bonds and the liberation of CO, CO2, and THC. The only 

reactions which become important are shift reactions involving CO, H^, 

H^O, and C02> Hydrocarbons are only affected by thermal cracking and 

low-temperature H2 addition to the aromatic clusters. The shift reac

tions at low temperatures do not favor products, so that the following 

reaction set would indicate a depletion of CO in the gas phase: 

C + C02 -w 2C0 [5.1] 

C + H20 «-»• H2 + CO - [5.2] 

H20 + CO <-»• C02 + H2 [5.3] 

Reaction [5.1] favors soot and C02 at temperatures below 1000 K, while 

the high concentration of H2 in the gas phase inhibits the formation of 

CO, Reaction [5.2], and may even cause CO reduction. Reaction [5.3] is 
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the water gas-shift reaction, which is not rapid above 1200 K and does 

not affect the CO concentrations under the short time scales observed. 

Once the gas species are beyond the particle surface, diffusion 

becomes less important and kinetic factors begin to dominate. Exo

thermic reactions begin to slow down since the local temperature 

increases. Thermal cracking of volatile hydrocarbons becomes more pro

nounced and tar condensation onto the particle surface begins. These 

further reactions make accurate prediction of the composition of pyroly-

sis products difficult, especially in the case of heavy tars and vola-

tiles where thermal decomposition and condensation can radically alter 

product analysis (Anthony et al., 1976). 

5.3 Comparison of Technique 

Because the temperature profiles and carrier flow rates for both 

oxidizing and reducing pyrolysis are similar, comparison of the two 

experimental results leads to some useful information on pyrolysis chem

istry. If the peak concentrations observed for each measured species is 

assumed as a representative amount of material liberated during pyroly

sis, then comparison of peak heights and relative elution times may be 

useful. This assumption has the shortcomings that the peaks do not rep

resent the total amount of material liberated. Also, if the peak width 

is not sufficiently narrow, the effect of outside reactions may bias any 

qualitative results. Table 5.2 shows the comparison of peak concentra

tions and elution times for the measured species during oxidizing and 

reducing pyrolysis. 
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Table 5.2 Peak concentrations. 

Oxidizing Reducing 

Lignite Bituminous Lignite Bituminous 

PPM Z PPM Z PPM Z PPM Z 

CO 780 2.15 265 2.25 0 0 -

C02 530 1.90 1450 2.10 300 2.15 310 2.46 

THC 0 0 970 2.40 300 2.20 

A comparison of volatiles released for both coals shows that the 

lignite produced more volatile material than the bituminous coal. This 

would clearly be in conflict with previous works which prove that vola-

tiles production for lignites is less than for bituminous coals. To 

maintain agreement with current data, large amounts of tars must be con

densing within the sample lines or onto the particle surface. Thermal 

cracking for the coal is also probably minimal at these conditions since 

the measured concentration peaks for both coals are very steep. The 

relative size of the hydrocarbons may be inferred, in part, by looking 

at the elution times. Lignite volatiles reached a peak concentration at 

a position of 2.4 cm above the bottom burner, while bituminous volatiles 

lagged behind 2.0 mm. If the diffusion of volatiles through the coal 

particle is dominated by internal particle pressure and Knudsen diffu

sion of the species (Simons, 1984), then evidence exists to show that 

the lignite is forming a larger number of lower molecular weight hydro

carbons than is the bituminous. The bituminous coal is releasing 

heavier tars in fewer numbers. 
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Carbon dioxide lev/els from both coals under reducing conditions 

are very similar. This result is very interesting in light of the fact 

that chemically bound oxygen is more prevalent in the Beulah lignite. 

Since the bituminous coal predominantly has oxygen in the form of ether 

lines, it is possible that similar bonds within the lignite particle 

structure produce CO^ in early pyrolysis. Since 1^0 is not measured, 

accurate oxygen balances are not possible; however, enough oxygen exists 

as ketones and acids to allow the possibility that oxygen that is 

double-bonded to the carbon skeleton does not detach from the skeleton, 

but rather breaks off as an entire hydrocarbon group. Such behavior is 

consistent with the lower heating value of lignite pyrolysis products 

(Suuberg et al., 1979). 

If CO2 produced by both coals under oxidizing conditions is com

pared, and then the CO production under oxidizing conditions is com

pared, the difference in observed heating values can be seen. Almost 

1000 ppm more C0£ is formed from the bituminous pyrolysis than for the 

lignite pyrolysis, while only 500 ppm more CO is formed from the lignite 

than from the bituminous. The difference in carbon species favors the 

Illinois #5 by 500 ppm C0^ produced. Such a large difference in exo

thermic reaction products.is also consistent with the model that the 

lignite products have lower heating value. Mechanisms to explain the 

combustion of volatiles to C0£ and CO near particle surfaces are not 

readily available (Essenhigh, 1979). However, low heating value vola

tiles may serve to lower the local particle temperature, thereby inhib

iting particle surface ignition. 
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5.4 Solids Results 

The solids data obtained during the experimentation does not 

lend itself easily to comprehensive analysis. Because of the small num

ber of available data points, precise conclusions will necessarily have 

to wait for better solids sampling techniques. The results for each 

coal vary with each operating condition, which makes comparison of oper

ating conditions difficult. However, some observed trends may be help

ful in completing the pyrolysis theory. 

Table 5.3 represents the solids analysis for the lignite, while 

Table 5.4 represents the data for the Illinois #5. As is seen, the lig

nite appears to be relatively insensitive to pyrolysis conditions. The 

exception is in the nitrogen concentration, where oxidizing conditions 

produce a maximum in nitrogen content, while reducing conditions produce 

a steady increase in nitrogen content. The difference in behavior may 

be attributable to the volatiles ignition in the gas phase outside the 

particle. Chemically bound nitrogen has a very high bond energy, which 

causes nitrogen to remain in the coal matrix after other species have 

been reacted away. Under reducing conditions, the local temperature is 

not high enough to cause nitrogen release; however, oxidizing conditions 

produce a combustion zone of burning volatiles, which raises the local 

particle temperature to a point where nitrogen is released. The maximum 

observed under oxidizing conditions may be associated with the lag 

between volatiles production and volatiles combustion and heat transfer 

back to the particle. 

Nothing immediately obvious presents itself for an explanation 

as to why both carbon and hydrogen content increase under pyrolysis 



Table 5.3 Solids analysis, Beulah lignite. 

Position Of n /o L O' U /o n 0/ /0 N % Ash 

Raw coal - 55.23 3.55 0. .45 9.40 

Oxidizing 2.455 
2.115 

75.95 
76.53 

5.15 
4.74 

1. 
0. 
,34 
.49 

6.58 
7.16 

Reducing 2.720 
2.450 

74.63 
74.54 

5.12 
4.69 

1. 
1. 
.13 
,25 

6.73 
8.27 

Table 5.4 Solids analysis, Illinois 
bituminous. 

#5 

Position 0/ p /o L 0' U /o n 0' /• N % Ash 

Raw coal - 68.37 4.57 0. 98 7.40 

Oxidizing 2.555 
2.180 

66.88 
64.26 

4.48 
3.96 

1. 
0. 
30 
99 

7.13 
7.24 

Reducing 2.430 71.20 4.27 1.29 10.04 
2.120 66.74 4.07 1.30 13.52 
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conditions. Table 5.5 shows the carbon/hydrogen ratios for each coal 

under both conditions. The Beulah lignite demonstrates a relatively 

constant C/H ratio independent of pyrolysis environment. The maximum 

variance in C/H ratio is 9 percent, which strongly supports the previ

ously stated theory that no heterogeneous reactions are occurring. The 

slight drop in C/H ratio is caused by carbon-oxygen bonds breaking pref

erentially to other bonds, causing a slight drop in the C/H ratio. 

The bituminous coal exhibits some behavior seen in the lignite. 

Notably, the nitrogen concentration shows similar behavior under oxi

dizing and reducing conditions as for the lignite. The reasons are felt 

to be the same for both coals and may be important in the formation of 

nitrogenous pollutants. The important differences in bituminous pyroly

sis under the two different conditions was the carbon content and ash 

content. Under reducing conditions, both ash and fixed carbon increase 

initially, then the carbon decreases, while the ash continues to 

increase. Oxidizing conditions produce a minimum in ash content, with a 

steadily decreasing carbon content. A possible explanation is that, 

Table 5.5 Carbon/hydrogen ratios. 

Lignite Bituminous 

Position C/H Position C/H 

Raw coal - 15.58 _ 14.96 

Oxidizing 2.455 
2.115 

14.59 
15.89 

2.555 
2.180 

14.93 
16.23 

Reducing 2.720 
2.450 

14.76 
16.28 

2.430 
2.120 

16.67 
16.40 
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under oxidizing conditions, liberated tars are burned upon exiting the 

particle pore structure. Any ash trapped in those tars would not rede-

posit onto the particle, but melt and fragment. This would produce a 

decrease in both carbon and ash. Once the tars combustion had pro

ceeded, carbon and other volatile matter would be driven off faster than 

the coal, causing continual decrease in volatiles and slight increase in 

ash. 

Mass loss under reducing conditions indicates a high amount of 

hydrogen loss compared with oxidizing pyrolysis. This may be produced 

by thermal cracking of the released tars outside the coal particle or 

inside the pore structure. As cracking occurs, hydrogen is liberated, 

leaving a carbon skeleton higher in carbon which may deposit onto the 

coal particle. As pyrolysis continues and the particle temperature 

increases, more volatile matter is released, causing a decrease in the 

carbon content. Ash continues to increase since, once the ash trapped 

in the coal tars has either left the particle and redeposited or 

remained trapped, the ash contained in the char begins to become a 

larger fraction of the particle mass. 

The carbon/hydrogen ratio for the bituminous coal is given in 

Table 5.5 and shows that, for both oxidative and reducing conditions, 

hydrogen loss is the dominant factor. Oxidizing conditions do not pro

duce a different C/H ratio from that of the parent coal, which would not 

be the case if heterogeneous reactions were occurring on the particle 

surface. The sharp rise in the C/H ratio may indicate that, after some 

tars have been liberated, hydrogen release increases because of higher 

local particle temperatures. Reducing conditions produce the sharp 



102 

initial rise in the C/H ratio, which would indicate a large amount of 

thermal cracking, releasing hydrogen and redepositing the remaining car

bon. Once the initial depletion of hydrogen occurs, the further 

decrease of volatile matter in the coal particle does not change the 

previously established C/H ratio. 

The solids analysis provides support for the concept of early 

volatile release prior to particle combustion. There is also evidence 

to suggest that redeposition of material onto the coal particle does 

occur in oxygen-lean environments. This phenomenon would alter the sur

face chemistry of the particle which, in turn, would affect the combus

tion and pollution characteristics of burning particles. Future studies 

should look into better methods of solids analysis, which would include 

accurate measurement of oxygen concentration and ash composition. It is 

believed that these two compositions are very important in the solid 

chemistry during early, rapid devolatilization. 

5.5 Rates of Formation 

Examination of the rates of formation in light of the experimen

tal data provides a more complete picture of coal pyrolysis. Rates 

under oxidizing conditions indicate that the coals may behave similarly, 

while the rates obtained during reducing pyrolysis indicate dissimilar 

processes. 

Comparing rates of formation of CO2 and CO for both coals under 

oxidizing conditions reveals that the peak rates are of the same order 

of magnitude. This occurs in spite of the large differences in peak 

concentration, which would indicate very different rates. Consistent 
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rate behavior indicates that combustion may be a dominant mechanism in 

pyrolysis species evolution. This indicates that precombustion coal 

particles are subject to a similar limiting reaction step. A possible 

explanation could be the diffusion of material from the particle surface 

to the oxygen-containing boundary layer. Such a diffusion-controlled 

process would be relatively insensitive to the amounts of CO and 

produced directly from the breakdown of the coal. This is because gas-

phase combustion produces more CO, C0£ than does the coal directly. 

Since the gas samples do not have the resolution to measure close to the 

particle, the combustion products dominate the rates for those species. 

The primary source for CO and C0£ is the volatile matter released during 

pyrolysis. Combustion rates are then controlled by the rate at which 

the volatiles escape and reach the oxygen-containing environment. The 

differentiating factor between the rates for the Beulah lignite and the 

Illinois #5 bituminous is that the Illinois #5 bituminous peak rates 

occur before the peak rates for the Beulah lignite. This may be a 

result of the higher oxygen content in the lignite. The slow rise in 

rates is indicative of the lower heating value of lignite as a poorer 

quality fuel. 

Comparison of rates derived under reducing conditions should 

complement rates during oxidizing pyrolysis. Direct comparison may not 

yield extremely accurate results; however, reducing rates do provide 

useful, comparative information. 

When comparing rates of C0£ production for both coals, the rate 

for the lignite is seven times higher than for the bituminous. This 

higher rate almost certainly indicates that the high oxygen content of 
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the lignite reacts rapidly to form CC^. This is important because high 

CO2 concentrations lower the heating value of the product gas. The 

bituminous coal, having less oxygen, produces CC^ at a lower rate. 

Because the CC^ production for both coals is dependent on the rate of 

oxygen bond cleavage, the large difference in rates may indicate differ

ences in oxygen bonding to the coal matrix. Using spectroscopic tech

niques and solids analysis along with measured results may provide fur

ther insight to coal composition. 

Reducing conditions are the only conditions under which hydro

carbons were measured during the experimental work. For this reason, 

hydrocarbons data serve as a check for the conclusions drawn from the 

data obtained during oxidizing pyrolysis. Comparison of the rates of 

formation of hydrocarbons for both coals shows an interesting result: 

the lignite rate of formation is higher than the rate for the bituminous 

coal, even though the temperature at the lignite particles is 400 K 

lower than at the bituminous particles. Allowing for the condensation 

of heavy hydrocarbons and tars during sampling, the difference in rates 

offers further evidence that the bituminous coal produces larger hydro

carbons than the lignite. This is supported by recent theory (Simons, 

1984) which relates the amount of THC and their average molecular 

weights to the particle temperature and the internal particle pressure. 

The rates themselves represent a combination of processes which, 

with the current experimental equipment, are not separable. These proc

esses are: 1) cleavage reactions which liberate the hydrocarbons; 

2) diffusional forces which provide the driving force to move the hydro

carbons to the particle surface; and 3) condensation and cracking 
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reactions which lower both the observed yield and average molecular 

weight of the devolatilized hydrocarbons. Because sampling was consis

tent from both coals under reducing conditions, it can be assumed that 

hydrocarbons which condensed in the probe were similar for both coals. 

A further assumption is that the measured hydrocarbons were of the same 

average molecular weight. Since condensation has already been discussed 

as artificially reducing the amount of hydrocarbons produced by the 

Illinois #5, the calculated rates can be viewed as a measure of the 

first two pyrolysis processes. 

Once again, chemical bonds are the deciding factor in released 

hydrocarbon chemistry. The lignite, having a slightly higher rate at a 

much lower temperature, shows signs of having a chemical structure which 

is not held rigidly in a matrix pattern. The high oxygen content may be 

primarily responsible for this weaker structure. In the case of the 

bituminous coal, however, requiring a higher temperature to reach a com

parable rate of species production may indicate that these species are 

held more tightly by the coal matrix. Further, detailed analysis would 

be required to pinpoint the exact contributions between the processes 

involved with hydrocarbons produced. 

The higher rate of hydrocarbons at lower temperatures for the 

lignite is probably the reason that CO and CO^ production rates, during 

oxidizing pyrolysis, are so similar to the rates for the bituminous 

coal. The increased volatiles production rate early during pyrolysis 

provides an early source of reactant which increases the measured rate 

of production. 
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5.6 Effect on Combustion 

Because the hydrocarbons released are measured as equivalent 

methane, a very crude carbon balance, using peak concentrations, can be 

made by totalling the carbon released during reducing pyrolysis and 

during oxidative pyrolysis. Table 5.6 shows the amounts of carbon 

released for each coal at each condition and the relative differences. 

This table shows that within 4 percent of the carbon released during 

oxidizing conditions can be accounted for under reducing conditions. 

For the bituminous coal, only 65 percent of the carbon released under 

oxidizing conditions can be accounted for under reducing conditions. 

This suggests further evidence that the volatiles for the bituminous and 

for the lignite are of very different molecular weights. Tar condensa

tion has already been cited as a cause for the limited amount of vola

tiles found in the gas phase for bituminous pyrolysis. The data do not, 

then, support heterogeneous combustion of the solid surface as a prior 

condition to volatiles production. This is in agreement with results 

obtained by Badzioch and Hawksley (1970), who found that volatiles pro

duction was not enhanced by oxygen in the gas phase. Howard and 

Essenhigh (1971) maintained that particle ignition is necessary for 

Table 5.6 Carbon balance. 

Oxidizing Reducing 0' /• 
(ppm) (ppm) Difference 

Lignite 1310 1270 3.28 

Bituminous 1715 600 65.00 
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volatile production to begin. The discrepancy in observed effect may be 

the result of the time scales studied, which varied by a factor of 100. 

Figures 5.1 and 5.2 show the species profiles for the lignite 

and the Illinois #5, respectively, under both pyrolysis conditions. The 

curves show that, for the bituminous coal, the peak hydrocarbon peak 

falls between the CO and C0^ peak. This large flux of volatiles into 

the gas phase, assuming no tar condensation, would reduce the large 

amounts of CO and C0^ measured under oxidizing conditions. The separa

tion of the CO and C0£ peaks suggests a two-step combustion model where 

volatile combustion near the particle surface produces primarily CO. 

The heat from this reaction then produces more volatile matter. Precom-

bustion products then are burned to CO2 farther from the particle. 

The lignite curves show that the volatile material is not burned 

in two very distinct regions. The production of volatiles is followed 

by CO production, which is then followed by CO2 production. This slow 

oxidation appears to be the result of the high 0^ concentration of the 

liberated volatiles, which causes the reactions to be dominated by slow 

oxidation of CO to CO2, rather than by the more rapid oxidation of CO to 

CO2 with hydrogen atoms present. 

5.7 Conclusions 

1. The opposed-jet system is a useful tool in the study of coal 

pyrolysis during short time scales (0-60 ms) and high heating 

rates (20,000-70,000 K/s). 

2. Quantitative determination of net rates of formation of species 

is possible with this configuration, but requires significantly 
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better spatial reduction and precision of the data than were 

achievable in this experiment. 

3. Bituminous coal pyrolysis is characterized by large amounts of 

heavy tars being formed prior to particle ignition or 

heterogeneous combustion. 

4. Lignite pyrolysis produces more light hydrocarbons and more CO 

than bituminous coal under similar heating conditions. 

5. Structural differences between lignite and bituminous coal can 

account for the difference in pyrolysis behavior. 

6. Pre-ignition-phase coal particles are characterized by a two-

zone combustion mechanism, where hydrocarbons are burned to CO 

and the resulting CO is burned to CO2. The energy from this 

reaction further liberates hydrocarbons. This behavior is 

insensitive to coal type. 

7. Chemically bound oxygen plays an important role in both inert 

and oxidizing pyrolysis environments. 

8. The computer software used to model the opposed-jet pyrolysis 

system predicts peak rates of formation of species which coin

cide with locations where peak concentrations are present in the 

flame. 

9. The rates of formation correspond to peak concentrations of 

pyrolysis species and can be used as a gauge of how pyrolysis is 

progressing. 
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5.8 Future Work 

Future work should address the problem of measuring the evolu

tion of trace nitrogen and sulfur compounds in pyrolyzing coal parti

cles. Emphasis should be placed on further refinement of sampling tech

nique and on improvements in spatial reduction. This might require mod

ification of the system to allow operation at much lower velocities, 

since this would alleviate the problem of producing the very steep 

species concentration gradients that were observed in this work. Steep 

gradients exacerbate spatial resolution problems. The currently used 

computer model should be expanded to incorporate a distributed activa

tion energy model to better predict weight loss from the coal particles. 

A method should be developed to collect all species released by 

the coal during pyrolysis, such as tars and ash particles. This would 

allow a mass balance on the coal entering the system and reduce the 

error in using the computer program. Further experiments should also 

incorporate advanced solids analysis techniques so that, along with a 

more precise mass balance, a better description of the structure of the 

devolatilizing coal can be used to predict the species produced. 



APPENDIX A 

NUMERICAL CALCULATIONS 

Cold Flow Gas Velocity 

V = VT/A 

VT = I V. 
T 1 

where 

v = gas velocity, cm/s; 

V.J. = volumetric flow, cm^/s; and 

A = burner face area, cm3. 

Oxidizing Conditions 

V . = 62 SLPM 
air 

V = 62 SLPM 
2 

Vu = 20 SLPM 
2 

Z V t =  1 4 4  S L P M  

2 
A = = — [(4.0-in.)(2.54 cm/in.)]^ = 81.1 cm^ 

(144 SLPM)(1000 cm3/L)(l min/60 s) vu = = = 5U cm/s 
81.1 cm 

Reducing Conditions 

V . = 55 SLPM 
air 

V.. =78.5 SLPM 
2 
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Vu = 24 SLPM 
2 

VT = V. = 157.5 SLPM 
T l 

(157.5 SLPM)(1000 cm3/L)(l min/60 s) 
v = = 33 cm/s 

81.1 cm 

Thermocouple Corrections 

Tg = Tb + If (Tb" - 298'164) I"'" 

where 

= gas temperature, K; 

= bead temperature, K; 

e = thermocouple emissivity; 

—8 2 -4 a = Stefan-Boltzmann constant = 5.67x10 w/m K ; 

d = bead diameter, mm; and 

X = gas thermal conductivity, u)/m K. 

Estimate of e for Pt (from Perry's, 10-46, 5th edition): 

e = 0.051484 + Tb(9.478xl0-5) [A.2] 

Estimate of X for 

X = 0.024057 + Tg(7.27xl0"5) ui/m K [A.3] 

The procedure was to assume T^ = T^, then iterate using Equations [A.2] 

and [A.3] for X and e and inserting into Equation [A.1] until T^ 

converges. 

Mass Loss during Pyrolysis 

(1 - A ) A 
A mass = [1 ] 

(1 - A.) Af 

where 
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= initial ash concentration, percent; and 

= final ash concentration, percent. 

For Beulah lignite coal, oxidizing pyrolysis: 

A. = 9.40 = 0.0940 
l 

Af = 6.58 = 0.0658 

A ri (1 •" 0.0658) 0.0940 T n /,-7-71-1 /.-jo/ _ 
A = Cl - (1 - 0.0940) 070658 ] = " °-473D = 47?° maSS gain 

For Illinois #5 bituminous coal, oxidizing pyrolysis: 

A. = 7.40 
l 

Af = 7.13 

rn (1 - 0.0713) 0.0740 n 1n, 
A = [1 " (I - 0.0740) OTl3 ] = " °*°41 = 4*1?0 m3SS gain 

For Illinois #5 bituminous coal, reducing pyrolysis: 

A Pi (l — 0.1004) 0«0740 t n n n onn/ 1 
A = Cl ~ (1 - 0.0740) O004 3 = °'28 = 28'° maSS l0SS 

Conversion of Rate Data 

Let: 

= rate of production of species i, (g-mol)/(g coal-s); 

= rate of production of species i, (g-mol)/(cm3-s); and 

p = coal density, g/cm3 gas. 

At room temperature: 

P = (nRj°/p) = 2.805xl0-5 g/cm"5 gas 

where T\ = the temperature at ambient conditions. 

r. T 
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where is the temperature at a z location and is used to correct the 

gas volume. For Illinois #5 bituminous coal, oxidizing pyrolysis: 

C02 ='i 

r. at z = 2.0 = - 2.57xl0~7 
1 

T = 1180 K 
z 

- 2.57xl0~7 1180 (q-mol)/(cm3-s) „ g_mo1 C02 
n. = -T -,nn —3 , = - U.LJ>6LJ^ i 
1 2.8058x10" 300 g/cm3 9 coal"s 
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Solids 

Beulah low-sodium lignite 

Position % N 0/ p /o L. 0' LI /o n % Ash 

Raw coal - 0.47 
0.44 

54.33 
55.13 

3.621 
3.47 

9.40 

Oxidixing 2.455 1.34 
1.34 

75.91 
75.99 

5.36 
4.93 

6.99 
6.17 

2.115 0.79 
0.18 

76.19 
76.87 

4.74 
4.74 

7.52 
6.80 

Reducing 2.72 0.91 
1.36 

73.78 
75.48 

4.86 
5.37 

6.31 
7.14 

2.45 1.25 74.54 4.69 8.27 

Illinois #5 bituminous 

Position % N of n /o L 0' LI /• n % Ash 

Raw coal - 0.99 
1.04 

68.38 
68.36 

4.56 
4.58 

7.40 

Oxidizing 2.555 
2.180 

1.30 
0.99 

66.88 
64.26 

4.48 
3.96 

7.13 
7.24 

Reducing 2.430 
2.120 

1.29 
1.30 

71.20 
66.74 

4.27 
4.07 

10.04 
13.52 



Temperature 

No coal, oxidizing pyrolysis 
Run Number 3.1; 19 Nov 84 
Upper burner position 85.565 
Lower burner position 82.62 

RELZPOS TEMP THERM TEMP GAS 

0.43 1159. 1198. 
0.63 1154. 1192. 
0.78 1152. 1190. 
1.01 1151. 1189. 
1.38 1148. 1185. 
1.70 1148. 1185. 
2.33 1073. 1102. 
2.54 843. 854. 
2.77 403. 404. 
2.86 333. 333. 

Illinois #5 bituminous coal, 
Run Number 3; 19 Nov 84 
Upper burner position 85.565 
Lower burner position 82.62 

RELZPOS 

0.15 
0.42 
0.58 
0.74 
0.96 
1.27 
1 .60  
1.74 • 
2.00 
2.39 
2 .62  
2.71 
2.83 

oxidizing pyrolysis 

TEMP THERM TEMP GAS 

1292. 1351 
1152. 1190 
1148. 1185 
1149. 1186 
1147. 1184 
1147. 1184 
1146. 1183 
1144. 1181 
1141. 1177 
1098. 1129 
903. 918 
703. 709 
479. 480 
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Beulah lignite coal, oxidizing pyrolysis 
Run Number 3; 19 Nov 84 
Upper burner position 85.565 
Lower burner position 82.62 

RELZPOS TEMP THERM TEMP GAS 

2 . 6 6  
2.63 
2.48 
2.25 
2.13 
2.06  
2.33 
1.67 
1.44 
1.31 
1.17 
1.04 
0 .81  
0.63 
0.43 
0 . 2 8  
0 .21  
0.14 
0.07 

828. 
903. 
1053. 
1129. 
1138. 
1140. 
1141. 
1144. 
1145. 
1146. 
1145. 
1144. 
1145. 
1146. 
1160. 
1202. 
1257. 
1307. 
1188. 

838. 
918. 

1080. 
1164. 
1174. 
1176. 
1177. 
1181. 
1182. 
1183. 
1182. 
1181. 
1182. 
1183. 
1199. 
1247. 
1310. 
1369. 
1231. 

No coal, reducing pyrolysis 
Run Number 5; 27 Nov 84 
Upper burner position 85.515 
Lower burner position 82.455 

RELZPOS TEMP THERM TEMP GAS 

1.05 
1.22  
1.52 
1.75 
1.99 
2.48 
2.67 
1.84 
2.19 
2.35 
2.54 
2.58 
0.33' 

1165. 
1160. 
1152. 
1149. 
1141. 
1105. 
1017. 
1158. 
1150. 
1132. 
1106. 
1095. 
1289. 

1204. 
1199. 
1190. 
1186. 
1177. 
1137. 
1040. 
1196. 
1187. 
1167. 
1138. 
1126. 
1347. 



Illinois #5 bituminous coal, reducing pyrolysis 
Run Number 5; 27 Nov 84 
Upper burner position 85.515 
Lower burner position 82.455 

RELZPOS TEMP THERM TEMP GAS 

1.05 1163. 1202. 
1.22 1159. 1198. 
1.52 1155. 1193. 
1.75 1154. 1192. 
1.99 1149. 1186. 
2.48 1092. 1123. 
2.67 979. 999. 
1.84 1160. 1199. 
2.19 1155. 1193. 
2.35 1133. 1168. 
2.54 1103. 1135. 
2.58 1078. 1107. 
0.33 1288. 1346. 

Beulah lignite coal, reducing pyrolysis 
Run Number 5; 27 Nov 84 
Upper burner position 85.515 
Lower burner position 82.455 

RELZPOS TEMP THERM TEMP GAS 

1.05 1158. 1196. 
1.22 1156. 1194. 
1.52 1160. 1199. 
1.75 1159. 1198. 
1.99 1151. 1189. 
2.48 1071. 1099. 
2.67 708. 714. 
1.84 1166. 1206. 
2.19 1157. 1195. 
2.35 1133. 1168. 
2.54 1078. 1107. 
2.58 995. 1016. 
0.33 1279 1336. 



Gas 

Illinois #5 bituminous coal, oxidizing pyrolysis 
Gas chromatograph data, peak areas, concentrations 
Date: 3/14/85; time: 2:00pm to 3:45pm 
Carrier gas: helium at 60 cc/min through each column 

Column 1: Mol-Sieve, 45-60 mesh 
Column 2: Poropak-T, 80-100 mesh 

Oven temperature 100 C; injector temperature 150 C 
Sample pressure 30 psi; sample volume 0.1 cc 
Radial location 3.0 cm off center line 

C02 CO 1 
POSITION AREA PPM AREA PPM AREA 

2.92 0.0499 50 _ _ 

0.0511 51 - -

0.0 0 0.0 0 -

2.36 0.1752 163 0.0482 47 _ 

0.1304 122 0.2461 500 

2.20 0.2777 2560 0.0437 43 
0.1117 1054 0.0346 30 -

2.05 0.2059 1910 0.0741 90 _ 

0.4468 4090 0.1822 320 -

0.2125 1970 0.2135 390 -
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Illinois #5 bituminous coal, oxidizing pyrolysis 
Gas chromatograph data, peak areas, concentrations 
Date: 3/21/85; time: 1:00pm to 2:40pm 
Carrier gas: helium at 60 cc/min through each column 

Column 1: Mol-Sieve, 45-60 mesh 
Column 2: Poropak-T, 80-100 mesh 

Oven temperature 100 C; injector temperature 150 C 
Sample pressure 10 psi; sample volume 0.1 cc 
Radial location 3.0 cm off center line 

C02 CO 02 
POSITION AREA PPM AREA PPM AREA 0' /0 

1.35 0.0063 100 _ _ _ 

0.0053 90 - - 3.78 2.22 
0.0080 115 - - 3.84 2.26 

1.03 _ _ 0.0075 5 3.89 2.28 
- 0.0066 5 3.97 2.36 

1.58 0.0115 150 0.0021 0 3.8155 2.24 
0.0126 160 0.0196 20 3.8518 2.28 
0.0084 120 0.0 0 3.8275 2.26 

1.83 0.0158 186 0.0495 20 3.5288 2.1 
0.0190 215 0.0464 25 3.59 2.06 

2.12 0.0929 880 0.1074 77 3.0182 1.72 
0.0633 620 0.1906 172 2.66 1.50 
0.1010 960 0.1709 150 2.94 1.67 

2.27 0.0146 180 0.0501 525 1.26 0.60 
0.1351 1270 0.0389 250 1.48 0.72 
0.2471 2280 0.0136 20 1.65 0.83 

2.52 _ _ 0.0086 0 0.88 0.32 
- - 0.0104 10 0.85 0.30 

0.78 - - 0.0134 20 4.11 2.44 

0.59 _ _ 0.0 0 4.17 2.50 
- - 0.0 0 4.20 2.50 

2.84 _ _ 0.0 0 0.0 0.0 
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Beulah lignite coal, oxidizing pyrolysis 
Gas chromatograph data, peak areas, concentrations 
Date: 3/4/85; time: 1:45pm to 4:00pm 
Carrier gas: helium at 60 cc/min through each column 

Column 1: Mol-Sieve, 45-60 mesh 
Column 2: Poropak-T, 80-100 mesh 

Oven temperature 100 C; injector temperature 150 C 
Sample pressure 30 psi; sample volume 0.1 cc 
Radial location 3.0 cm off center line 

C02 CO 02 
POSITION AREA PPM AREA PPM AREA 0  /  / 0  

2.725 0 .  0 0 .  0 0.8793 0.30 
0 .  0 0.0082 117 0.4117 0 .  

2.17 0.0541 500 0.0638 621 1.51 0.74 
0.0244 264 0.0353 363 2.02 1.07 

2.42 0.0205 229 0.0472 471 1.37 . 0.64 
0.0223 245 0.0297 312 1.52 0.74 

1.7 0.0273 291 0.0197 221 4.95 2.30 
0.0249 269 - - 5.11 2.30 
- - 0.0187 212 4.11 2.20 

1.22 0 .  0 0 .  0 5.59 2.60 
0 .  0 0 .  0 5.58 2.60 

0.40 0 .  0 0 .  0  5.4951 2.52 
0 .  0  0 .  0 5.58 2.60 

0.12 0 .  0  0 .  0 5.60 2.61 
0 .  0  0 .  0 5.77 2.73 

1.92 0.0263 281 0.0500 496 _ — 

0.0297 312 0.0554 545 - -



Illinois #5 bituminous coal, reducing pyrolysis 
Gas chromatograph data, peak areas, concentrations 
Date: 3/26/85; time: 11:00am to 1:00pm 
Carrier gas: helium at 60 cc/min through each column 

Column 1: Mol-Sieve, 45-60 mesh 
Column 2: Poropak-T, 80-100 mesh 

Oven temperature 100 C; injector temperature 150 C 
Sample pressure 30 psi; sample volume 0.1 cc 
Radial location 3.0 cm off center line 

C02 H2 
POSITION AREA PPM AREA PPM 

0.25 0.0137 167 0.0611 8650 
0.0133 163 0.0216 3000 

0.52 0.0123 154 0.0199 3300 
0.0161 189 0.0232 2800 

0.89 0.0135 165 0.0249 3500 
0.0135 165 0.0168 2300 

1.20 0.0081 116 0.0222 3150 
0.0129 160 0.0252 3600 

1.63 0.0125 156 0.0262 3700 
0.0127 158 0.0275 4000 

1.97 0.0138 168 0.0268 3700 
0.0146 175 0.0296 4200 

2.51 0. 0 0. 0 
0.0227 249 0. 0 
0.0173 200 0. 0 
0.0486 483 0. 0 

2.88 0. 0 0. 0 
0. 0 0. 0 
0.0347 357 0. 0 

2.22 0.0184 210 0.0257 290 
0.0137 167 0.0253 270 
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Illinois #5 bituminous coal, oxidizing pyrolysis 
Hydrocarbons data, flame ionization detector, peak areas, concentrations 
Date: 4/5/85; time: 11:30am to 1:15pm 
Carrier gas: helium at 60 cc/min through each column 

Column 1: Mol-Sieve, 80-100 mesh 
Column 2: Poropak-T, 80-100 mesh 

Oven temperature 100 C; injector temperature 150 C 
Sample pressure 30 psi; sample volume 0.1 cc 
Radial location 3.0 cm off center line 

TOTAL HYDROCARBONS 
Z POSITION AREA PPM 

2.33 3360 244 
3520 250 
3120 185 

2.025 3840 287 
2000 110 

1.63 560 40 
320 20 

1.18 384 28 
256 16 

2.60  1472 99 
1536 106 

2 .22  4480 294 
4352 306 

1.74 1792 116 
1536 100 

2.13 3769 260 
4266 294 
4160 280 

0.80 100 
150 

6 
16 
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Beulah lignite coal, reducing pyrolysis 
Hydrocarbons data, flame ionization detector, peak areas, concentrations 
Date: 4/13/85; time: 8:00am to 12:00am 
Carrier gas: helium at 60 cc/min through each column 

Column 1: Mol-Sieve, 45-60 mesh 
Column 2: Poropak-T, 80-100 mesh 

Oven temperature 100 C; injector temperature 150 C 
Sample pressure 30 psi; sample volume 0.1 cc 
Radial location 3.0 cm off center line 

C02 TOTAL HYDROCARBONS 
POSITION AREA PPM AREA PPM 

2.72 0.0179 208 _ 

0.0120 152 - -

2.5 0.0182 208 3600 138 
0.0331 343 3600 138 

2.43 0.0163 191 10700 1280 
0.0152 181 8000 656 

2.15 0.0231 252 4200 188 
0.0336 347 4600 218 

1.78 0.0140 170 800 60 
0.1250 1175 300 25 

1.33 0.0260 279 512 37 
0.0104 137 1312 90 

0.97 0.0158 186 430 25 
0.0079 115 426 25 

0.48 0.0197 221 256 12 
0.0233 354 192 12 

2.29 0.0274 291 12000 812 
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Gas chromatograph calibration curve for CO on 40-60 mesh Mol-Sieve at 
100 C. 
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C=14840. (AM5.5 

Gas chromatograph 
100 C. 

calibration curve for CO on 80-100 mesh Mol-Sieve at 
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Gas chromatograph calibration curve for CH. using 80-100 mesh Mol-Sieve 
at 100 C. 
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Flame ionization detector calibration curve. 



132 

1200-

1000-

800-

600-

400-

n 200- C =0.1417 (A)*4.0x10"5 

~80~ 
-r~ 
90 10 20 30 40 50 60 

Peak Area xlO"^ 
70 

Gas chromatograph calibration curve for on 80-100 mesh and 40-60 mesh 
Mol-Sieue at 100 C. 
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Gas chromatograph calibration curve for C09 on 80-100 mesh Poropak-T at 
100 C. 1 
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pyrolysis. Also refer to Figure 3.1 (p. 38). 
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Oxygen profile, Illinois #5 bituminous and Beulah lignite, oxidizing 
pyrolysis. Also refer to Figure 3.2 (p. 40). 
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Carbon monoxide profile, Illinois #5 bituminous, oxidizing pyrolysis, 
raw data. Also refer to Figure 3.3 (p. 42). 
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Carbon dioxide profile, Illinois #5 bituminous, oxidizing pyrolysis, raw 
data. Also refer to Figure 3.4 (p. 43). 
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Carbon monoxide profile, Beulah lignite, oxidizing pyrolysis;, raw data. 
Also refer to Figure 3.6 (p. 45). 
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Carbon dioxide profile, Beulah lignite, oxidizing pyrolysis, raw data 
Also refer to Figure 3.7 (p. 46). 
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Hydrogen profile, Illinois #5 bituminous and Beulah lignite, reducing 
pyrolysis, raw data. Also refer to Figure 3.10 (p. 50). 
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Carbon dioxide profile, Illinois #5 bituminous, reducing pyrolysis, raw 
data. Also refer to Figure 3.11 (p. 52). 
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Total hydrocarbons profile, Illinois #5 bituminous, reducing pyrolysis, 
raw data. Also refer to Figure 3.12 (p. 53). 
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Carbon dioxide profile, Beulah lignite, reducing pyrolysis, raw data. 
Also refer to Figure 3.14 (p. 56). 
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Beulah Lignite, Oxidizing Pyrolysis 

034011006035006 
$DIS DIST=3.0, 

Vl=133.0, 
VM=22.0, 

$END 
$INPT XRAW=0.15,0.42,0.43,0.58,0.63,0.74,0.78,0.96,1.01,1,04,1.17, 

1.27,1.31,1.38,1.44,1.60,1.67,1.70,1.74,2.00,2.06,2.13, 
2.25,2.33,2.39,2.48,2.54,2.62,2.63,2.66,2.71,2.77,2.83, 
2 . 8 6 ,  

TRAW=1351.,1190.,1198.,1185.,1192.,1186.,1190.,1184.,1189., 
1181.,1182.,1184.,1183.,1185.,1182.,1183.,1181.,1185., 
1181.,1177.,1176.,1174.,1164.,1177.,1129.,1080.,854.,918., 
918.,838.,709.,404.,480.,333., 

$END 
$SPECIE LSTSPEr'CO ','C02 ','H2 ','02 ', 

•N2 1,'H20 ', 
$END 
$INPT2 XRAWH2=0.00,0.60,1.20,1.80,2.40,3.00, 
$END 
$INPT3 CMH2=0.00,0.00,0.00,0.00,0.00,0.00, 
$END 
$INPT4 XRAW=0.12,0.40,1.00,1.20,1.40,1.70,1.90,2.18,2.42,2.72,3.00, 
$END 
$INPT5 CM(1,1)=0.00,0.00,0.00,0.0267, 

CM(1,2)=0.00,0.00,0.00,0.0256, 
CM(1,3)=0.00,0.00,0.00,0.0260, 
CM(1,4)=0.00,0.00,0.0,0.0260, 
CM(1,5)=0.000106,0.000096,0.0,0.0250, 
CM(1,6)=0.000330,0.000280,0.0,0.0224, 
CM(1,7)=0.000580,0.000532,0.0,0.0168, 
CM(1,8)=0.000780,0.000470,0.0,0.0090, 
CM(1,9)=0.000615,0.000238,0.0,0.0069, 
CM(1,10)=0.000085,0.000,0.0,0.0015, 
CM(1,11)=0.0000,0.000,0.0,0.000, 

SEND 
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Beulah Lignite, Reducing Pyrolysis 

013011011035006 
$DIS DIST=3.0, 

Vl=133.0, 
VM=22.0, 

SEND 
$INPT XRAW=0.20,0.30,0.49,0.57,1.11,1.38,1.50,1.93,2.20,2.34,2.37, 

2.56,2.85, 
TRAW=1360.,1235.,1163.,1163.,1177.,1189.,1195.,1182.,1045.,851., 

712.,454.,323., 
$END 
$SPECIE LSTSPE=1THC ','C02 ','H2 ','02 

'N2 ','H20 ', 
$END 
$INPT2 XRAWH2=0.25,0.51,0.88,1.20,1.66,1.92,2.22,2.57,2.80,2.88, 
SEND 
$INPT3 CMH2=0.0585,0.0305,0.0295,0.0335,0.0360,0.0395,0.0395,0.0280, 

0 . 0 0 , 0 . 0 0 , 0 . 0 0 ,  
SEND 
SINPT4 XRAW=0.25,0.50,0.97,1.33,1.78,2.15,2.29,2.43,2.50,2.80,3.00, 
SEND 
SINPT5 CM(1,1)=0.00,0.00,0.00,0.00, 

CM(1,2)=0.00,0.000100,0.00,0.00, 
CM(1,3)=0.000025,0.000150,0.00,0.00, 
CM(1,4)=0.000045,0.000170,0.00,0.00, 
CM(1,5)=0.000075,0.000208,0.00,0.00, 
CM(1,6)=0.000205,0.000300,0.00,0.00, 
CM(1,7)=0.000770,0.000278,0.00,0.00, 
CM(1,8)=0.000915,0.000158,0.00,0.00, 
CM(1,9)=0.000138,0.000156,0.00,0.00, 
CM(1,10)=0.000010,0.000030,0.00,0.00, 
CM(1,11)=0.000000,0.000000,0.00,0.00, 

SEND 
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Illinois #5 Bituminous, Oxidizing Pyrolysis 

034015006035006 
$DIS DIST=3.0, 

Vl=133.0, 
VM=22.0, 

SEND 
$INPT XRAW=0.15,0.42,0.43,0.58,0.63,0.74,0.78,0.96,1.01,1.04,1.17, 

1.27,1.31,1.38,1.44,1.60,1.67,1.70,1.74,2.00,2.06,2.13, 
2.25,2.33,2.39,2.48,2.54,2.62,2.63,2.66,2.71,2.77,2.83, 
2 . 8 6 ,  

TRAW=1351.,1190.,1198.,1185.,1192.,1186.,1190.,1184.,1189., 
1181.,1182.,1184.,1183.,1185.,1182.,1183.,1181.,1185., 
1181.,1177.,1176.,1174.,1164.,1177.,1129.,1080.,854.,918., 
918.,838.,709.,404.,480.,333., 

SEND 
$SPECIE LSTSPE=1 CO ','C02 ','H2 ','02 ', 

1N2 VH20 1» 
$END 
$INPT2 XRAWH2=0.00,0.60,1.20,1.80,2.40,3.00, 
$END 
$INPT3 CMH2=0.00,0.00,0.00,0.00,0.00,0.00, 
SEND 
$INPT4 XRAW=0.20,0.375,0.60,0.775,1.025,1.35,1.425,1.58,1.825,2.050, 

2.125,2.25,2.350,2.525,2.925, 
$END 
$INPT5 CM(1,1)=0.00,0.00,0.00,0.0256, 

CM(1,2)=0.00,0.00,0.00,0.0254, 
CM(1,3)=0.00,0.000163,0.00,0.025, 
CM(1,4)=0.00,0.000163,0.0,0.0244, 
CM(1,5)=0.0,0.000106,0.0,0.0232, 
CM(1,6)=0.0,0.000106,0.0,0.0224, 
CM(1,7)=0.000002,0.000119,0.0,0.0230, 
CM(1,8)=0.000005,0.000138,0.0,0.0226, 
CM(1,9)=0.000022,0.000475,0.0,0.0208, 
CM(1,10)=0.000065,0.000913,0.0,0.0190, 
CM(1,11)=0.000130,0.001456,0.0,0.0166, 
CM(1,12)=0.000265,0.000350,0.0,0.0071, 
CM(1,13)=0.000065,0.000188,0.0,0.0046, 
CM(1,14)=0.0,0.000125,0.0,0.0030, 
CM(1,15)=0.0,0.000125,0.0,0.000400, 

SEND 
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Illinois #5 Bituminous, Reducing Pyrolysis 

013011011035006 
$DIS DIST=3.0, 

Vl=133.0, 
VM=22.0, 

SEND 
$INPT XRAW=0.20,0.30,0.49,0.57,1.11,1.38,1.50,1.93,2.20,2.34,2.37, 

2.56,2.85, 
TRAW=1360.,1235.,1163.,1163.,1177.,1189.,1195.,1182.,1045.,851., 

712.,454.,323., 
$END 
$SPECIE LSTSPE='THC ','C02 ',•H2 ','02 », 

•N2 1,'H20 ', 
$END 
$INPT2 XRAWH2=0.25,0.51,0.88,1.20,1.66,1.92,2.22,2.57,2.80,2.88, 
$END 
$INPT3 CMH2=0.0585,0.0305,0.0295,0.0335,0.0360,0.0395,0.0395,0.0280, 

0 .00 ,0 .00 ,0 .00 ,  
$END 
$INPT4 XRAW=0.25,0.51,0.88,1.20,1.66,1.92,2.22,2.57,2.80,2.88, 
SEND 
SINPT5 CM(1,1)=0.00,0.000153,0.0585,0.00, 

CM(1,2)=0.00,0.000156,0.0305,0.00, 
CM(1,3)=0.000010,0.000150,0.0295,0.00, 
CM(1,4)=0.000020,0.000134,0.0335,0.00, 
CM(1,5)=0.000060,0.000146,0.0360,0.00, 
CM(1,6)=0.000160,0.000148,0.0395,0.00, 
CM(1,7)=0.000187,0.000157,0.0395,0.00, 
CM(1,8)=0.000300,0.000194,0.0280,0.00, 
CM(1,9)=0.000117,0.000304,0.00,0.00, 
CM(1,10)=0.000010,0.000160,0.00,0.00, 
CM(1,11)=0.000000,0.000000,0.00,0.00, 

SEND 
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Gas Concentrations 
Oxidizing Pyrolysis 
Illinois #5 Bituminous Coal 

X 
.000 E+00 
. 8B2E-01 
• 176 E+00 
.265 E+00 
.3 53 E + 00 
.441E+00 
• 529 E + 00 
.618E+00 
• 706 E + 00 
•794E+00 
• 882 E + 00 
»971E+00 
• 106 E+01 
• 115 E+01 
• 124 E+01 
. 132 £ + 01 
.141E+01 
.150 E+01 
• 159 E + 01 
•168E+01 
.176 E+01 
.185 E+01 
.194E+01 
• 203 E+01 
.212 E+01 
.221E+01 
.229E+01 
•238E+01 
.247 E+01 
« 2 56 E+01 
.265 E+01 
• 274 E+01 
•282E+01 
•291E+01 
.300E+01 

TEMP 
• 135E + 04 
.135 E +04 
.132E+04 
• 128 E+0 4 
. 1 23 E +04 
. 120E + 04 
• 119 E+04 
.118E+04 
.119 £+04 
.119E+04 
•119E+04 
.119 E +04 
.118E+04 
.118 E+04 
• 118E + 04 
.118E+04 
•118E+04 
.118E+04 
•118E+04 
.118E+04 
•118E+04 
»118E+04 
.118E+04 
•118E+0 4 
.118E+04 
•118E+04 
.117E+04 
.113E+04 
.105E+04 
•952E+03 
.818 E+03 
•620E+0 3 
.444E+03 
•333E+03 
.3OOE+0 3 

CO 
• 100E -4 9 
. 1 00 E -49 
. 100E -49 
.100 E -4 9 
. 100E -49 
.1 OOE -4 9 
. 100E -49 
.100 E -4 9 
.1 00 E -49 
.100F -49 
. 1 00 E -49 
. 10QE -49 
.100E -49 
. 100E -49 
. 1 OOE -49 
• 100E -4 9 
• 100 E -49 
.31 5 E -05 
. 5 2 7 E -05 
. 8 82E' -05 
. 14 8E -04 
• 2 47E -04 
. 41 4 E' -0 4 
• 69 3 E -04 
.116E' -03 
. 134E' -03 
.2 99E -0 3 
. 27 5 E' -0 4 
. 1C0E' -49 
. 100 E -4 9 
. 100E' -49 
.100E' -4 9 
. 100 E' -49 
. 100 E -49 
.100 E' -49 

C 02 
.100E-49 
.100E-49 
.100E-49 
.100E-49 
.100E-4 9 
.100E-49 
.100E-49 
.125E-05 
.263E-05 
.507E-05 
• 913E-05 
.155 E-04 
•252E-04 
.394E-0* 
•596E-04 
.876E-0 4 
• 126E-03 
•176E-03 
•242E-03 
.328E-03 
.436E-03 
•572E-03 
.742E-C3 
. 951E-03 
• 121E-02 
.772 E-0 3 
.4 51E—03 
•269E-03 
.164 E-0 3 
•101E-03 
.637 E-04 
.407E-04 
.263E-04 
•173E-04 
.115E-04 

02 
. 260 E -01 
• 258 E -01 
. 256E -01 
. 254 E -01 
• 252E -01 
. 250E -01 
. 2 48 E -01 
. 246E -01 
. 244E -01 
. 242 E -01 
. 240E -01 
. 238E -01 
• 236E -01 
• 234E -01 
• 23 2 E -01 
• 230E -01 
• 22 8 E -01 
. 225 E -01 
. 223 E -01 
• 22 IE -01 
. 214 E -01 
. 198 E -01 
. 182E -01 
• 165 E -01 
. 106E -01 
. 686E -0 2 
• 449E -02 
. 299 E -02 
. 202 E -02 
• 138 E -02 
. 954E -03 
. 663 E -03 
. 473E -0 3 
.OOOE+OO 
•OOOE+OO 



Gas Concentrations 
Oxidizing Pyrolysis 
Beulah Low-Sodium Lignite 

X 
.000E+00 
• 8 62E-01 
.176E+00 
•265E+00 
.353E+00 
.441E+C0 
.529E+00 
.618c +00 
•706E+00 
.794E+00 
.882E+00 
.971E + 00 
.106E+01 
.115E+01 
•124E+01 
•132E+01 
.141E+01 
•150E+01 
• 159E+01 
.168E+01 
.176E+01 
.165 E + 01 
• 194E + 01 
.203E+01 
•212E+01 
•221E+01 
•229E+01 
•238E+01 
•247E+01 
.256E+01 
• 2 65E + 01 
.274E+01 
•282E+01 
•291E+01 
.300E+01 

TEMP 
.135E+04 
. 135E+04 
.132E+04 
• 128E+04 
•123E+04 
• 12 GE + 04 
•119E+04 
.118E+04 
•119E+04 
• 119 E + 04 
•119E+04 
•119E+04 
.118c+04 
• 118E+04 
•118E+04 
•118E+04 
«118E+04 
• 116E+04 
.118E+04 
• 118E + 04 
.118E+04 
• 118E + 04 
•116E+04 
i118E+04 
• 118 £ + 04 
•116E+04 
.117E+04 
•113E+04 
.105E+04 
.952E+03 
.618E+03 
• 620E+03 
•444E+03 
•333E+03 
.300E+03 

CD 
• 100 c—4 9 
. 100E-49 
tlOOE—49 
.iOGE-49 
• 100 fc —49 
. 100c-49 
•1GGE-49 
• 100c—49 
•100E-49 
•100E—49 
.100E-49 
.100t-49 
.100E-49 
«lOGE—49 
.100£—49 
.682E-04 
«141E-03 
• 214 E—03 
•287E—03 
.360E-03 
.433E-03 
• 506E—0 3 
.S76fc-03 
•65ifc—03 
.724E-03 
.864t-03 
.727E-03 
.575E-03 
•419E-03 
,275fc-03 
.158E-03 
•766E—04 
.301E-04 
•907E-05 
.i9fa£-05 

C 02 
• 100E-49 
.108E-05 
. 146t-05 
.197E-05 
.267E-05 
.361E-05 
. 4&9E-05 
.662t—05 
•89&E-05 
• 121E-04 
.164E-04 
.222E-04 
.30It—04 
.407E-04 
.551E-04 
.746E-04 
•101E-03 
.137E-03 
.185E-03 
.250E-03 
.33 9t-03 
•456E-03 
•926t—03 
.723E-03 
.563E-03 
•436E-03 
• 3411—03 
•266E-03 
. 207E-03 
.161E—03 
.126E-03 
.976E-04 
.762E-04 
•593E-04 
•462E-04 

02 
.267E-01 
.267E-01 
.266E-01 
.266E-01 
.265E-01 
.265E-01 
.264E-01 
.263E-01 
.263E-01 
. 262E-01 
• 262E—01 
.261E-01 
. 261E-01 
. 260E-01 
.253E-01 
.2 47E—01 
.241E-01 
•234E-01 
. 228E-01 
.190E-01 
. 175E-01 
•160E-01 
•145E-01 
.130E-01 
.115E-01 
.994E-02 
•842E-02 
«691E-02 
.539E-02 
.387E-02 
•235E-02 
. 835E.-03 
.100E-49 
.OOOE+GG 
.OOOfc+GO 



Gas Concentrations 
Reducing Pyrolysis 
Illinois #5 Bituminous Coal 

X TEMP T riC C02 H I  
0006+00 • 13oe + 04 . i07 t -OH • 29oc -03 • x 0 9  L  — W x 
8 62 c-01 •135E+04 • 114c -04 . 2c2E -03 . 677L -0 2 
176E+00 .13 3 b + 0 4 • 122 b -04 . 2tbc -03 • 70 4c -0 2 
265E+00 • 12 6t + 04 . 13 0c -04 .254c -03 . 5fctE - G t  
353E+00 •123E+04 . 13oe -0 4 • 24i E -03 • 45 31 -0 2 
4 41E + 00 .119c+04 • 14 6b -0 4 .227 c -0 3 • 363 c —v  c  
529E+00 .117E+04 • i5ec -04 • 213b -0 3 . 29i c — u 2 
616E+00 .115E +04 • looE -0 4 .19 9b -03 . C 3 H t —u2 
7G6E+00 '. 114E + 04 .160c -04 .165c -03 . lo7c. -u2 
794E+00 •115E+04 . 19cE -0 4 • 17 it: -w3 . l50c - 0  c  
8 82 E + 0u .. 115E+04 • 2o4 c -04 . ±5 ?t -03 . 3i 0 c -u2 
971E+00 • H6E + 04 . Zlct -04 .144c -02 • 31 cc -02 
106 £ + 01 .117E+04 • 23 3c -04 . 151 b -0 2 • 325 b -02 
115E+01 .118E+04 • 24ot -04 . 15 9E -02 .332c -0 2 
124E+01 • 118 £ + 04 • 26DC -0 4 . Ic7c -02 • 34 01 -02 
132E+01 . 119E + 04 • 2e3b -0* • 176 c -0 2 . 347b -02 
141E+01 •119E+04 • 302c -0 4 .165c -02 . 355c -02 
150E+01 • 120E+04 • 322E -0 4 • 194b -0 2 ' .362b -u2 
159E+01 .121E+04 • 343 b -04 .2 04 t -02 . 3oV c -0 2 
168E+01 .12lc+04 • 3btb -04 . 2 i 5 c -02 . 377 c -0 2 
176E+01 .121E+04 . 391 fc. -04 • 226E -0 2 • 3fc 4 l -0 2 
185 E + 01 .120E+04 .417c -04 . 23 6 E -02 . 392L — 0 2 
194E+01 •119E+04 . 4<»3c -04 .250c -02 . 39Vc -02 
203t+01 •115E+04 .472c -04 .263 c -02 . 375L —u2 
212E+01 . 109E + 04 . o  0 7 c -04 .2 76c -02 . 3171 -0 2 
221E+01 .100E+04 .341c -04 . 27ot -03 .2^ o c -u2 
229E+01 .881E+03 . 5 7 7 i -04 . 237t -03 .199c -02 
2 38 E +01 • 73 o£ + 03 • 6i6c -04 . 20 5 E -03 • 14 0 t -^2 
247E+01 •D01C+03 • 353c -03 . 173 c -03 .811c -03 
256E+01 .486E+03 • 13ot -0 3 . i40c -03 . 223c —\J 3 
265E+01 •406E+03 • 5 221 -04 • 10 6c -03 .100 c -49 
274E+01 • 355E-+0 3 . l9lc -0 4 .759b -04 • 100c >-49 
262E+01 .325E+03 .67o£ -05 • 4 3 fc c -0 4 . 100b —4 
291E+01 • 306 E + 03 • 232fc —05 .113b -04 . 100c —4 >» 
300E+01 .300E+03 .loot -49 . 100E -49 • 100 c. —t1  



Gas Concentrations 
Reducing Pyrolysis 
Beulah Low-Sodium Lignite 

X 
.OOOE+OO 
.882 E-01 
.176E+00 
• 265 E + 00 
.3 53 E+00 
•441E+00 
• 529E+00 
.613E+00 
.706 E+00 
•794E+00 
. 882 E+00 
• 971E+00 
• 106 E+ 01 
.115E+01 
•124E+01 
• 132 E+01 
•141E+01 
.150E+01 
•159E+01 
• 168 E+01 
.176 E + 01 
•185E+01 
•194E+01 
.203 E+01 
•212E+01 
.221E+01 
• 229 E + 01 
•238E+01 
•247E+01 
•256E+01 
•265E+01 
• 2 74E+01 
• 282 E+01 
•291E+01 
•300E+01 

EMP 
.136ErOA 
.135E+04 
.133 E +04 
. 12BE+04 
.123E+04 
• 119 E+04 
.117E+04 
•115E+04 
.114E+04 
.115E+04 
• 115E + 04 
• 116E + 04 
•117E+04 
.118E+04 
•118E+04 
•119E+04 
•119E+04 
•120E+04 
•121E+04 
.121E +04 
.121E+04 
• 120E+04 
•119E+04 
•115E+04 
•109E+04 
.100E+04 
.881E+03 
• 738E + 03 
• 601E+0 3 
.486E+03 
•406E+03 
• 3 55E-+03 
• 325E + 03 
• 306E+03 
•300E+03 

THC 
• 107E-04 
.114 F—0 4 
• 12 2 E-0 4 
• 130 F-34 
•138E-04 
.148 E—04 
•15PE-04 
.168E-04 
.18 0E-04 
.192 E-04 
.204 E—0 4 
.21SE-04 
.23 3E-04 
.24 8E-04 
• 265 E—04 
.233E-04 
•302E-04 
•322E-04 
• 3 43 E-04 
• 36 6 E-04 
• 391F—04 
• 417 E-0 4 
• 445 E-04 
•475E-04 
• 507E-04 
.541F-0 4 
• 5 77 E—04 
.616 E-04 
.353 E-03 
•13BE-03 
• 522 E-04 
• 191E-04 
•576E-05 
•232E-05 
•100E-49 

C 02 
• 2 96 E-0 3 
• 282E-03 
•266E-0 3 
• 2 54 E-0 3 
•241E-03 
*•227 E-0 3 
• 2 13E-03 
• 199E-0 3 
• 185 E—03 
• 171 E-0 3 
•157E-03 
•144E-02 
•151E-02 
•159E-02 
• 167E-02 
• 176 E-02 
•185E-02 
• 194 E-0 2 
•204E-02 
•215E-02 
• 226E-02 
• 2 38E-0 2 
• 250E-02 
•263E-02 
•276E-02 
• 2 70E-03 
• 237E-0 3 
• 205E-0 3 
• 173E-0 3 
• 140 E-0 3 
•108E-03 
•759E-04 
• 436 E—04 
•113E-04 
• 100E-49 

H2 
•109E-01 
• 877E-02 
• 704E-02 
• 56 4E-02 
•453E-02 
•363E-02 
•291E-02 
• 2 3 4 E -0 2 
•187E-02 
•150E-02 
• 310E-02 
•318E-02 
•325E-02 
•332E-02 
• 340E-02 
•347E-02 
• 3 55E-02 
• 36 2E-02 
•369E-02 
• 377E-0 2 
•384E-02 
• 3 9 2 E -0 2 
• 399E-02 
• 37 5E-02 
•317E-02 
•258E-C2 
•199E-0 2 
• 140E-02 
•811E-03 
.223E-03 
.100E-4 9 
•100E-49 
• 1OCE-49 
•100E-49 
• 100E-49 



Rates of Formation 
Oxidizing Pyrolysis 
Illinois #5 Bituminous Coal 

R (CO) 
-.416E-57 
.171E-56 
• 167 £-56 
.164E-56 
.1615-56 
o157 E-56 
.15 4c- 5 6 
.151E-56 
•145E-56 
•137E-56 
• 127 E-56 
• 115 E-56 
• 100 E-56 
•355E-57 
-.340E-56-
-.302E-08 
•114E-07 
• 311E—0 8 
• 145 5-08 
-.441E-08 
-.19 IE-07 
-•511E-07 
-•115E—06 
-.237E-06 
-.349E-06 
•131E-C5 

R ( C 02 > 
-.341E-57 
.140E-56 
.137E-56 
.13-4E-56 
.1325-56 
-.304E-10 
.566E-08 
•620E-08 
.109E-07 
•179E-07 
•278E-07 
•412E-07 
» 5 85 E-07 
.79 3E-07 
.1025-36 
• 125 E-06 
.1405-06 
•139E-06 
• 109 E-06 
.3 90E-07 
— •0 03 E-07 
-.254E-06 
-.4865-06 
• 174E-0 5 
•834E-06 
•511E-06 

R ( 02) 
-.124E -05 
-. 122 E -05 
-.1205 -05 
-.1175 -05 
-. 115E -05 
-.113E -05 
-»112 E -05 
-. 112E -05 
-.110E -05 
-. 108 E -0 5 
-.1065 -05 
-. 1035 -05 
-.9e6E -OS 
-. 932E -06 
-.8695 -06 
-.611E -06 
-. 781E -06 
-• 767E -06 
-. 679E -06 
• 90 8E -06 
. 24 9E -05 
• 170E -05 
• 305E -05 
. 212E -04 
. 895E -05 
.6905 -05 

R(M20) 
-. 14 6E -05 
-. 3 2 IE -11 
-.327E -11 
-. 313E -11 
-«330E -11 
-. 2 6 OE -11 
-.320E -11 
-.5 63E -11 
-.346E -11 
.479E -10 
. 49 IE -09 
.3 3 2E -0 8 
. 1 7 2E -0 7 
. 6 91E -07 
.2125 -0 6 
.4865 -0 6 
. 805E -06 
. 9 00E -06 
.6325 -06 
.3355 -06 
. 300E -0 6 
.307E -06 
.19«E -06 
.731E -07 
. 1 8 OE -07 
. 315E -08 

-•730E-07 
-.142 E-07 
-•600E-56 
— •380 E—56 
-.221E-56 
-.119 E—56 
-.646E-57 

.'336E-06 
• 211E-06 
• 129 E-06 
•751E-07 
•400E-07 
.201E-07 
.104E-07 

• 512E-05 
• 364E-05 
.2495-05 
• 1645-05 
•9825-06 
.5*9E-06 
.3105-05 

.265E-06 
-.28 0E-06 
-.691E-56 
-.4515-56 
-.2705-56 
-.145E-56 
76 2E-57 



Rates of Formation 
Oxidizing Pyrolysis 
Beulah Low-Sodium Lignite 

R CCD) 
169E-56 
.467E-57 
.452E-57 
.434E—57 
•418E—57 
.402E-57 
.363 E —57 
«358E-57 
• 324c —57 
.261E-57 
.230E-57 
•174E-57 
.1G2E-57 
364E-07 

.285E-06 
•275E-06 
•234E-06 
.182E-06 
•123E-06 
•593E-07 
-.215E-08 
-.613E-07 
-.118E-06 
-.437E-06 
.754E-06 
.547E-06 

R IC D 2) 
.536E-08 
.166E-08 
.247E-08 
.326E-03 
•433c—06 
• 58 OE—0 <3 
•782E-08 
.105E-07 
. 142E-07 
•190E-07 
•253E-07 
.335E-07 
•439E-07 
. 566E-07 
.713E-07 
. 863E-07 
• 978E-07 
.983E-07 
.7646-07 
. 165 £-07 
-.796fc—06 
.139E-G5 
. 221E-06 
. 26 3E—Ob 
.259E-06 
. 233E-06 

RID2) 
— 3 5 4 E -0 6 
-.344E-06 
—.337E—06 
-.329t—06 
-.323E-06 
— • 319E-06 
-.317E-06 
— •3141—06 
-.311E-06 
—•306E—06 
-.299E-06 
— •2 90E—06 
-.270E-06 
-.497E-08 
-•273E-05 
-.248E-05 
-.221E-05 

• -.190E-05 
. 464E-05 
-.873E-05 
.646E-07 
.157 E-05 
•263E-05 
.365E-05 
.467E-05 
.533E-Q5 

R(H20) 
-.14oE-05 
-.lfoE-11 
— .16 6E-i1 
-.17 2E-11 
—•160E-11 
-.216E-11 
-.292 £-11 
-.369E-11 
•7i5E—12 
.599E—10 
. 5.4IE—09 
• 351E-08 
•176E-07 
. 6S/3E—07 
.212E-06 
•486E-06 
.804 E—06 
«699E—06 
•632E-06 
. 33 oE—06 
.300 E-06 
.30 6 E-06 
.194E-06 
•732E-07 
• 1bCE-07 
. 315 E—08 

. 597E-06 
•571E-06 
.467E-06 
•313E-06 
. 159E-06 
•588E-07 
•163E-07 

i'197E-06 
.160E-06 
•124E—06 
.912E-07 
.605E-07 
.374E-07 
.235E-07 

• 5 62c—05 
.612E-0 5 
•620E-05 
. 599E-05 
• 5 25E-05 
.235E-05 
—.546t—09 

.266E-06 
-.261E-06 
-.115 E-55 
-.114E-55 
-.102E-55 
-.633E-56 
—.167E-56 
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Rates of Formation 
Reducing Pyrolysis 
Beulah Low-Sodium Lignite 

R(CO) 
• 359E-0 8 
• 380 E-0 8 
• 398 E- 08 
•416E-08 
• 435 E-0 8 
»45 7E-08 
•484E-08 
•513E-08 
.554E-08 

R(C02 ) 
-•719E-07 
-.702E-07 
-•681E-07 
-•660E-07 
-•643E-07 
-•630 E-07 
-•622E-07 
-• 617E-07 
-.608E-07 

R (02 ) 
.OOOE+OO 
•000E+00 
.OOOE+OO 
•OOOE+OO 
•OOOE+OO 
•OOOE+OO 
•OOOE+OO 
•OOOE+OO 
•OOOE+OO 

5(420) 
-• 1 5 bE' -05 
• 18 2E -08 
. 1A3E -08 
• 11 IE -0 8 
• 8 7 3 E -0 9 
• 9 3 1E -09 
• 2 3 P E -08 
• 31 OE -08 
-•226E -0 8 

R ( F2) 
-•287E-04 
-• 22 6 E-04 
-• 180 E-04 

141E-04 
- • 110 E-04 
-•856E-C5 
-•664E-05 
-•514 E-05 
-•139E-04 

• 588E-0 8 
•615E-08 
• 65-4 E-0 8 
•686E-08 
• 713 E-0 8 
•733E-08 
•739E-08 
•727E-08 
• 685E-08 
• 603 E-0 8 
•475E-C8 
• 313 E-0 8 
•133E-08 
-•52 7E-09 
-•258E-0 8 
— • 492 E-08 
— • 739E-08 
-•837E-06 
• 636E-06 
•231E-06 
•712E-07 
• 242 E-07 
•817E-08 
• 407 E-0 8 

-•134E-06 
•571E-05 
•322E-06 
•333E-06 
•342E-06 
•347E-06 
•347E-06 
•337E-06 
•314E-06 
•272E-06 
•210E-06 
•135E—06 
•578E-07 

-•165E-07 
•653E-05 
-•304E-05 
•675E-07 
• 78 IE-07 
•804E—07 
•749E-07 
•670E-07 
•607E-07 
•567E-07 
•189E-07 

•OOOE+OO 
•OOOE+OO 
• 0 0 OE + 00 
•OOOE+OO 
•OOOE+OO 
•OOOE+OC 
•OOOE+OO 
•OOOE+OD 
•OOOE+OO 
•OOOE+OO 
•OOOE+OO 
•OOOE+OO 
•OOOE+OO 
•OOOE+OO 
•OOOE+OO 
•OOOE+OO 
•OOOE+OO 
•OOOE+OO 
•OOOE+OO 
•OOOE+OO 
•OOOE+OO 
•OOOE+OO 
•OOOE+OO 
•OOOE+OD 

-• 212E-08 
• 148E-08 
•254E-09 
• 173E-08 
•903E-06 
• 372E-07 
• 121E-06 
•305E-06 
• 5 86E-06 
• 8 28E—06 
•313E-06 
•533E-06 
•300E-06 
• 2 87E-06 
•296E-06 
•194E-06 
•712E-07 
•134E-07 
•120E-08 
•526E-10 
•819E-12 
•299E-14 
•215E-17 
•220E-21 

•231E-04 
• 626 E-C6 
•595E-06 
• 551E-06 
•503E-06 
• 453 E-06 
•399E-06 
• 342 E—06 
•278E-C6 
•207E-06 
• 13 3 E-Oo 
•715E-07 
•306E-05 
•341E-05 
• 290 E-06 
•6340-06 
•972E-06 
• 13 8E—05 
• 19 0 E-05 
-•28 8 E-06 
- • 49'9 E- 06 
-.105E-56 
-.118E-56 
-•822 E-57 



Gas Velocity Profile 
Oxidizing Pyrolysis 

I XOUT VZ PSI RHQ CONC, 
1 • 000E+00 •133E+03 .000E+ 00 .237 k -03 . 902E —05 
2 .88 2E-01 •132E+03 .45 9E + 01 • 238E -03 . 905k -0 5 
3 .176 E +00 .12SE+03 «913E+ 01 .243 E -ui . 924E -05 
4 .265E+00 • 122E + 03 .13 5 E + 02 • 251c -0 3 . 955t -05 
5  • 353 E +00 .115 E + 03 •178E+02 • 260E -03 • 969E -05 
6 .441E +00 •109E+03 .217E+0 2 • 267E -C3 • 1C2E -04 
7 . 529 E +00 •103E+03 •252E+02 .270E -03 .103E -04 
8 •618E+00 .985E+02 •264E+02 . 271E -03 • 103k -04 
9 •706E+00 •933E+02 . 311E+02 • 270E -03 • 103E -04 
10 •794E+00 .677E+02 .336E+02 .2 70E -03 .103E -04 
11 . 882 E +00 • 815E + 02 .356E+02 .270E -03 • 103E -04 
12 .971E+00 .750E+02 .374E+02 • 271E -03 .103k -04 
13 .106 E +01 •661E+02 . 390E+02 .271E -03 .103E -04 
14 .115 E +01 •611E+02 •403E+02 .2 711 -03 • 103 E -04 
15 .124E+01 .5396+02 • 414E + 02 .2 71E -03 . 103 E -04 
16 .132E+01 •465E+02 .423E+02 • 271E -03 . 103E -04 
17 * 141E +01 .390E+02 . 431E + 02 .2 71 E -03 . 1G3E -04 
18 • 150 E +01 . 313E+02 . 436E + 02 .271E -03 • 103E -04 
19 •159E+01 . 234E + 02 • 444E + 02 • 272c' -03 .103E -04 
20 .168 E +01 .154E+02 •447E+02 .274E -03 • 103k -04 
21 .176 E +01 .738E+01 . 447E + 02 • 277E -03 • 103E -04 
22 .185E+01 -•526E+00 •440E+02 • 281c -u3 .x03E -04 
23 .194E+01 -• 816c + 01 • 42 8 E+02 • 265E -03 .103c -04 
24 • 203 E + 01 -.15pE+02 .413E+02 < 256 E' -03 • lC3t -04 
25 •212E+01 -. 226E + 02 •396E+02 .2B9 £• -03 .103c -04 
26 • 221E +01 -.293E+02 • 377E + 02 .290E' -03 . 103E -04 
27 .229 E+01 -.334E+02 . 356E + 02 .293 t' -03 .104k' -04 
28 . 238 E+01 -. 402E+02 •333E+02 • 3031' -03 .1U6fc' -0 4 
29 •247E+01 -.429E+02 .307E+02 »3 241' -03 . 1 i6E' -0 4 
30 •256E+01 -. 436E+02 .278E+02 .359E' -03 • 126 E' -04 
31 • 265 E+01 -. 418E + 02 •245E+02 • 418 fc' -03 • 149E—04 
32 .274E+01 -.350E+02 •208E+02 .551k' -03 . 19 o E • -04 
33 . 282 E+01 -.279E+02 . 162E + 02 • 769 E1 -03 . 275 E' -04 
34 • 291E +01 -•231E+02 .981E+01 . 103E' -02 . 3 6fct -04 
35 •300E+01 -.220E+02 .000E+00 .114E' -02 • 4 06c' -04 



Gas Velocity Profile 
Reducing Pyrolysis 

XDUT 
. OOOE + OO. 
.882E-01 
.176E+00 
.265E+00 
.353E+00 
• 441E +00 
.52 9E+00 
.61 BE +00 
.706E+00 
.794E+00 
•8B2E+00 
.97IE+00 
.106E+01 
.115E +01 
• 12 4E + 01 
.132E+01 
•141E+01 
.150E+01 
•159E+01 
•168E+01 
.176E+C1 
.1S5E+01 
•194E+01 
.203E+01 
.212E+01 
. 2-21E + 01 
.229E+C1 
.23 BE+01 
• 24 7E + 01 
.256E+01 
•265E+01 
.274E+01 
.282E+01 
.291E+01 
.300E+01 

V Z  
133 E+03 
. 132E + 03 
.128 E+03 
.122E+03 
• 115E + 03 
.108E+03 
.102 E +03 
.969E+02 
• 919 E+02 
. 871E + 02 
.824 E + 02 
.773E+02 
.721E+02 
.665E+02 
. 605 E+02 
• 543E+0 2 
.479 E+02 
.414E+02 
• 347 E+02 
.278E+02 
.207E+02 
.133E+02 
. 593 E + Gl 
- . 105 E + 01 
-.726E+01 
123E+02 

-.157 E+02 
175E+C2 

-•IB 2 E +02 
184E+02 

-.188 E +02 
-. 196E-+02 
-.207 E + 02 
215E+02 

-. 220 E +02 

PS I 
.000E+00 
.375E+01 
•747E+01 
.111E+02 
.147E+02 
• 1B0E+02 
.211E+02 
.239E+02 
•264E+02 
.286E+02 
.3 05E+02 
.322E+0 2 
•337E+02 
.350E+02 
.361E+02 
• 371E+02 
•379E+02 
.387E+0 2 
•394E+02 
•400E+02 
•405E+02 
•405E+02 
.398E+02 
•3B0E+02 
•353E+02 
•322E+02 
.2 92E + 0 2 
. 2 6 5 E +0 2 
.241E+02 
• 220E+02 
.199E+02 
.175E+0 2 
.140E+02 
•847E+01 
.000E+00 

RHO 
•232E-03 
.234E-03 
.239E-03 
.24 BE-03 
. 2 58 E—03 
.26 7E-0 3 
.27 3E-03 
.2 77E-03 
• 278 E-03 
.276E-03 
.2 77E-03 
•275E-03 
.273E-03 
.271E-03 
.27 CE-03 
.2 6 8E-03 
.267E-03 
.266E-03 
•264E—03 
.26 3E-03 
«264E—03 
•26SE-03 
.27 5E-03 
.2 87E-0 3 
.306E-03 
.336E-03 
.3 8SE-03 
• 4 61E-03 
•566E-03 
•702E-03 
.B41E-03 
. 962E-03 
.105E-02 
.111E-02 
.114E-02 

CDNC 
• 696E-05 
• 9 00E-.05 
• 919E-05 
.951E-05 
.9«eE-05 
.102E-04 
.105E-04 
.106E-04 
• 106E-04 
.106E-04 
.106E-04 
. 105E-04 
.104E-04 
.104E-04 
•103E-04 
.103E-04 
•102E-04 
. 102E-0-4 
• 101E-04 
.101E-04 
. 101E-04 
.101E-04 
• 103E-04 
.106E-04 
•111E-04 
.121E-04 
. 13 8E-04 
.165E-04 
.203E-04 
.251E-04 
•300E-04 
. 343E-04 
. 375 E-0.4 
.398E-04 
.406E-04 
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Particle Data 
Oxidizing Pyrolysis 

TIME 
.208333E-02 
•416667E—02 
.625000E-02 
.633333E-02 
•104167E-01 
•125000E-01 
.145833E-01 
.166 667 E-01 
.1875006-01 
.2083336-01 
• 229167E-01 
.250000 E-01 
.270 833E-01 
.291667E-01 
.312500E-01 
.333333E-01 
•354167E-01 
.3750006-01 
.395833E-01 
.416667E-01 
.4375006-01 
.458 333 E-01 
.4791676-01 
.500000E-01 
.520833E-01 
.541667 E-01 
.562500E-01 
•583333E-01 
.604167E-01 
.625000E-01 
.645833E-01 
.666667 E-01 
•687500E-01 
.708333E-01 
.729167E-01 
.750000E-01 

EMPERATUR6 
.307523E+03 
.342806E+03 
.4098096+03 
.5123516+03 
.6515616+03 
.809170E+03 
.93153BE+03 
.1033206+04 
• 111652E+04 
.1163706+04 
.117845E+04 
. 117962E+04 
•117839E+04 
• 117801E+04 
.1178506+04 
•117930E+04 
•1180106+04 
.118075E+04 
• 118121E+04 
•118152E+04 
.1181706+04 
• 118179E + 04. 
•118182E+04 
.118180E+04 
•118175E+04 
•116168E+04 
.118159E+04 
•118149E+04 
•118139E+04 
• 118130E+04 
•118121E+04 
.118113E+04 
•118107E+04 
.1181016+04 
•118097E+04 
•118094E+04 

Z-PQSITIQN 
•295215E+01 
.2900526+01 
•284520E+01 
•2785926+01 
•27 2166E+01 
•265174E+01 
.2574416+01 
•249030E+01 
•240112E+01 
•230941E+01 
• 221840E+01 
.2131316+01 
•205073E+01 
.197 84 8t + 01 
.191564E+01 
.1862666+01 
.181948E+01 
• 17 8563E+01 
.176030E+01 
.174249E+01 
.1731096+01 
.1724 96E + 01 
.172298t+01 
.1724156+01 
•172755E+01 
.1732416+01 
.1738086+01 
•174406E+01 
•174996E+01 
. 175551E + 01 
.1760516+01 
.1764866+01 
.1768516+01 
.1771476+01 
.1773776+01 
.1775476+01 

R-P05IT ION 
.1000266+01 
.1001956+01 
.1006326+01 
.10i455E+01 
.1027816+01 
. 104 73 0E + 01 
. 107 4036 + 01 
.1108826+01 
.1152226+01 
.12047 6t + Ul 
.1266846+01 
.1338746+01 
.1420786+01 
.1513316+01 
•161676E+01 
.1731626+01 
.1858266+01 
.1997126+01 
.2148646+Oi 
.2313366+01 
.2491946+01 
.266517E+01 
.2894006+01 
.3119476+01 
.3362796+01 
.3025276+01 
.3906346+01 
.4213566+01 
• 454262E + 01 
.489733E+01 
.5279666+01 
.5091746+Oi 
• 613585E+01 
.661447E+01 
.7130286+01 
.768617E+01 
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Particle Data 
Reducing Pyrolysis 

TIME 
208333E -02 
416667E -0 2 
62 5000 E -02 
83333 3E -0 2 
104167E -01 
125000E -01 
145833E -01 
166667E -01 
1 87500E -01 
208333E -01 
229167E -01 
250000E -01 
270833E -01 
29166 7E -01 
312500E-Q1 
333333E -01 
354167E -01 
375000E -01 
395833E -01 
416667E -01 
437500E -01 
456333E -01 
479167E -01 
5 OOOOOE -01 
520 83 3E' -01 
541667E -01 
562500E -01 
5 8333 3E -01 
604167E -01 
625000E -01 
64 583 3 E -01 
666667E -01 
687500E' -01 
708333E -01 
729167E -01 
75 OOOOE' -01 

EMPERATURE 
301746E+03 
30 83 24 E+0 3 
319089E+03 
33 5015 E +03 
357884E+03 
39144 9E +03 
438936E + 0 3 
503 3 64 E + 03 
584972E+03 
678 319E+03 
777010E+03 
872983 E+03 
957352E+03 
102524E+04 
107610E+04 
111296E+04 
113905E+04 
115727E+04 
116989E+04 
117860E+04 
118458E+04 
118863E+04 
119131E+04 
119299E+04 
119 39 3E + 04 
11943 2E+04 
119432E+04 
119402E+04 
11935 2E + 04 
1192 8 9E+04 
119218E + 0 4 
li'9144E + 04 
119071E+04 
119002 E + 04 
118939E+04 
118 8 84 E + 04 

Z-POSITION 
•295210E+01 
.290049E+01 
• 284 571E+01 
•27S832E+01 
• 272 889E + 01 
.266796E+01 
•260608E+01 
.254375E+01 
•248145E+01 
• 2 41961E + 01 
•23 5 874E+01 
.229939E+01 
•224225E+01 
•218813E+01 
•213785E+01 
.209215 E + 01 
•205163E+01 
•201661E+01 
•198717E+01 
.196317E+01 
•194425E+01 
.19299 5 E+ 01 
• 191969E + 01 
•191287E+01 
.190 889E + 01 
•190718E+01 
• 19 0719E +01 
• 190 847E+ 01 
• 191061E + 0 1 
.191328 E + 01 
• 191620 E+01 
•191918E+01 
.192206E+01 
•192472E+01 
•192711E+01 
•192918E+01 

R-POSITinN 
.100022E+01 
• 100164E+01 
. 1005 2CE + 01 
•101161E+D1 
. 102133 E+01 
.103472E+01 
. 1052 C8E+01 
• 107370E + 0 1 
.109999F+01 
.113133E+01 
• 1168 27E+01 
.121138E+31 
.126129E+01 
• 1318 69E+01 
•138424E+01 
. 14 58 57 E+D 1 
. 15 4218 E + 01 
•163 546E+01 
. 1738 71E + 01 
.185219E+31 
.197614E+01 
.2110 85E + 01 
.225670E+01 
.241412E+01 
.258366E+01 
. 276594E +3 1 
.296168E+01 
• 31716PE+0 1 
.339682E+01 
•363807E+01 
•389649E+01 
•41732CE+01 
.4469 45E + 01 
.478655E+D1 
.512595F+01 
.54 8918E+31 
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