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ABSTRACT 

The use of the counterflow premlxed flame in an experimental 

study of coal pyrolysis in hot, reducing environments and high heating 

rates is described. The opposed jet configuration previously has been 

used to study chemical kinetics in gaseous diffusion flames, but not 

until recently has it been used in heterogeneous systems. 

Results show that this configuration is one-dimensional in 

temperature and species concentration within a fairly wide region. This 

characteristic simplifies both experimental and theoretical analyses. 

SE!1 photographs depict the early devolatilization history for 

three different segregated sizes of Illinois f/5 bituminous coal. 

Particle devolatilization phenomena such as "jetting", sooting, matrix 

"bubbling", and agglomeration are observed. 

The configuration is well suited for the study of short (on the 

order of milliseconds) time scale phenomena important in coal pyrolysis 

with special applications for investigation of effects at high 

temperatures and high heating rates. 
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CHAPTEK 1 

INTRODUCTION 

Coal pyrolysis is a highly complex phenomenon involving a 

complex, highly non-homogeneous fuel material. The generic term "coal" 

applies to a large category of types including an enormous range of 

chemical and physical properties. Samples taken from the same mine and 

even the same seam can greatly vary in composition and structure 

(Essenhigh, 1977). Yet, coal pyrolysis behavior, particularly the early 

stages, needs to be systematically analyzed and understood in order to 

properly develop coal gasification and coal combustion processes. In 

the Shell gasification process, for example, coal is heated at very high 

heating rates under reducing conditions giving off gases and causing 

substantial changes in particle behavior. Development of models to 

predict or describe this behavior is essential for the control and 

optimization of the process. The need for detailed investigations into 

coal properties and behavior is therefore evident. 

Pyrolysis behavior can be understood in terms of short as 

distinct from long time scale phenomena. The former includes particle 

heat-up, devolatilization, ignition, and early flame propagation. Long 

time scale phenomena include char burnout, the effects of the background 

1 
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combustion gas environment on NOx/SOx emission, and the formation and 

growth of submicron particulates. The short time scale is on the order 

of milliseconds whereas the long time scale may be on the order of 

seconds. There has been a significant shift in recent years towards 

obtaining a better understanding of processes which occur during the 

first few milliseconds of pyrolysis, particularly during 

devolatilization at elevated temperatures and high heating rates. 

In a typical combustor, coal is injected into a hot combustion 

environment where it is rapidly heated to very high temperatures. Much 

of the work reported in the literature is limited to peak temperatures 

less than 1100° C with relatively low heating rates. In this range, 

devolatilization behavior is relatively insensitive to the heating rate 

(Suuberg, Peters, Howard, 1979). In the higher heating rate regimes 

typical of many commercial combustors, early pyrolysis behavior is 

sensitive so that devolatilization yields and kinetics cannot be 

extrapolated from the lower heating rate studies (Kobayashi, Howard, 

and Sarofim, 1977). 

Flash pyrolysis (early heat up phenomena) has been examined with 

several different experimental techniques. These can be classified, for 

the most part, into two categories: i) entrained flow ii) captive 

sample. Entrained flow systems can involve a stream of individual 

particles in drop tubes or dispersed particles in a co-flowing gas 

stream. Captive sample experiments usually contain small samples of 
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coal particles on or in an electrically heated element. Experiments 

such as lasar bombardment and shock tube explosions are specialized 

studies involving very high heating rates on the order of microseconds 

(Doolan,1983). The pyrolysis behavior occurring at this level is not 

typical of most combustors and not of interest in this work. 

The subject of this thesis, the flat, laminar coal opposed flow 

configuration is a unique configuration that is well suited for early, 

short time scale pyrolysis studies. Figure 1.1 is a schematic of the 

flow configuration. It differs from more conventional entrained flow 

experiments in that the particles are heated up by a counter flowing, in 

contrast to a co-flowing, hot gas stream. Devolatilization occurs in a 

reducing environment on the order of milliseconds with rapid particle 

heat up from ambient to elevated temperatures. Flue gas from a fuel 

rich (oxygen depleted) premixed flame on the lower burner heats the down 

flowing coal particles entrained in the inert nitrogen gas from the 

upper burner. The coal particles luminesce at a distance removed from 

both burners rather than burn as a coal flame since no oxygen is 

present. The flow is laminar, and the coal luminescent zone is flat and 

stable. 

Figure 1.2 is a photograph of the counterflow premixed flame 

with only a few trace coal particles introduced through the upper 

burner. The photograph highlights the premixed flame and luminescing 

hot flue gases associated with the lower burner zone. The addition of 

coal through the upper burner results in the flat, stable opposed coal 

flow configuration shown in Figure 1.3. 
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Figure 1.1. Schematic of coal opposed jet configura

tion. 



Figure 1.2. Opposed flow configuration with a few tracer 
coal particles. 
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Figure 1.3. Opposed flow configuration with Illinois #5 
bituminous coal. 
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The coal opposed flow configuration can be compared favorably to 

other coal pyrolysis techniques. It can be classified as a specialized 

type of entrained flow configuration. The opposed jet configuration is 

highly flexible in that the temperature and gas species environments of 

both burner flows can be controlled with relative ease through 

regulation of the gas flows. Coal density, coal residence time, and 

burner spacing also can be controlled easily. Thus, a wide range of 

heating rates, operating temperatures, background gas compositions, and 

coal flows are possible with this configuration for the study of early 

heat up phenomena. In addition, the coal pyrolysis reaction zone is 

located roughly one-third of the burner spacing from the upper burner, 

allowing for good sample resolution in the important pre-flame zone 

removed from any contaminating surfaces. 

Finally, the opposed jet configuration is ammendable to 

numerical analysis. From experimental measurements of temperature, gas 

composition, and particle composition, it is possible to determine net 

rates of formation of species and to tract the time temperature history 

of particles. The model is currently under development (Masteller, 

awaiting publication). A simplifying feature of the opposed jet 

configuration from both the theoretical and experimental point of view 

is that the system is one-dimensional in temperature, gas species, and 

coal behavior. In other words, coal behavior is a function only of 

axial position between the burners, independent of radial position. 
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Flash Pyrolysls Experimental Techniques 

Flash pyrolysis poses three experimental difficulties, as 

described at length by Gavalas (1982): i) control and measurement of 

the temperature-time history of the particles, ii) supression of 

secondary reactions, iii) quantitative collection of products. The 

temperature-time history generally consists of a heat up phase, a period 

of approximately constant temperature, and a cooling or quenching 

period. This variable history complicates kinetic analysis of the 

data. Furthermore, coal particle temperature measurement is a non-

trivial problem. Coal particle temperatures usually are not or cannot 

be directly obtained but are calculated from heat transfer models. 

Secondary reaction suppression and product collection efficiencies both 

depend on reactor geometry and flow pattern. They are best discussed 

separately for the entrained flow and captive sample techniques. 

The Entrained Flow Technique 

In this experimental configuration (Kobayashi, Howard, and 

Sarofim, 1977; Ubhayakar, Stickler, Rosenberg, and Gannon, 1977; 

McLean,Hardesty, and Pohl, 1981; Pohl and Sarofim, 1977; Ayling and 

Smith, 1972; Timothy, Sarofim, and Beer, 1983; Howard and Essenhigh, 

1967; Badzioch and Hawksley, 1970) a stream of coal particles is 

injected into a furnace where the steady state gas and temperature 

environment can be controlled. Seeker et al (1981) employed a different 

type of system where the coal particles were injected through a premixed 

flame. In both configurations, a suitable heat transfer model is 
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employed to tract particle temperature history for kinetic analysis. 

The volatile products suffer secondary reactions before they are 

quenched in the collector probe. This has made a mechanistic 

interpretation of the the product distribution difficult. 

The opposed jet configuration is expected to share some of the 

merits and limitations common to all entrained flow techniques. It is 

unique, however, in that it is based on steady state operation which 

allows for the processing of large quantities of coal. This tends to 

smooth sample inhomogeneities and to allow the determination of average 

coal pyrolysis behavior. The conventional entrained flow techniques, on 

the other hand, analyze a single batch of sample at a given time. 

Furthermore, the current system allows the determination of species that 

appear in the bulk phase rather than focusing on events actually 

occuring at the particle surface. 

Captive Sample Technique 

In the captive sample technique (Suuberg, Peters, and Howard, 

1979; Solomon and Colket, 1979; Anthony, Howard, Hottel, and Meissner, 

1975 Niksa, et al, 1983; Freihaut, et al, 1983) a sample of monolayer 

thickness is placed between the folds of a wire cloth screen which is 

heated when a current is applied to the screen. The sample is housed 

within a metal shell, which permits atmosphere and pressure control 

while serving as a collection vessel. Volatiles are quenched 

immediately upon contact with ambient temperature gases inside the 

shell. This technique, therefore, shows the ability to analyze the 



primary product distribution before secondary reactions take place. 

Further, collection efficiencies for all products is good. Tar 

condensation can be recovered from the vessel walls and analyzed. 

Suuberg et al (1979) report 95% total mass balance and a 90% balance on 

carbon and hydrogen. 

The small sample sizes required in this technique are 

problematic, however. A large sample is desired to produce enough 

products for analysis as well as to average out coal inhomogeneities. 

Yet, larger samples lower the heating rate and show less consistent 

results, possibly as a result of a rearrangement of particles on the 

screen during heating. Therefore high heating rates are possible only 

for small (approximately 10 mg) samples, exacerbating data scatter due 

to sample inhomogeneities. Considerable scatter is reported in the data 

for weight loss measurements due to sample variability, temperature 

fluctuations, and fine coal fragment losses from the screen (Solomon and 

Colket, 1979). Product distribution results also show considerable 

scatter. Derivation of instantaneous yields from this technique (from 

slopes of species evolution curves) is thus impractical. 

A variation of the standard captive sample technique is the 

pyroprobe technique (Blair, Wendt, and Bartok, 1977). A small sample is 

heated on a platinum ribbon housed inside a probe which is directly 

connected to a gas chromatograph. Since the samples are small, heating 

rates can be high. Tar collection and analysis is not possible, data 

scatter due to sample inhomogeneities is observed, and operation is 

restricted to atmospheric pressure. 
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Previous Work on Early Heat Up Phenomena 

Devolatilization behavior is a complicated function of many 

factors, for example, coal rank, size, residence time, heating rate, 

peak temperature, holding temperature, backgound gas composition, and 

pressure. As previously indicated, the experimental technique 

determines what type of behavior is observed. Corroborating data 

between techniques is an excellent test of the data and a good 

demonstration of the usefulness of a technique. Not until recently has 

a comprehensive model been proposed to include phenomena observed in 

both the entrained flow and captive sample techniques (Solomon, 1983). 

It is our hope that data obtained from the opposed jet configuration 

eventually will be corroborated with data from other systems towards the 

end of better describing early coal pyrolysis behavior. 

Each study includes a specific devolatilization model based on 

the simplifying assumptions and phenomena of particular interest. For 

the sake of simplicity, a general sketch of the salient features of some 

of the more prominent schemes will be discussed. The following 

discussion of early devolatilization phenomena will be mostly 

qualitative. 

Most of the devolatilization studies report data for both 

bituminous and lignite coals for comparison. In addition, at least two 

size segregations usually are studied along with coal rank for heating 

rate, peak temperature, and pressure effects. Since the coal in this 
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work is of a bituminous rank, and since different segregated sizes are 

studied, these previous studies are of particular relevance. The 

following schemes are deduced from the various collected data. 

Herzberg (1983) postulates the following scheme for the early 

decomposition behavior of bituminous coal under rapid heating 

conditions. The coal first softens and melts, the heavier pyrolysis 

products liquefy, and the particles assume spherical shapes due to 

surface tension forces. Simultaneously, the lighter molecular weight 

products devolatilize, generating bubbles in the liquid mass as the 

gases expand. Volatile-generating reactions occur in competition with 

condensing, polymerizing reactions both inside and in the immediate 

locale outside the particles. Condensation reactions within a particle 

give rise to a solidifying char matrix that shows, upon rapid quenching, 

a pockmarked surface with "frozen" blow holes of various shapes and 

sizes. Condensation reactions outside the particle result in fine, 

soot-like particles in the volatile streams ejected from the blow holes. 

This "jetting" of volatiles and the presence of soot-like 

structures occurring in a condensed phase around a particle has been 

directly observed (McLean, Hardesty, and Pohl,1981). After a few 

milliseconds, the condensed phase stops forming and soot-like "stringy" 

structures or "tails" up to several millimeters in length coalesce and 

separate from a particle. These structures oxidize and disappear in an 
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oxidizing environment. In reducing environments commonly found in rich 

primary furnace stages, up to 15% of the volatile matter may form and 

remain as soot. This is significant since soot has effects on radiative 

heat transfer, ignition and flame stability, and N(_>x formation. 

In contrast, smaller bituminous coal particles and all lignite 

particles, independent of size, show little or no condensed phase 

material. This is probably due to the more diffuse nature of the 

devolatilization process and faster devolatilization rates for smaller 

particles (Seeker, Samuelsen, Heap, Trolinger, 1981; Ubhayakar, 

Stickler, Rosenberg, Grannon, 1977). Lignites do not melt and 

"evaporate" like the bituminous coals. Rather, they crack and shrink as 

volatile matter escapes from the interior. 

Unger and Suuberg (1981) incorporate metaplast repolymerization 

and cracking reactions within a particle in their model. A swollen 

particle may act as a thermal reactor in which the volatiles can crack 

and polymerize. The particle is considered to be softened and 

"evaporating" such that the general models of pore tree structure are 

inappropriate in this scheme. 

Simons (1984), on the other hand, models behavior based on a 

common pore tree structure irrespective of coal rank. Fluid mechanical 

transport and diffusion mechanisms were both utilized in calculating an 

upper limit internal pressure potential of 3000 atmospheres for the pore 

tree model. When bituminous coals deform and soften, they may not be 

capable of supporting internal pressures of much more than 10 



atmospheres. As the ambient pressure is increased from one to ten 

atmospheres, tar yields decrease, possibly due to the occurance of tar 

condensation. Relative to bituminous coals, lignites maintain 

structural integrity and experience much greater internal pressures. 

Increasing external pressure has no effect on lignites, which do not 

produce the high molecular weight volatiles that the bituminous coals 

produce in large quantities. According to this model, the secondary 

reactions within a lignite particle already experience high pressures 

independent of ambient pressures, indicating different internal 

chemistries for different coal types. 

The composition of the parent coal is of obvious significance to 

the devolatilization process. The model proposed by Solomon, et al 

(1983) incorporates rates of change of functional groups into a general 

theory of pyrolysis. A coal structure of highly substituted aromatic 

ring clusters linked by relatively weak aliphatic bridges is assumed. 

Upon heating, competitive cracking reactions occur between bridge 

fragments, substituted groups and ring clusters. Spectroscopy was used 

to identify functional group compositions of chars, tars, and soot. A 

comparison of the rate of change of the functional groups in char could 

be correlated with individual species evolution. Light volatile products 

have been associated with the functional groups, whereas the heavy 

volatile matter is associated with aromatic ring clusters. Functional 

groups decompose at rates insensitive to coal rank but sensitive to the 

group chemistry. The evolution rates for a given product are similar in 



all coals studied (Solomon and Colket, 1979). Bituminous coals produce 

an abundance of light and heavy hydorcarbons while lignites produce 

mostly CO, CC^, t^O, H2, and light hydrocarbon gases. 

The Opposed Jet Configuration 

Previous Work 

The opposed jet configuration was first applied to study a 

diffusion flame where kinetics rather than diffusion is limiting 

(Potter, et al, 1961). Near flame extinction, combustion kinetics 

compete with convective fluxes from which the "apparent flame strength" 

is derived (Anagnostou and Potter, 19b5). This apparent flame strength 

was related to the reaction kinetics (Spalding, 1961; Ablow and Wise, 

1974). Hahn and Wendt (1981) extended the analytical modeling of 

gaseous opposed diffusion flames so that kinetics of trace species 

formation (specifically N0x) could be studied. The configuration also 

proved useful for exploring ignition and extinction phenomena (Fendell, 

1965; Jain and Mukunda, 1969; Niioka, 1983) as well as the effects of 

flame inhibitors (Friedman and Levy, 1963; Ibiricu and Gaydon, 1964; 

Niioka, Mitani, and Takahashi,1983). The similarity of the flame 

stretch, a characteristic of the opposed jet flame, to turbulent 

stretching has been noted (Williams, 1970; Otsuka and Niioka, 1972). 

Most of the work mentioned in this section utilized diffusion flames; 

occasionally, opposed premixed flames were studied. In all cases, only 

gaseous fuels were used in the opposed jet configuration. 
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Extension to Coal Pyrolysis in Hot, Reducing Environments 

It was in this context that the opposed jet configuration was 

applied for the first time to the study of pulverized coal pyrolysis 

(Graves, 1981; Wendt and Graves, 1983). That work succeeded in 

establishing a flat, coal volatile diffusion flame and characterizing it 

in a manner similar to the opposed jet gas diffusion flames. Advances 

in the analytical and numerical modeling of the gas system had shown 

promise for detailing extensive kinetics for the coal system as well 

(Hahn and Wendt, 1981; Corley, awaiting publication). The coal opposed 

jet diffusion flame, however, proved to be rather unsuitable for early 

heat up behavior studies. The peak temperature attained for the coal 

diffusion flame was only about 900° C (uncorrected). Coal does not burn 

very hot or fast compared to gaseous fuels, particularly in the non-

premixed mode. Particle pyrolysis and oxidation of volatiles occur 

simultaneously in the coal volatile flame. Volatile flame extinction 

occurs at low stretching rates (about 2 sec *), such that particle 

heating rates are not particularly rapid in this configuration. Peak 

temperatures and heating rates were too low, and the flame zone 

thickness was too narrow (approximately 1 millimeter) for suitable 

analysis. 

The present work utilizes a hot, premixed gaseous flame not 

restricted by diffusion extinction limitations. This flame heats (but 

does not burn) the particles to an elevated temperature in a reducing 

environment. Further advances in the modeling recently have paved the 
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way for coupling the experimental results from this work with the 

model. Time-temperature histories now can be associated with the data 

without recourse to any of the major, previously used assumptions 

concerning the transport phenomena (Masteller, awaiting publication). 

Consequently, the opposed jet combustor shows great potential for 

kinetic studies of coal pyrolysis. 

Objectives and Scope of This Work 

The ultimate goal of the overall project of which this 

experimental study is a part is, with the aid of a well described 

analytical/numerical model, to quantify the pertinent rates, mechanisms, 

and products during the pyrolysis of pulverized coal. This work has 

particular relevance to the Shell gasification process in which coal is 

pyrolyzed rapidly at high temperatures under reducing conditions. The 

coal used in this study is an Illinois #5 bituminous provided by 

Shell. The work reported in this thesis is concerned with the 

construction of the experimental facility, the definition of 

experimental procedure, and the initial experimental results. 

The objectives of this study may be explicitly stated, namely: 

1. Demonstrate that a pulverized coal pyrolysis zone can be 

stabilized in the opposed jet configuration while establishing base 

operating conditions. 

2. Define the region of operation of the flat, one-dimensional 

stable pyrolysis zone in order to simplify experimental analysis as well 

as provide a guide for future experimental work. 



3. Demonstrate configurational flexibility while determining 

the limitations of stable operation. 

4. Characterize the configuration by obtaining data on the 

structure as a function of position. Obtain temperature profiles. 

Obtain CO, CO2, H2, and CH^ concentrations from the gas phase and an 

elemental analysis (C,H,N,ash) and proximate volatiles content as well 

as SEM (scanning electron microscope) photographs from the solid phase 

(carbon residue and collected soot). 

5. Qualitatively compare results to those from earlier work on 

pulverized coal combustion. Interpret the results in light of known or 

previously hypothesized phenomena. 



CHAPTER 2 

EXPERIMENTAL FACILITY 

General 

The opposed jet configuration consists of two vertical, coaxial 

cylinders (burners) with opposed flows of coal suspended and transported 

in a gaseous medium through the top and hot flue gases through the 

bottom burners. Nitrogen is used for the coal transport gas; a rich 

premixed methane-air flame diluted with nitrogen was used to produce the 

hot flue gases (Figure 1.1). In order to simulate infinitely wide 

opposed potential flows (for model purposes) and to reduce the influence 

of edge effects, the burner diameters needed to be sufficiently wide. 

Working with a coal solid phase presents many difficulties. 

Coal needs to be entrained in such a manner as to produce homogeneous 

dispersion with no coal settling or plugging in any part of the flow 

system. Sampling from the harsh coal combustion environment also is 

problematic and is addressed below. 

Apparatus 

Figure 2.1 is a schematic of the apparatus constructed and used 

in this work. The pulverized coal mass flow rate is controlled by a 

variable speed auger-type feeder mounted directly on top of the 

system. It is located next to the upper burner so as to keep the 

transport lines as short as possible. The speed controls and the ON/OFF 
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switch are located on the side for easy access. The coal feeder was 

designed to be small, compact, and easily removable for quick coal 

changes. Pneumatic vibrators assist in fluidizing and transporting any 

coal that begins to settle. Transport nitrogen picks up the coal in a 

"tee" connection and delivers it to the upper burner in a reverse flow 

fashion (Figure 2.2, taken from Graves, 1981). This encourages good 

dispersion. The inverted cone design permits gradual expansion, 

eliminating recirculation zones that could lead to non-uniform radial 

coal dispersion. The upper burner is quite long, measuring 91 cm X 11.4 

cm. At its end is a 5 cm thick aluminum honeycomb matrix with 0.635 cm 

hexagonal cells. This serves to straighten and laminarize the flow. A 

large pneumatic vibrator attached at the top end of the burner ensures a 

fairly continuous even flow of the coal through the matrix. Depending 

on the type, some coals tend to clump more than others from build up in 

or on the honeycomb matrix. The intensity of vibration can be adjusted 

accordingly. Cooling coils are wrapped along the burner length to 

prevent preheating of the coal flow. The upper burner design is key to 

stabilizing flat, well-dispersed, laminar coal flows. 

Figure 2.3 shows a schematic of the lower burner. It is clamped 

to a 1.3 cm thick aluminum support platform that can be undamped for 

easy servicing. Most if not all of the premixing of the gas occurs in 

the lines prior to the burner. The burner permits expansion and final 

mixing. The beads eliminate recirculation zones. The sintered disk 

primarily serves to prevent flashback into the burner, although it 

ensures flow straightening as well. High temperature gaskets serve as a 



seal between the burner and flange. Gas leakage was a persistent 

problem, so that the gaskets eventually had to be sealed into place with 

silicon. Cooling coils wired and clamped to the lower flange surface 

and the high convective fluxes keep the burner surfaces cool. 

The screen functions as a flameholder. Originally, the premixed 

flame was maintained at the sintered disk surface, but two problems 

arose with this arrangement. First, the disk was susceptible to warping 

and the silicon gasket seal to singeing. Second, the few coal particles 

that penetrated to the disk surface during the course of a run 

interfered with the premixed flame. Apparently, the particles acted as 

heat sinks, distorting the flame structure. The screen is a simple 

device for permitting the separation of the flame zone from the coal 

settling region by allowing particles to pass through the flameholder. 

The effect of these few reacting coal particles on the background gas 

composition was determined to be negligible because of the high flow 

rates. 

The burner system is situated within an aluminum enclosure 

q 
approximately 90 cm (Figure 2.4). The door has a large viewing window, 

61 cm X 61 cm. A pan is located at the bottom rear which can be removed 

to dump coal accumulations. The enclosure is under slight negative 

pressure to safeguard against gas leakage with the exhaust vented 

through the top rear. When there is too much suction of air, air 

flowing into the enclosure through the probe slot can disturb the flame 
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structure. Air mixing with the fuel rich contents of the enclosure in 

the presence of an ignition source also presents a potential hazard. 

The venting therefore is reduced to a minimum and the flame shielded 

from direct air impingement by utilizing a baffle plate attached to the 

probe. 

All the flow control equipment and plumbing is organized in the 

control panel for easy regulation. The panel is built into the front 

door of an electronics rack and contains a Matheson 604 or 605 

rotameter, an Haenni pressure guage, and a Norgren regulator for each 

gas feed. Calibration charts for the rotameters can be found in 

Appendix B. Error deviation for the reported flows is 1-3% for the 

diluent ̂  and CH^ flows and within ±0.4% for air and transport 

gases. The fuel and diluent cylinders are housed inside the electronics 

rack; the ^ bank (4 cylinders) plus the N2 flush cylinder and the air 

bank (2 cylinders) are chained to the back wall. 

The premixed gas flame is ignited with a match, and the system 

is allowed to thermally stabilize and inert before data are collected. 

The N2 flush cylinder facilitates the inerting of the lower regions of 

the enclosure which are otherwise stagnant. The upper regions rapidly 

inert as hot expanding flue gas and nitrogen flush through the vent. 

The opposed jet configuration burns with a diffusion flame at its outer, 

fuel rich periphery, which gradually fades as the system inerts. This 

spurious flame sheet is found to interfere with the thermocouple 

readings. Adequate time for inerting is therefore necessary. 
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Sampling and Analytical Systems 

Probe 

Gas and solid species are sampled in situ with a 0.635 cm O.D. 

stainless steel probe sheath housing a 0.09cm water quench needle 

(Figure 2.5). Reactive species are quenched immediately upon entering 

the probe. The probe is mounted on a positioner which can raise or 

lower the probe vertically, and the whole assembly can be slid in or out 

of the flame horizontally (Figure 2.6). A cathetometer measures the 

relative vertical position of the probe tip within fractions of a 

millimeter. A graded rail along which the assembly slides indicates the 

radial position of the probe tip relative to the burner center within 

one millimeter. 

The general considerations involved in the design of the probu 

were: 

1. To minimize the disturbance to the configuration due to 

the presence and sampling action of the probe 

2. To minimize the changes that take place between the time 

the sample enters the probe tip and the time the analyses are made. 

Four criteria are defined to meet these considerations: i) point 

sampling ii) isokinetic sampling iii) rapid quenching iv) small 

residence time in the probe. 

Sampling within the configuration does not occur at a point. 

Rather, it involves a cylindrical volume with a specified cross 

sectional area and length dimension. This obtrusive body must have some 

effect on the hydrodynamic and heat transfer processes in the 
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counterflow structure. However, as long as the sampling proceeds at the 

right hand (positive) side of the burner, the interference effects take 

place downstream from the probe tip. 

The smaller the sampling area, the better the resolution and 

characterization of the configuration. Profile detail occurring on a 

scale smaller than the probe diameter necessarily will be smoothed. 

Sampling from a purely gaseous system is relatively straightforward. 

Sampling from a hot, entrained coal flow is much more problematic. 

Though it is a function of coal type, 0.635 cm is the approximate 

critical probe diameter for coal flow sampling. Below this limit, the 

probe readily plugs (personal communication, Dr. Altenkirk). Bituminous 

coals particularily are sticky and prone to plugging. Therefore, a wide 

sampling probe cannot be avoided in coal pyrolysis studies. 

Data broadening or smoothing, as it turns out, only occurs as a 

second derivative function of the profile. In other words, where the 

probe samples from a linear concentration profile region (second 

derivative is zero), there is no broadening of the data. The average of 

a straight line is equal to the middle value. Sampling from a staight 

line profile region will produce average values representative of the 

central probe point, independent of the probe diameter. Sampling from a 

non-linear region, however, will not produce values representative of 

the probe center point. For a gas flame profile without coal, the 

central steep gradient zone, the hot flue region, and the cold N2 region 

are quite linear (see Chapter 3). The data points are expected to be 

truly representative of the concentrations in these regions. Data 

smoothing is expected, however, where these regions meet. 
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Isokinetic samping means withdrawing a sample at the local 

velocity in the opposed flow structure. Withdrawing at a greater rate 

will not only broaden the data but distort the local streamlines and 

preferentially sample smaller coal particles. Sampling at a lesser 

rate, the probe will act as a bluff body, again distorting the 

streamlines and favoring heavier particles. 

Isokinetic sampling is confirmed visually (Figure 2.7). The 

probe is observed to have a luminescent interference region associated 

with the metal surface. If this region disappears in front of the probe 

and moves in close to the probe surface, the sampling velocity is 

deduced to be greater than isokinetic. If this region appears in front 

of the probe and extends further away from the probe surface, the 

sampling velocity is assumed to be less than isokinetic. Actual 

sampling proceeded between these two conditions. This is a rough 

approximation to isokinetic sampling but expedient until a derivation of 

local velocity data is available from the model. Gas flow rates and 

velocities in this work are sufficiently high such that deviations from 

the isokinetic sampling rate are thought to be small. In contrast, the 

flow rates and velocities in Graves' work (1981) were much lower, 

restricted by the low burning rates associated with the coal volatiles 

flame. Any deviations in the sampling rate are more pronounced relative 

to the isokinetic velocity at lower gas flow rates. Further, the minimum 

sampling rate required by the analytical instrumentation was 
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considerably higher than the isokinetic sampling rate for the coal 

volatiles flame. Considering that the actual sampling rate in Graves' 

work was 6X and 13X isokinetic sampling velocity, the sampling rates in 

this work are a definite improvement. 

Once the pump flow rate is adjusted to approximate the 

isokinetic rate, the water quench can be set accordingly. The quench 

water is delivered as a spray through three holes in the quench needle 

cap. The quench water, which does not completely vaporize, keeps the 

lines free of clogging particles. A distinct hot red zone appears at 

the tip of the probe, the extent of which is a function of pump and 

quench water flow rates. The quench water flow rate is adjusted to 

provide a red zone approximately 1-2 mm thick restricted just to the tip 

of the probe. At this condition, water flow rate is aproximately 8 

cc/min. 

A general principle of sampling in this system is that the 

higher the flow rates, the better the sampling characteristics. Samples 

are transported through the probe system faster with less residence time 

and faster quenching rates. At higher flow rates through the burner, 

the configuration tends to be more stable towards and less influenced by 

the presence of the probe. Deviations from isokinetic rates are less 

pronounced, as discussed earlier. Higher flow rate also means more 

material intake from which to sample. 
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Solids Collection 

The same probe assembly is used for both solids and gas 

collection except that for solids, the contents of the primary 

repository are not dumped, but collected. Once collected, the solids 

are filtered, dried, and analyzed via proximate/ultimate analyses and 

SEM photographs. The probe is continually knocked to loosen the coal 

particle build up on the tip during sampling. Some of these clumps get 

into the sample, and care must be taken to remove them before 

analysis. Coal particles are "frozen" at the moment they are quenched 

(Chapter 3). After this initial quench, further particle reaction 

within the probe system is not thought to be significant. Solid phase 

samples are relatively inert at cooler temperatures compared to the 

gaseous species, which still can dissolve, diffuse, and otherwise 

react. The structural integrity of the coal can be maintained if care 

is taken not to crush the particles during processing. Some slow 

devolatilization and/or diffusion of species from the partially reacted 

particles might occur, perhaps causing some error in the proximate/-

ultimate analyses. 

Gas Analysis 

The probe system is designed to minimize the residence time and 

dead volume between the probe tip and the injection port. For gas 

chromatograph (G.C.) analysis, the gas sample first requires separation 

from the liquid and solids phases. The primary and secondary 

repositories collect the denser phases via separation by gravity 

(Figures 2.6 and 2.8). Water traps seal the sample lines from the 
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ambient atmosphere. Cooling coils and a condenser further dry the gas 

sample. A 0.2 micron filter eliminates soot and other submicron matter 

before a sample is withdrawn by a syringe and injected into a G.C. 

column. 

The earlier work on the pulverized coal opposed jet flame had 

trouble with long sampling times (Graves, 1981). In that system, a 

sample took 1-1.5 hrs to reach the analyzers due to low gas flow rates 

and long sampling lines. As mentioned earlier, the flow rates are much 

greater and the dead volume much less in the current system. With the 

present design, the gas stream composition stabilizes within a minute so 

that entire profiles, instead of only a single point, can be taken in 

the course of a single run. The rate limiting step is the G.C. analysis 

time of 3-4 minutes per sample. 

A Perkin-Elmer Sigma IB gas chromatograph is used to obtain gas 

compositions for CH^, CO, CO2, O2, and N£. All the gases, except 

CO2, are sequentially separated on a 0.318 cm O.D. X 0.21 cm I.D. X 366 

cm Linde 5A molecular sieve column. CO2 is separated on a 0.318 cm O.D. 

X 0.21 cm X 183 cm Porapak T column. A 7.5% 1^/92.5% He carrier gas has 

a good sensitivity response for all the gases excluding hydrogen. Argon 

is used in separate runs to obtain the concentration profiles for this 

one gas. The columns operate at a carrier gas flow rate of 60 ml/min 

under pressure (69 psi) for smooth response. Oven temperature is 

100° C. The two columns are connected to alternate sides of a thermal 

conductivity detector. When running with l^/He carrier gas, a 0.4cc 

sample is injected into the 5A mol sieve column followed by a second 
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injection 1.33 min later in the Porapak T column. An operator button is 

activated upon the initial injection, and all the subsequent column and 

chart operations, including integration of peaks, are performed 

automatically by a stored method. Using argon as the carrier gas, a 

single injection into the 5A mol sieve column gives the hydrogen 

concentration. Peaks are not always consistently integrated by the 

program, particularly in regards to the CO peak. Occassionally, areas 

had to be calculated manually. All concentrations reported in this work 

are on a dry basis. 

The possibility of a water-gas shift reaction in the probe 

system or dissolution of CO and CO2 in the quench water was not 

examined. Actual gas probe flow rates need to be known before a proper 

analysis of these effects can be made. The significance of these 

effects, if any, will have to be determined in the next phase of this 

work. It should be noted that these effects were determined to be 

negligible in the previous coal opposed jet flame work, using a similar 

probe system. 

Temperature Measurement 

Temperatures are measured using a Type R platinum platinum/13% 

rhodium 0.5 mm wire thermocouple. The leads are connected to a 

millivoltmeter with a digital readout. The thermocouple design is a 

fork configuration with a 23 cm arm spread, so that the arms of the fork 

are positioned outside the flame. The arms consist of a 0.fo35 cm pyrex 

sheath support containing the wire. The fork extends 44.5 cm such that 

the wire leads are safely removed from the reaction zone. The wire is 
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exposed between the ends of the arms with the thermocouple bead located 

centrally. This design isolates the bead from contaminating sheath 

surfaces. Previous conventional two-hole ceramic rod designs exhibited 

contaminating radiation/conduction heat transfer between the bead and 

sheath. 

The bead is sighted and positioned in the same way as the 

gas/solid sample probe. Analyzing the opposed jet flame without coal 

requires the aid of a He lasar to illuminate the bead for sighting in 

the dark, cool upper regions of the opposed flow. With coal added to 

the system, the resultant coal luminescent region illuminates these 

areas without the need of auxiliary lighting. 

The 0.5 mm thick wire can withstand the harsh coal 

environment. Thinner wire might break due to the mechanical stress and 

wear of impinging coal particles. Radiation loss is considered using a 

standard correction: 

Tg = Tc + ead (Tc4 - Tw4)/2A 

The resulting profile is illustrated in Figure 2.9. The correction 

scheme assumes a sphere immersed in a hot, stagnant fluid radiating to 

colder homogeneous absorbing walls (Fristrom and Westenberg, 1965; 

Appendix A). This scheme is oversimplified on two points for this 

work. The bead radiates to non-homogeneous surrounding surfaces, and 

convective heat flux is probably an important contributing heat transfer 

mechanism. The relative influence of these deviations from the 

correction scheme is not easily deduced. However, considering that 
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Table 2.1 Illinois //5 bituminous coal analyses. — 
dry basis; in percentage by weight. 

Volatile Fixed 
Matter Carbon Ash 

Proximate 
analysis 43.74 43.99 10.06 

N C H Ash Balance 

Ultimate 
analysis 1.48 69.25 4.68 10.06 14.53 

Balance consists of oxygen and sulfur. 
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Figure 2.10. Particle size distribution for the Illinois #5 bituminous 
coal used in study. 



radiative heat transfer is a highly complex process not easily 

aramendable to quantitative analysis for any combustion system, the 

present correction probably gives a somewhat better idea of the true gas 

temperatures. The best approach to correcting for radiative losses 

would be an empirical one. Progressively finer thermocouple wire can be 

used and the resulting data applied to extrapolate to the limiting 

condition of infinitismally small bead diameter with zero radiation 

losses. 

Slag build up on the bead causes serious problems. Changes in 

the bead emissivity result in severe temperature drops by as much as a 

couple hundred degrees during the course of a run. The bead required 

repeated hydrofluoric acid soakings to dissolve the silicate deposits. 

Coal Composition 

The coal used in this study is an Illinois #5 bituminous 

provided by Shell. The ultimate and proximate analyses are presented in 

Table 2.1. Figure 2.10 represents a typical as-received particle size 

distribution. 

Base Operating Conditions 

The premixed flame can be operated at any stoichiometric ratio 

between the extinction limits simply by adjusting the flows. The range 

considered is from O.b to 1.2. The flame speed, which is a function of 

fuel, oxidant, and diluent concentrations, is a critically important 

parameter. The premixed flame burns the fastest and the hottest at 

approximately stoichiometric concentrations of fuel and oxygen with no 



diluent gas. However, gaseous flames burn so fast that even for the 

relatively slow burning fuel methane, the flame can flash back behind 

the screen flameholder and sit directly on the sintered disk, warping it 

and fusing the pore matrix. Theoretically, the flow rate through the 

lower burner could be increased to match this fast flame velocity, but 

the cylinder regulators fundamentally restrict the flow. As it is, two 

separate air cylinders each with its own regulator are added in parallel 

to double the volumetric air output. Air, rather than pure oxygen, and 

nitrogen dilute the premixed flame for slower operation within the flow 

limitations of this system. The flow rates are measured in terms of 

standard liters per minute (SLPM), defined at 1 atmosphere and 21° C. 

The addition to a premixed flame of halogenated compounds is 

known to have a strong inhibitor effect on flame speed without 

significantly affecting peak temperatures (Niioka, Mitani, Takahashi 

1983). Freon was tested in this work with the intent of overcoming the 

fundamental problem of high flame velocities. Higher temperatures and 

heating rates were attained while cutting back on gas consumption; 

however, halogenated combustion products were found to be highly 

corrosive and noxious, so that these studies were terminated. 

The flow conditions finally chosen are described in Table 2.2. 

This base operating condition is not necessarily optimum. In fact, the 

flows can be increased up to three fold, if desired, thereby 

significantly increasing the peak temperatures and heating rates. These 



Table 2.2 Base operating conditions. 

Upper burner N2 = 66.7 SLPM 

Lower burner CH4 = 6.6 
Air = 50.8 
N2 = 16.6 

74.0 SLPM ±0.5% 

Stoichiometric ratio 0.80 

Burner spacing 3.33 cm 

Coal density 2.5 gm/min feed, or 
38 mg/1 (standard) 

Lower burner gas velocity (cold) 13.5 cm/sec 

Upper burner gas velocity (cold) 0.125 mm/msec 

Heat-up rate, excluding expansion 32,000 °C/sec 

T (corrected) 
max 

1550°C 



particular conditions were chosen because of the ease of operation at 

this flow range. The resulting heating rates and peak temperatures 

attained at these conditions are comparable to those found in other high 

heating rate studies. 

At the given flow rates the system is fuel rich with a 

stiochioraetric ratio of 0.80 (Appendix A). This thesis is concerned 

only with devolatilization behavior in a reducing environment. All the 

oxygen from the lower burner flow is believed to be consumed early in 

the premixed flame at the screen surface. The gas flame luminescent 

boundary is located about one-third of the burner spacing down from the 

upper burner. Where the luminescent hot flue gas region abruptly ends, 

it is assumed the stagnation plane is approximately located. The 

luminescent boundary is visually flat, indicating one-dimensionality. 

Visual flatness is an easy test for lower burner leaks. "Shelves" in 

the structure or "wobbles" in the outer edge of the luminescent zone 

readily identify leaks. 

The burner spacing is arbitrarily fixed by vertically 

positioning the upper burner. A spacing that is too small does not 

permit adequate room for sampling in the pre-heat up and early heat up 

regions of the coal luminescent region. A wider spacing may tend to 

destabilize the flame configuration (Graves, 1981). More gas would be 

entrained, and the burner flow would become less plug-like and more 

parabolic (Potter et al, 1961). 
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The coal density is set to the point where visibility through 

the window almost becomes obscured. The onset of coal obscuration 

occurs abruptly at the point where the rate of coal entry becomes higher 

than the rates of coal settling and evacuation through the vent. 

Calculating the heat up rate requires use of the model. Based 

on the cold flow velocity and the temperature gradient and excluding 

expansion and stretching, a conservatively low heat up rate value of 

32,000°C/sec is estimated (Appendix A). A peak temperature (corrected) 

of 1550°C is attained (Figure 2.9), which is quite high relative to 

other coal heat up work. 

The coal luminescent region occurs in the vicinity of the gas 

luminescent boundary, both above and below it. Small quantities of fine 

coal particles are seen (usually at start up and shut down) to luminesce 

and stream out about a millimeter or so above this boundary. The coal 

luminescent region is divided arbitrarily into two zones, the upper coal 

luminescent zone, where the majority of the coal mass seems to travel, 

and the lower coal luminescent zone, where occassional clumps or larger 

particles of coal penetrate. Looking up at the coal luminescent region 

from below reveals a radial symmetry with particles radially 

accelerating. Individual particles at the center can be observed to 

penetrate into the lower luminescent zone before buoying back into the 

upper zone. This oscillatory behavior has been predicted by the model 

(Masteller, awaiting publication). The coal luminescent region is 

visually flat and the coal density fairly homogeneous throughout the 

structure. Oscillations in the pneumatic vibrator cause occasional 



bright "flashes" as a dense collection of coal falls through the 

honeycomb matrix and luminesces. These fluctuations most likely are 

smoothed out in the gas sampling process. The probe system can be 

visualized as a series of small CSTR's (continuously stirred reactors) 

which would smooth incoming pulses. 



CHAPTER 3 

EXPERIMENTAL RESULTS 

Data are reported for the opposed jet configuration without coal 

and with coal. The coal data involve three different coal size 

classifications: i) non-classified ii) fines only—less than 38 

micron iii) coarse particles only—between 90 and 106 micron. Data for 

the opposed jet configuration without coal serve as a reference 

condition. 

One-dimensionality of the System 

As stated, the coal luminescent region is visually flat. 

Profiles that do not change as a function of radial position demonstrate 

the one-dimensionality of the configuration. Figures 3.1 and 3.2 

illustrate this. Note that the profile in Figure 3.2 for the right 

(positive) side of the burners is quite flat almost over the entire area 

from the center point out to the burner edge for any axial position 

observed. The profiles at the left (negative) side of the burners 

obviously are not flat. This was due to a leak in the burner on that 

side which could be observed as a slight "shelf" in the left hand side 

of the luminiscent boundary plane. The burner was subsequently resealed 

and one-dimensionality across the entire structure established. This 

particular set of data is presented because of the extensive amount of 

detail and the large number of profiles taken at various axial 

positions. 

48 
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Radial Position (cm) 

Distance From Top Burner (cm) 

Figure 3.1. Axial temperature profile with data points 
from various radial positions. 
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F igure 3.2. Radial temperature profiles demonstrating 
one-dimensionality of positive half of 
conf igurat ion. 
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The data points taken at the centerline are offset. This is the 

spurious result of hydrodynamic interferences between the "thick." 

thermocouple wire and the gas flame. The centerline represents a 

boundary condition and a stagnation line. Visually, the gas flows 

abruptly shift into a distorted, wildly flopping mode just at the zero 

radius thermocouple position where the thermocouple wire splits the 

burner flow in two. The opposite burner flow penetrates deep into the 

central region, thereby distorting the profile. This effect was not 

observed when a much thinner wire was used in a similar experiment 

(Corley, awaiting publication). Based on Corley's observations, the 

effect here is believed to be hydrodynamic. In any case, data at 

boundary conditions generally are not trusted. From the data reported 

here, it can be concluded that one-dimensionality extends at all axial 

positions from the center to the burner edge to within 0.5 cm at both 

boundaries. 

Figures 3.4 and 3.14 demonstrate the one-dimensionality of the 

gas species profiles. For the three species plotted, the data at +2.5 

cm and +3.5 cm are essentially identical. It is difficult to conclude 

anything concerning the one-dimensionality of the coal 

ultimate/proximate solids analyses (90 to 106 micron classification), 

Table 3.3. The A series data points are taken at +2.5 cm and the B 

series at +3.5 cm radial positions. Further investigation and 

subsequent evaluation of the data scatter is required befoTe any 

conclusions can be drawn from these analyses. 



Profiles 

Opposed Jet Configuration With no Coal 

The axial temperature profile in Figure 3.3 demonstrates three 

distinct regions for the configuration without coal. The following 

observations, however, apply to the cases where coal is added as well. 

The presence or absence of coal in the opposed jet configuration had 

negligible influence on the temperature profiles for all coal size 

classifications considered. The gases exiting the burners exhibit 

fairly flat gradient regions with the hot flue gas temperature at about 

1500°C (corrected) and the transport gas temperature at about 

100°C. Where the two flows contact, the gradient is steep (24u°C/mm). 

The heat up zone is suspended in space, removed from any contaminating 

surfaces. If coal is added, a particle heat up lag time is expected, 

this being a characteristic of any coal pyrolysis system. 

The gas profiles in Figure 3.3 exhibit a similar shape to that 

of the temperature profile. Mass diffusivity plays a fundamental role 

in the shape of the profiles. The premixed flame flue gases exhibit 

constant concentrations, as would be expected, until nitrogen from the 

upper flow penetrates via diffusion, diluting the species concentra

tions. At the same time, the gas species from the flue gases diffuse 

across the stagnation plane and into the upper flow. The gradient 

between the two flows is expected to be a function of both mass 

diffusivity and convective flux for the species profiles and thermal 

diffusivity and convective flux for the temperature profile. Very steep 
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Figure 3.3. Gas and temperature profiles of configuration 
without coal in upper burner ^ flow. 

Key: 
C09: rad ius = 3 . 5 , -V 

r ad iu s = 2 . 5 , TV 
CO: radius=3.5,& 

rad iu s = 2.5 , ̂  
H„ : radius = 3 .5,0 

rad iu s=2 . 5 , "O. 



54 

gradients can be obtained in this premixed flame experimental 

configuration, unlike the diffusion flame configurations where the 

diffusion of the reacting species to the combustion zone places a limit 

on the range of maximum flow rates permissible. 

Non-classified Coal Size Distribution 

Figure 3.4 illustrates the gas and temperature profiles of the 

configuration for the non-classified coal case. As previously 

mentioned, temperature is unaffected by the addition of coal. This 

figure details the pyrolysis environment of the coal. The background 

gas concentration (without coal) profiles had to be taken every run for 

meaningful comparisons to the profiles with coal added. This was 

necessary since small shifts in the methane flow can result in a several 

fold shift in concentrations of CO and ^. These gas concentrations are 

strong functions of the stiochiometric ratio. Minor deviations in flows 

from run to run are common, so that the concentrations of CO and H2 are 

expected to vary from figure to figure. During the course of a single 

run, however, the data are fairly consistent. Step functions in the 

profiles were sometimes observed if the flow meters and pressure gauges 

were not carefully monitored. Once the profile shape is well 

established, only a few data points are necessary to sketch the 

background profile. 

In the upper burner region, devolatilizing coal produces small 

quantities of H2 and CO and about 1% CO2 above the background CO2 

concentration in the vicinity of the coal luminescent zones. 

Occasionally, trace amounts of CH^ appear in these zones. 
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Table 3.1. Proximate and ultimate analyses of non-classified coal, in weight %. 

_ , rr> Proximate Ultimate 
tuple Temnerature -
No. z (°C) Ash Fixed C Volatiles N C H Ash Balance 

1 0.52 140 9.16 42.03 43.65 1 .18 70.10 4.98 9. 16 14. 58 

2 0.79 550 9.53 44.43 43.36 1 .55 70.49 4.48 9. 53 13. 95 

3 1.02 1020 10.32 45.89 41.02 1 .58 70.44 4.68 10. 32 12. 98 

4 1.28 1225 12.99 51.25 31.85 1 .39 69.30 3.74 12. 99 12. 58 
Lower 
baffle - - 17.83 64.11 13.28 1 .55 64.56 1.89 17. 83 14. 17 

Standard -00 30 10.06 43.99 43.74 1 .48 69.25 4.68 10. 06 14. 53 

Balance consists of oxygen and sulfur. 
Proximate on as-received basis; ultimate on dry basis. 
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Table 3.1 details the trends in the non-classified coal 

composition as a function of axial position in the opposed flow 

configuration. The lower baffle samples are coal particles gathered off 

of the lower burner baffle (flange). These particles must have been 

thoroughly heated to have reached all the way to the lower burner. They 

can be considered to represent a limiting devolatilization condition. 

The standards are samples taken from the coal feeder prior to a run. 

Balance is the remaining weight percent attributed to oxygen and sulfur 

content. It should be noted that values for ASTM "volatile matter" and 

"fixed C" remaining in the char are relative quantities. The mass lost 

is dependent on the procedure (heating times, holding temperatures) 

used. The actual volatile matter lost is equal to some constant times 

the change in the ASTM volatile matter. ASTM volatile matter and 

fixed C remaining in the char therefore are indicative of the extent of 

devolatilization. 

The observed trends are consistent with what would be 

expected. With increased heating or exposure in the flame 

configuration, more volatiles and H2 are released and the relative ash 

content of the char is increased. In addition, the char fixed carbon 

appears to increase while the nitrogen, balance (oxygen and sulfur), and 

carbon contents remain the same. 

A study of the SEM photographs can help correlate the 

compositional changes to physical phenomena. Figures 3.5 through 3.11 

are related to the samples reported in Table 3.1. This series of 

photographs represents the history of the non-classified coal as it 



Figure 3.5. Non-classified 
at z = - oo cm, 

represents 100 

coal: standard sample 
T = 30 C. I I 

microns. 

Figure 3.6. Non-classified coal: sample #1 at z = 
0.52 cm, T = 140 C. i—i represents 10 
microns. 
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Figure 3.7. Non-classified coal: sample //2 at 
z = 0.79 cm, T = 550 C. • represents 

10 microns. 

Figure 3.8. Non-classified coal: sample //3 at 
z = 1,02 cm, T = 1020 C. H represents 

10 microns. 



59 



Figure 3.9. Non-classified coal: sample it4 at 
z = 1.28 cm, T = 1225 C. m represents 

10 microns. 

Figure 3.10. Non-classified coal: sample it5 at 
z = 1.53 cm, T = 1290 C. I 1 

represents 100 microns. 
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Figure 3.11. Non-classified coal: lmver baffle 
sample. H reoresents 10 microns. 
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travels from the coal feeder through the opposed jet configuration. The 

size scale can be found in the lower right hand side of each picture. 

One hatch to the right of the scale bar indicates a bar length 

equivalent to 1 micron. Two hatches indicates a bar length of 10 

microns and three hatches a bar length of 100 microns. 

The appearance of "puffed" coal particles is observed. They 

first seem to appear in some quantity in sample #3 (Figure 3.8) taken 

from the upper coal luminescent zone. By sample #5 (Figure 3.10) 

virtually all the particles are puffed. Puffing seems to be correlated 

with the coal luminescent regions at gas temperatures of about 1200°C, 

uncorrected. Figure 3.12 exhibits an example of a particle prior to 

pyrolysis. The surfaces are rough and angular. Maceral and plate-like 

structures almost can be defined. Figure 3.13 illustrates what might be 

a rare particle in transition found in sample #2 (Figure 3.7). Sample 

#2 is located prior to the coal luminescent region so that puffing would 

not be expected to have proceeded to a large extent. The particle seems 

to have retained some angularity, though its surface is glassy. It may 

be that the surface began to melt before the core of the particle heated 

up. Upon heating, the coal appears to "pop" like popcorn. The 

particles do not seem to change size when this occurs. 

Figure 3.14 illustrates a classic example of a puffed 

particle. It is basically spherical with a glassy, semi-wrinkled 

surface exhibiting a large blow hole on the right with numerous 

submicron pores across its surface. Figure 3.14b is a detail of two 

such pores. Note the soot-like condensates deposited on the surface in 



Figure 3.12. Non-classified coal: a non-reacted 
particle from standard sample. ' 1 
represents 10 microns. 

Figure 3.13. Non-classified coal: a potential 
transition particle from sample #2. 
I 1 represents 10 microns. 



63 



Figure 3.14. Non-classified coal: (a) a typical 
puffed particle from sample //3. I 1 
represents 10 microns (b) increased 
magnification showing surface deposits 
and submicron pores. I 1 
represents 1 micron. 
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a) 

b) 



figure 3.15. Non-classified coal: a thoroughly 
reacted particle from sample #5. 

1 I renresents 10 microns. 
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both photographs. The immediate vicinity of the pores is clear of any 

material, suggesting that during heat up, high molecular weight 

volatiles were ejected through these pores, whereupon they condensed and 

collected on the particle surface. Figure 3.15 illustrates a particle 

that has further heated and reacted. The particle is more bubbled with 

a glassier, smoother surface containing fewer submicron pores. 

Size segregation can be observed to occur from Figure 3.5 to 

Figure 3.11. Fewer fines particles appear progressively through the 

samples. This demonstrates the dependence of particle size on the 

particle trajectory. Interestingly, the sample taken from the lower 

baffle for the non-classified coal exhibits an essentially monosize 

particle distribution in the 100 micron range. This coal formed a 

concentric ring on the burner baffle. Smaller particles do not 

penetrate as deep and are swept away. The largest particles (5% of 

total mass) probably penetrate at a lower angle, missing the baffle and 

passing through the screen instead. As expected, no particles were 

found on the baffle with the fines coal. 

Coal Fines—Less than 38 Micron 

The gas and temperature profiles for the fines coal are very 

similar to those of the non-classified coal (Figure 3.16). No 

structural differences between the luminescent zones of the two coal 

types (or any coal types) could be discerned. The luminescent zones are 

located approximately in the same positions, regardless of coal size 

classification. A curious feature is found with the fines CO2 and 

profiles that is not clearly apparent in the non-classified profiles. A 
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Table 3.2. Proximate and ultimate analyses of fines coal, in weight %. 

Sample 
No. z 

Temperature 
(°C) 

Proximate Ultimate 
Sample 

No. z 
Temperature 

(°C) Ash Fixed C Volatiles N C H Ash Balance 

1 0 .52 140 12, .04 45, .32 41, .39 1 .44 

00 vO 

.69 4. ,55 12. .04 13. .28 

2 0 .68 270 12, .41 44, .47 41, .17 1 .36 67, .89 4. ,36 12, .41 13, .98 

3 0 .90 820 12, .87 45. ,41 33, .61 1 .54 67, .54 4. ,25 12. .87 13. ,80 

4 1 .11 1110 14, .28 46, ,18 36, .94 1, .43 67, .18 4. .23 14. ,28 12. ,88 

Standard - 00 30 12. ,35 44, ,63 41. ,75 1, .41 68. ,02 4. 61 12. ,33 13. ,58 

Balance consists of oxygen and sulfur. 
Proximate on as-received basis; ultimate on dry basis. 

ON 
CO 



"dip" in these profiles occurs in the region below the lower coal 

luminescent zone. Data smoothing must be taken into account in 

discussing this phenomena, considering the scale of detail and the 

degree of non-linearity of the profiles in this region. Since the 

temperature profile is unaffected by the presence of the coal, H2 

depletion is not the result of a shift in equilibrium in the flue 

gases. H2 must react with the coal or coal volatiles in some fashion. 

Table 3.2 reveals similar trends to Table 3.1 with the noted 

difference that the compositional changes are less drastic with the 

fines coal. From samples #1 to #4, the volatile content decreases 12?„ 

for the non-classified as compared to only about 4.5% for the fines 

coal. Similarly, fixed C and ash contents increase 9% and 4% for the 

non-classified coal compared to an increase of only 1% and 2% for the 

fines. Hydrogen decreases roughly 1.3% compared to only about 0.3/» for 

the fines. Note that the gas profiles are similar for both coal types, 

however. This would indicate one of two things: i) that the non

classified coal, relative to the fines coal, evolves more of the heavier 

weight volatile matter not detected by the gas chromatograph, and/or 

ii) the volatile compositions of the non-classified coal are less 

similar to the parent char than in the fines case. 

The series of photographs illustrating the coal fines heat up 

(Figures 3.17 to 3.21) demonstrates some puffing as the coal travels 

through the counterflow configuration, but a good number of particles do 

not seem to change much in appearance. Like the non-classified 

particles, the fines do not appear to change much in size when heated. 



Figure 3.17. Coal fines: standard sample at 
z = -xi cm, T = 30 C. I 

represents 100 microns. 

Figure 3.18. Coal fines: sample //I at z = 0.52 cm, 
T = 140 C. I—I represents 10 microns. 
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Figure 3.19. Coal fines: sample #2 at z = 0.68 cm, 
T = 270 C. I—I represents 10 microns. 

Figure 3.20. Coal fines: sample //3 at z = 0.90 cm, 
T = 820 C. i—I represents 10 microns. 
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Figure 3.21. Coal fines: sample #4 at z = 1.11 ern, 
T = 1110 C. reoresents 
100 microns. 



Figure 3.22. Coal fines: (a) reacted particle from 
sample //4. I 1 represents 10 microns 
(b) increased magnification showing 
shell thickness. I 1 represents 
1 micron. 
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a) 

b) 



Figure 3.23. Coal fines: (a) particle agglomeration 

from sample >73. I 1 represents 
10 microns (b) increased magnification 
showing particle fusion interface. 

I 1 represents 1 micron. 
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a) 

b) 



No transitional particles were readily observed. Figure 3.22 exhibits 

small fines particle from sample #4 of the series. It does not appear 

to have any pores. The magnification of the surface fracture exhibits 

thin particle wall. Small particles seem to form thin-walled balloon 

type structures, whereas the large particles form puffed, bubbled 

masses. These details revealed by the SEM photographs, in conjunction 

with the proximate/ultimate analysis, corroborate the observation by 

many researchers that small bituminous particles react via a different 

reaction scheme than larger particles (e.g. Ubhayakar et al, 1977). 

They do not bubble and jet heavy tar-like materials as the larger 

particles have been observed to do (Seeker et al, 1981). 

Figure 3.23 is taken from sample #3. The magnification 

demonstrates particle fusion indicating agglomeration processes 

occurring in the coal luminescent zones. 

Coarse Coal Size Distribution 

The gas profiles of Figure 3.24 are different from those of the 

other two coal size distributions in that only small quantities of the 

lighter gases are produced from the coarse size coal. Even though theri 

is little difference in the profile concentrations with and without 

coarse size coal added, the characteristic dip in the H2 profile again 

appears. The CC>2 profile with coal added appears to drop relative to 

the background concentration. This effect is difficult to account for 

and may be erroneous. 
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Figure 3.24. Gas and temoerature profiles of configuration 
with coarse coal. 
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Table 3.3. Proximate and ultimate analyses of coarse coal at two radii: radius = +2.5 cm 
for series 'A' ; radius = +3.5 cm for series 'B', Analyses given in weight 

Sampie 
No . 

Temperature 
(°C) Ash 

Proximate 

Fixed C Volatiles 

Ultimate 

H Ash Balance 

1A 
2A 
3A 
4A 
5A 

Lower 

baffle 
Standard 

0.51 
0.74 
1.03 
1 . 2 8  
1.57 

140 
410 
1030 
1225 
1295 

30 

3.23 53.27 40.74 1.31 70.97 4.57 8.23 14.92 
9.22 49.00 39.94 1.01 72.20 4.30 9.22 13.27 

10.78 54.23 33.33 1.44 73.36 3.40 10.78 11.02 
11.20 53.22 34.45 1.32 70.99 3.62 11.20 12.87 
15.54 57.39 27.44 1.41 69.41 2.84 15.54 10.80 

18.74 61.78 15.58 1.90 67.97 2.31 18.74 9.08 

7.15 45.32 43.34 1.36 71.03 5.26 7.15 15.20 

IB 0.51 140 7.69 44.79 43.18 1.24 71.07 4.49 7.69 15.51 

2B 0.74 410 7.57 47.65 43.36 1.43 71.23 4.75 7.57 15.02 

3B 1.03 1030 9.39 52.87 35.01 1.20 72.27 3.87 9.39 13.27 

4B 1.23 1225 10.16 52.03 35.06 1.09 71.56 3.38 10.16 13.81 

Balance consists of oxygen and sulfur. 
Proximate on as-received basis; ultimate on dry basis. 
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Table 3.3 contains two sets of data taken at the same axial 

positions but at two different radial positions. Theoretically, data 

set A and set B ought to be identical within experimental error. This, 

however, cannot be claimed. Further, the fixed carbon concentrations 

increase significantly in one case from sample #1 to #4 and do not 

change consistently at all in the other. These discrepencies are 

difficult to explain, and further investigation is required. The basic 

trends observed in the other two coal size distributions, however, are 

observed here. In comparison, the fines coal again appears to exhibit 

the least dramatic compositional changes during devolatilization. This 

is a further indication that different reaction schemes are involved for 

different particle size ranges. 

Compositional differences between the three size classification 

standards prior to reaction in the combustor should be noted. The 

coarse coal standard relative to the fines, has a higher carbon (by 2%), 

hydrogen (0.5%), balance (oxygen/sulfur, 1.6%), and a lower ash (5%) 

content. In the pulverization process, the coal tends to fracture along 

mineral inclusion planes so as to produce small mineral fragments. This 

can explain the higher ash content of the coal fines. 

The coarse coal particle history series in Figures 3.25 through 

3.31 is similar in appearance to the larger particles of the non

classified coal history series. The samples appear to fall within a 

narrow size band. This is significant from the point of view of 

modeling. The monosize particle distribution is more tractable to 

analysis than the more disperse distributions of the other two coal 

classifications. 



Figure 3.25. Coarse coal: standard sample at 
z = - oo cm, T = 30 C. H represents 

10 microns. 

Figure 3.26. Coarse coal: sample //I at z = 0.51 cm, 
T = 140 C. i 1 represents 100 

microns. 
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Figure 3.27. Coarse coal: sample #2 at z = 0.74 cm, 
T = 410 C. 1 1 represents 100 

microns. 

Figure 3.28. Coarse coal: sample #3 at z = 1.03 cm, 
T = 1030 C. I 1 represents 100 
microns. 
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Figure 3.29. Coarse coal: sample #4 at z = 1.28 cm, 
T = 1225 C. I 1 represents 100 
microns. 

Figure 3.30. Coarse coal: sample #5 at z = 1.57 cm, 
T = 1295 C. I 1 represents 100 
microns. 
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Figure 3.31. Coarse coal: sample from lmv-er baffle. 
re~resents 100 microns. 
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Figure 3.32. Coarse coal: (a) fractured reacted 
particle from sample //4 revealing 
internal structure. I—| represents 
10 microns (b) increased magnification 
showing surface bubble leaking to 
the surface through submicron pore. 
I—I represents 1 micron. 
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a) 

b) 



Sample A exhibits clean particle surfaces resulting from the 

sifting (segregation) process. Sample #1 exhibits a good deal of 

surface litter. Since the particles have not yet experienced heating at 

this point, the debris most likely originates from residue fines 

material in the transport lines from earlier runs. The coal feeder, 

transport lines, and upper burner need to be cleaned more thoroughly to 

better study small particle evolution and behavior in reacting particle 

flows. 

Figure 3.32 illustrates the internal structure of a large 

particle that was fractured for study. A piece of the internal matrix 

lies on top of the particle in the figure, obstructing part of the 

view. The particle is observed to be highly bubbled. A bubble can be 

seen in Figure 3.32b which appears to leak out to the surface through a 

submicron pore. 

Soot 

A comparison of the samples collected on the submicron filters 

reveals some information. The two soot samples, to begin with, are 

different in appearance. Soot from the coarse class is jet black 

whereas the fines soot is light grey-brown in color. The combustor 

enclosure becomes coated with the same soot material during the coarse 

of a run. With the fines, the soot deposit is light, whereas with the 

coarse coal, the soot deposit is dense and rubbery. The non-classified 

coal generates dark soot-like material, though not as black as the 

coarse coal soot. 



85 

The difference in color alone would indicate less carbonaceous 

material and more submicron mineral particulates in the fines relative 

the the coarse soot. The ultimate analysis confirms this in Table 

3.4. The oxygen and sulfur composition of the fines soot is high 

whereas its nitrogen composition is quite low relative to the coarse 

soot. The difference between the coarse soot and its parent coal 

composition (standard) is that the ash content is greatly reduced, the 

oxygen, sulfur, and hydrogen content are cut roughly in half, the carbon 

increases about 20%, while the nitrogen remains essentially the same in 

the soot. In the fines soot, the ash also is greatly reduced and the 

carbon content increased, but the oxygen and sulfur content are 

increased, the hydrogen remains essentially the same, while the nitrogen 

is greatly reduced, relative to the parent coal. 

SEM photographs of the two soot types do not reveal any 

structural differences. Figures 3.33 and 3.34 showing the material from 

the submicron filter look similar to the soot-like condensates found on 

the puffed particles. Note the micron size round particle in the fines 

soot, Figure 3.34. It would be interesting to perform an elemental 

analysis on the soot with an EDAX and to compare the results with an 

analysis of the soot-like particle condensates. 



Table 3.4. Ultimate analyses of fines and coarse 

soot, in weight %. 

N C H Ash Balance 

Fines 
soot 0.23 74.97 4.15 1.47 19.18 

Coarse 
soot 1.11 85.79 3.70 0.54 8.86 

Balance consists of oxygen and sulfur. 
Analyses on dry basis. 



Figure 3.33. Non-classified coal: (a) submicron 
particle filter material (soot). 

I 1 represents 10 microns (b) 
increased magnification showing fine 
structure. I 1 reoresents 1 micron. 
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a) 

b) 
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Figure 3.34. Fines coal: subrnicron uarticle filter 
material (soot). represents 
1 micron. 



CHAPTER 4 

CONCLUSIONS 

The opposed jet configuration has proven to be a useful 

experimental tool for the investigation of early coal pyrolysis behavior 

under rapid heating rates at elevated temperatures. This technique is 

novel in its application for studying devolatilization of an entrained 

solid phase. It has demonstrated flexibility in controlling and custom 

designing combustion environments. The opposed jet configuration can be 

classified as an entrained flow technique, and it can be compared 

favorably with other systems such as the drop tube furnace and heated 

screen reactor. 

A base condition for the operation of a flat, stable coal 

opposed flow configuration with a reducing environment at heating rates 

of 32,000°C/sec (cold flow) and peak temperatures of 1,550°C (corrected) 

has been established. A fuel rich premixed methane flame was supported 

on the lower burner supplying the hot reducing flue gases that oppose 

the entrained pulverized coal stream. 

Sampling criteria have been discussed and the integrity of the 

data evaluated. Intrusive coal sampling probes are limited to an 

approximate minimum diameter of 0.635 cm. 

Detailed profiles of gas, solid species, and temperature were 

obtained. One-dimensionality in all the profiles was confirmed except 

in the solids analyses, where the data are inconclusive. Results from a 
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companion project will show that solids sampled at a specific point can 

be labeled with specific time-temperature histories. Although the 

results from this work are primarily qualitative, quantitative 

interpretation of the data is possible. SEM photographs reveal some 

features of the physical processes occurring during devolatilization. 

Combining information from the profiles, solid analyses, and SEM 

photographs, some interesting conclusions can be drawn: 

1. The temperature profile is not influenced by the presence 

or absence of coal in the upper burner nitrogen flow. Both the gas and 

temperature profiles exhibit a characteristic gradient zone where the 

two opposed flows meet. Both thermal and mass diffusivities in 

conjunction with the convective flux determine the shape of the 

profiles. No visual differences between the coal luminescent region of 

each coal type could be discerned. A particle heat up lag time is 

evident from a comparison of the gas temperatures at the incipient coal 

luminescent point and the minimum temperature necessary for particle 

luminescence. Fines are expected to heat up faster than coarse 

particles. 

2. Devolatilizing coal is observed to produce CO2, small 

amounts of H2 and CO, and occasional trace amounts of CH^. A "dip", as 

yet unexplained, occurs in the hydrogen profiles in the lower coal 

luminescent zone. The hydrogen apparently reacts with the coal or coal 

volatiles in some fashion. 
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The coarse particles produce little of the light volatile 

species. However, overall devolatilization trends, as revealed by the 

solids analyses, are more dramatic for the coarse particles. This 

indicates that heavier weight volatiles (tar) and/or volatiles with a 

chemical composition less similar to the char are given off by the 

larger particles. SEM photographs confirm the occurrence of tar 

evolution via the presence of high molecular weight condensates found on 

the larger particle surfaces. These condensates were not generally 

present in the fines, indicating potentially different reaction schemes 

for particles of different sizes. Larger particles are observed to 

assume a puffed, wrinkled, porous structure when heated. Only a 

relatively small number of the fines puff. They are more spherical, 

less porous, and they posses a thinner shell relative to the larger 

particles. The small particles have been observed not to bubble and jet 

heavy tar-like materials like the larger particles (Seeker et al, 19ril). 

Physical observations of devolatilized coal particles thus can be 

correlated to chemical observations. A modified ASTM test correlates 

the extent of devolatilization in each sample. 

Soot-like condensate material on the surface of the large 

particles suggest that, during heat up, high molecular weight volatiles 

are ejected through surface pores, whereupon they condense and collect 

on the coal particle surfaces. The internal structure of the large 

particles exhibits bubbling with gases escaping through tiny pores and 

large blow holes at the surface. For the fines particles that do melt, 

volatiles apparently diffuse and/or evaporate from the surface for the 

particles that melt. Agglomeration of hot particles also is observed. 
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3. An analysis of the soot reveals differences both visually 

and chemically for the coarse and fines coal. The coarse particles 

produce dense, rubbery, jet-black soot containing more carbon and 

nitrogen but less ash, sulfur, and oxygen than the light density, light 

colored fines soot. In both cases, the soot contains more carbon and 

less ash than the parent coals, but the two show different trends with 

the remaining elements. 

Future Work 

Combining a detailed mathematical model with the experimental 

studies is the next major step in this work. The model would serve to 

extend experimental results and help design experiments to test given 

mechanisms. For instance, the model can give time-temperature histories 

to which the data can be ascribed. Devolatilization rates and yields 

could then be determined and the configuration adjusted to study various 

effects. 

Some possible future studies include: 

1. The effect of even higher heating rates and temperatures on 

pyrolysis behavior. 

2. The effect of oxygen on the pre-ignition behavior by burning 

a fuel lean premixed flame on the lower burner. 

3. The effect of hydrogen and carbon species on 

devolatilization behavior and secondary reactions with the volatiles by 

burning a CC>2 and a H2 premixed flame. 

4. The effect of premixing gas species with the entrained 

pulverized coal. 



5. The effect of coal rank on the configuration structure. 

6. The effect of preheating the entrained coal flow. 

7. The effect of additives and/or suppresants in either jet on 

pyrolvsis behavior. 

The possibilities are numerous. In general, exploration of the 

influence of rapid heating and high temperatures on pulverized coal 

devolatilization behavior is probably the most fundamental contribution 

that the opposed jet configuration can make. 
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Base Conditions 

1. Stoichiometric Ratio 

For the methane/air primixed flame, the equation is: 

CH4 + 202 -*• C02 + 2H2 

The amount of oxygen available 

(0.21) (50.8 SLPM) = 10.67 SLPM, standard conditions at 1 
atm, 21°C. 

In relation to the amount of methane provided, the resulting 

stiochiometric ratio is 

(10.67 SLPM 02) 1 = 0 80 
2 6.6 SLPM CH, 

4 

2. Coal Density 

2.5 gm/min of coal is fed into the upper burner. With 

homogeneous dispersion, the mass of coal per unit 

volume is: 

(2500 mg/min) (1 min/ 66.7 S Liters) = 38 mg/L (standard) 

3. Lower and Upper Burner Gas Velocities (Cold) 

The burner area is: 

Area = (pi) (r^) = (pi) (5.40 cm)^ = 91.52 cm^ 

Cold flow velocity for the lower burner 

v = (74,000 cm^/min) (1/91.52 cm^) (lmin/6U,000 msec) 

(10 mm/1 cm) = 0.125 mm/msec 
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Or, a point in the upper gas stream travels a millimeter every 8 msec 

(cold). Taking into account expansion of about 3X due to a temperature 

increase (300°K to 1100°K), travel time probably is about 1/2 as long as 

reported. 

4. Heat Up Rate, Excluding Expansion and Temperature Corrections 

Graphically taking the slope from the steep gradient zone of 

Figure 3.4, a temperature rise of 470° (uncorrected) is found over a 0.2 

cm distance. Based on the cold flow velocity heat up rate = 

(470°/0.2 cm) (13.5 cm/sec) = 32,000°C/sec. Taking into account 

expansion and radiation losses, the actual rate may be at least 2 - 3X 

higher than reported. 

5. Temperature Corrections 

The equation for correcting for radiation effects is (Fristrom 

and Westenberg, 1965): 

Tg = Tc + Ead (Tc4 - Tw4)/2A 

The emissivity of platinum wire is (Perry and Chilton,1973): 

0.18 at 1400°C 

0.1 - 0.16 at 500 - 1000°C 
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The thermal conductivity of the hot flue gases was assumed to be 

equivalent to that of nitrogen. Values are tabulated as a function of 

temperature in Perry and Chilton. The corrected temperature at 1350°C 

(1650°K) therefore is: 

Tg 
(0.18)(1.355 X 10-12 )(0.05) 16500 + ~~~~----~~--~~~~ 

(2)(2.39 X 10-4) 

1 4 4 
(0.893)(1650 - 300 ) 

Tg = 16500 + 2050 

Calculations at various temperatures down to about 700°C result in the 

temperature correction profile of Figure 3.7. Below 700°C, radiation 

effects become negligible. 
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Temperature Profile Data: 2/6/84; No Coal. — Start at 1:05 p.m. and stop at 
3:20 p.m.; top burner = 85.772 cm; lower burner = 82.302 cm. Refer to Figures 3.1 

and 3.2. 

Axial 
Position 0.0 +1.0 +2.0 +3.0 +4.0 +5.0 -1.0 -2.0 -3.0 -4.0 -5,0 

82.746 1306 1305 1303 1307 1316 1322 1317 1313 1312 1305 1253 

83.742 1151±2 1243 1253 1266 1279 1293 1264 1271 1275 1279 1274 

84.057 1094±5 1204±2 1217±2 1232±2 1248 126012 1233 124911 1250 125412 1252 

84.237 1035±5 1160±3 116515 117015 118515 1212+5 119312 1210+3 1210+3 120315 1209+3 

84.471 920±10 980±15 972±15 975+15 982H0 990115 108515 1075+6 1042110 1015+15 1000115 

84.635 808±6 695±25 710±20 695115 680110 700+22 880112 850+20 820+20 740+20 720+25 

84.829 620±5 300+15 295±15 275115 270+15 270115 410120 450+25 375125 325+25 290+25 

85.265 222 168 163 157 152 146 170 165 160 156 150 

vo 
V£> 



Temperature Profile Data: 4/4/84; With 
and Without Fines Coal.* — Top burner = 
85.772 cm; lower burner = 82.302 cm. 

Axial 
Position 
(cm) z 

Temperature 
(Uncorrected, °C) 

85.235 0.35 132 

84.805 0.78 532 (?) 

84.745 0.84 680 

84.895 0.69 262-272 

84.412 1.17 1126 

83.903 1.68 1222 

83.250 2.33 1237 

82.642 2.94 1323 

82.470 3.11 1336 

82.450 3.13 1350 

82.975 2.61 1310 

*Note: coal flow turned off and on at most axial 
positions — no effect on temperatures. 
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Temperature Profile Data: 4/9/84; With 
and Without 90-106 Micron Coal.* — Top 
burner = 85.775 cm; lower burner = 
82.433 cm. Refer to Figures 3.3-3.30. 

Axial 
Position 
(cm) z 

Temperature 
(Uncorrected, °C) 

83.000 2.78 1342 

82.715 3.06 1358 

82.692 3.08 1362-1365 

83.490 2.29 1325 

83.940 1.84 1314 

84.090 1.69 1306 

84.320 1.46 1278 

84.430 1.35 1251 

84.555 1.22 1200±2 

84.745 1.03 1002±2 

84.964 0.81 510+15 

85.133 0.64 195±5 

85.225 0.55 143±2 

85.434 0.34 130 

85.040 0.74 322±10 

*Note: coal flow turned off and on at most axial 
positions — no effect on temperatures. This pro
file is used for all three coal conditions because: 
a) coal has no effect on temperature profile, and 
b) lower burner has been modified since earlier 
runs. 



17 
18 
19 
20 
2 1  

2 2  
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 

102 

Gas Chromatograph Data: 4/3/84; Without Coal; 1^ 
Concentration Profile. — Water quench rate = 8 cc/min; 
argon carrier gas. Refer to Figure 3.3. 

H£ peak area = 2.2612, 2.2860, 2.2668, 
2.258b, 2.2613, 2.2889 

Average Area = 2.2705 
H2 concentration = 6.36% 
Mole % fc^/Area = 2.80%/Area 

Position 
z r Peak Area Mole % x2.5 Mole X 

2.70 +3.5 0.5517; 0.5478 1.54 3.86; 3.84 
2.94 •• 0.5999; 0.5986 1.68 4.20; 4.19 
2.20 •• 0.5354; 0.5351 1.50 3.75; 3.75 
2.20 +2.5 0.5359 1.50 3.75 

1.75 +3.5 0.4911; 0.4914 1.36 3.44; 3.44 
1.75 +2.5 0.4947 1.39 3.46 
1.44 +3.5 0.3898; 03940 1.10 2.73; 2.76 
1.44 +2.5 0.3912 1.10 2.74 
1.18 0.2254, 0.2197 0.62 1.58; 1.54 
1.18 +3.5 0.2270 0.6A 1.59 
0.93 " 0.0951; 0.0968 0.27 0.67; 0.68 
0.93 +2.5 0.0993 0.28 0.70 
0.65 " 0.0221, 0.0242 0.07 0.16; 0.17 
2.70 +3.5 0.5625; 0.5455 1.57 3.94; 3.82 
2.70 •• 0.5609 1.57 3.93 
2.38 0.5497, 0.5250 1.51 3.85; 3.68 



Gas Chromatograph Data: 4/1/84; Without Coal; CO and CO2 Concentration Profiles. — water 
quench rate = 8 cc/min; V^/He carrier gas. Refer to Figure 3.3 

Calibrations: 
Carbon Monoxide Carbon Dioxide 

Peak areas = 8.4870, 8.4777, 8.6448, 30.1056, 28.4019 
8.5302 

Average area = 8.535 29.25 
Calibration Concentration = 4.5002 15.1496% 
Mole %/peak area = 0.5272%/Area 0.5179%/Area 

Sample 
No. 

Position Carbon Dioxide Carbon Monoxide Sample 
No. z r Peak Area Mole % Peak Area Mole % x 5 

4 2.04 3.5 14.7833, 14.6432 7.66, 

CO in r-

2.7868, 2.8152 1.477 7.35, 7.42 
5 2.04 2.5 14.5881 7.56 2.7878 1.470 7.35 
6 1.75 3.5 13.9923 7.25 2.6147 1.379 6.89 
7 1.45 3.5 10.6528, 10.5177 5.52, 5.45 1.8761, 2.0236 1.028 4.95 
8 1.18 " 5.2995, 5.3836 2.74, 2.79 0.8270, 0.7616 0.4188 2.18, 2.01 
9 0.92 

M 
1.4915, 1.4310 0.77, 0.74 0.2771, 0.2192 0.131 0.73, 0.58 

10 0.92 2.5 1.5564 0.806 0.1386 0.073 0.37 
11 0.58 3.5 0.0713 0.037 0.1146 0.060 0.30 
12 1.18 2.5 4.407, 4.4334 2.28, 2.30 0.887, 0.9629 0.488 2.34, 2.54 

13 2.60 3.5 14.8435 7.69 2.7884 1.470 7.35 
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Gas Chromatograph Data: 4/6/84; With and Without 90-106 
Micron Coal Added; H2 Concentration Profile. — Start at 
1:20 p.m.; stop at 6:25 p.m.; base operating conditions; 
water quench rate = 8 cc/min; argon carrier gas. Refer to 
Figure 3.24. 

Calibration: H2 peak areas = 2.3490, 2,350, 2.3924, 
2.388, 2.3781, 2.377 

Average area = 2.384 
Calibration concentration = 6.360% 
Mole % H2/peak area = 2.71 

, Position 
Sample 
No. z r Peak Area Mole % x5 Mole % 

Without Coal 

2 2. 58 3.5 0.2036, 0.2072 
0.2116 

0.562 2.76, 
2.87 

3 2. 85 3.5 0.187, 0.2062 0.507, 0. 559 2.54, 
4 1. 70 3.5 0.1942, 0.2213 0.526, 0. 600 2.63, 
5 1. 70 2.5 0.1952 0.529 2.65 
6 1. 61 2.5 0.1874 0.500 2.50 
7 1. 19 2.5 0.1109, 0.0927 0.301, 0. 251 1.50, 
8 0. 91 2.5 0.0319, 0.0423 0.086, 0. 115 0.43, 
9 0. 63 2.5 0.0003, 0.0008 0.001, 0. 002 0.005 

80 
00 

With Coal 

10 2.44 2.5 0.1975, 0.1910 0.535, 0.518 2.68, 2 .59 
11 2.02 2.5 0.2011, 0.1822 0.545, 0.494 2.73, 2 .47 
12 1.69 2.5 0.1942, 0.1872 0.526, 0.507 2.63, 2 .53 
13 1.69 3.5 0.1841, 0.1986 0.499, 0.538 2.50, 2 .69 
14 0.64 3.5 0.0158, 0.0187 0.043, 0.051 0.22, 0 .25 
16 0.94 3.5 0.0652, 0.0589 0.177, 0.160 0.89, 0 .80 

17 0.94 2.5 0.0512 0.139 0.70 
18 1.22 2.5 0.1204, 0.1077 0.326, 0.292 1.63, 1 .46 
19 1.22 3.5 0.1220 0.331 1.66 
20 1.52 3.5 0.1475, 0.1343 0.400, 0.364 2.00, 1 .82 

0.1428 0.387 1.94 
21 1.52 2.5 0.1368 0.371 1.86 



Gas Chromatograph Data: A/6/84; With and Without 90-106 Micron Coal Added; CO and 
CO2 Concentration Profiles. — Start at 1:20 p.m.; stop at 6:25 p.m.; water quench 
rate = 8 cc/min; I^He carrier. Refer to Figure 3.24. 

Calibrations: Carbon Monoxide Carbon Dioxide 

Peak areas = 
Average area = 
Calibration concentration = 
Mole %/peak area = 

7.6569, 8.5811, 7. 
7.960 
4.500% 
0.5653 

6414 30.7456, 31.6364, 31.2883 
31.223 
15.1496% 
0.4852 

Position Carbon Dioxide Carbon Monoxide 
sampxe 
No. z r Peak Area Mole % Peak Area Mole % 

Without Coal 

22 2.81 2.5 15.086, 16.4819 8.00, 8.54 0.9744, 1.2941 0.7316, 0.6822 
23 2.46 2.5 16.7404, 15.6870 8.67, 8.12 0.8269, 0.8413 0.436, 0.444 

24 2.08 2.5 16.6380 8.62 0.8488 0.447 
25 1.75 2.5 16.3968, 16.3052 8.49, 8.44 0.7466 0.394 
26 1.21 2.5 10.0396, 9.9160 5.20, 5.13 0.4362, 0.5563 0.230, 0.293 

27 0.83 2.5 4.0208, 3.4512 2.08, 1.79 0.061 0.032 
28 0.57 2.5 il. 0 i0.5 - -

29 2.21 2.5 16.3404 8.46 0.6525 0.344 

With Coal 

30 2.21 2.5 15.8995 8.23 0.8544 0.450 
31 1.81 2.5 15.9475, 16.1011 8.26, 8.34 0.8213 0.433 
32 0.67 3.5 1.4782 0.766 i0.070 10.036 

33 0.92 3.5 4.3028, 3.5401 2.23, 1.83 i0.20, i-0.30 i0.09, 1O.I6 

34 0.92 2.5 3.5595 1.84 1.0.22 i0.095 

35 1.21 2.5 8.5008, 8.4697 4.403 , 4.386 0.70, 0 .71 i0.305, 0.310 
36 1.21 3.5 9.5584 4.95 0.7409 0.329 

37 1.52 3.5 14.4755, 14.59 7.50, 7.56 1,0.77 0.380, 0.409 
38 1.52 2.5 14.5062 7.51 1O.8O 0.405 
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Gas Chromatography Data: 4/12/84; With and Without Fines 
Coal; H£ Concentration Profile. — Water quench rate = 
8 cc/min; argon carrier gas. Refer to Figure 3.16. 

Calibration: H„ peak areas = 2.2089, 2.3022, 2.30, 
2.2848 

Average area = 2.2740 
Calibration concentration = 6.360 
Mole % l^/peak area = 2.80 

n , Position 
Sample 
No. z r Peak Area Mole % 

Without Coal 

1 2.91 3.5 0.1282, 0.1145 0.359, 0.321 
2 2.63 3.5 0.1165, 0.1056, 0.1003 0.326, 0.296 
3 2.20 3.5 0.0921, 0.0982 0.258, 0.275 
4 1.78 3.5 0.0893, 0.0982 0.250, 0.275 
5 1.43 3.5 0.0740, 0.0853 0.207, 0.239 
6 1.18 3.5 0.0336, 0.0268 0.094, 0.075 
7 0.97 3.5 0.0208, 0.0070 0.058, 0.020 
8 2.27 3.5 0.0936 0.262 

With Coal 

9 2.27 3.5 0.0855 0.240 
10 1.83 3.5 0.0659, 0.0623, 0.0697 0.185, 0. 175, 0. 195 
12 0.59 3.5 0.0065 0.018 
13 0.78 3.5 0.0145, 0.0135 0.041, 0. 038 

15 1.06 3.5 0.0369, 0.0214, 0.0283 0.103, 0. 060, 0. 079 

17 1.25 3.5 0.0340, 0.0327 0.095, 0. 092 

19 1.46 3.5 0.0331, 0.0574, 0.0295 0.093, 0. 161, 0. 083 

0.0278, 0.0365 0.078, 0. 102 

20 1.46 2.5 0.0597, 0.0333 0.167, 0. 093 
21 1.69 3.5 0.0499, 0.0539 0.140, 0. 150 
23 2.37 3.5 0.0985 0.276 



Gas Chromatograph Data: 4/12/84; With and Without Fines Coal; CO and CO2 Concentration 
Profiles. — Water quench rate = 8 cc/min; H2/He carrier gas. Refer to Figure 3.16. 

Calibrations; Carbon Monoxide Carbon Dioxide 

Peak areas 

Average area 
Calibration concentration 
Mole %/peak area 

8.0329, 7.8390, 7.9980 
7.6867 
7.64 
4.500% 
0.527 

30.8121, 32.5043, 33.6422 
29.5667 
31.63 
15.1496% 
0.479 

„ , Position Carbon Dioxide Carbon Monoxide 
Sample 
No. z r Peak Area Mole % Peak Area Mole % x25 Mole % 

Without Coal 

25 2. 36 3. 5 18.647, 18.0422 8. 93, 8. 64 0.437, 0.3988 0.230, 0.210 5.75, 5.25 
26 1. 85 3. 5 19.0547, 18.0128 9. 13, 8. 63 0.2761, 0.3204 0.146, 0.169 3.65, 4.23 

27 1. 57 3. 5 18.2233, 18.0371 8. 73, 8. .64 0.2781, 0.2592 0.147, 0.137 3.68, 3.43 
28 1. 32 3. 5 15.1974, 13.8918 7. 28, 6. .65 0.1794, 0.1907 0.095, 0.101 2.38, 2.53 
29 1. 10 3. 5 10.1651, 9.192 4. ,87, 4, .40 0.0992, MD.100 0.052, 0.053 1.30, 1.33 
30 0. 84 3. 5 4.3627, 4.2276 2. 09, 2. .02 0.0328 0.017 0.43 

31 2. 41 3. 5 18.4787 8. ,85 +0.3654 +0.193 -K5.0 

With Coal 

32 2. ,41 3. 5 17.6486, 17.0963 8. 45, 8, .19 0.4309, 0.3966 0.227, 0.209 5.68, 5.23 
33 1. ,96 3. 5 18.3744, 18.4441 8. ,80, 8, .83 %0.40, 0.2272 %0.211 , 0.120 ^5.00 , 3. 0C 
34 1. ,64 3. 5 17.3004, 17.0009 8. 29, 8, .14 0.2591, -V0.30 0.137, MD.158 3.43, ^3.9! 
35 0. ,59 3. 5 1.0832 0. 52 ^0.030 0.016+0.047 0.40+1.18 

36 0. ,85 3. 5 4.1702 2. 00 0.2504 0.132 3.30 
37 1. ,06 3. 5 8.7657, 9.662 4. ,20, 4, .63 0.3391, 0.2625 0.179, 0.138 4.48, 3.45 
38 1. ,26 3. 5 13.9161, 15.432 6. 66, 7, .39 0.3343, 0.4916 0.176, 0.259 4.40, 6.48 

39 1. ,47 3. 5 16.7232, 17.3363 8. ,01, 8, .30 ^0.4500, 0.4128 0.237, 0.218 5.93, 5.45 
17.1456 8. 21 
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Gas Chromatograph Data: 4/18/84; With and Without Non-
Classified Coal; H2 Concentration Profile. — Water quench 
rate = 8 cc/min; argon carrier gas. Refer to Figure 3.4. 

Calibration: H2 peak areas = 2.2675, 2.2495 
Average area = 2.2585 
Calibration concentration = 6.360 
Mole % H2/peak area = 2.82 

Sample 
No. 

Position 

z r Peak Area Mole % 

Without Coal 

1 2.58 3.5 0.0802, 0.0885, 0.0821 0.226, 0. 249 
2 2.26 3.5 0.0908, 0.0742 0.256 
3 1.79 3.5 0.0821 0.231 
4 1.14 3.5 0.0220, 0.0242 0.062, 0. 068 
5 0.94 3.5 MJ.0070 ^0.020 
6 0.80 3.5 ^0.0030 ^0.008 
7 2.16 3.5 0.0875, 0.0885 0.246, 0. 249 

Lth Coal 

8 2.16 3.5 0.0785, 0.0756 0.221, 0. 213 
9 2.16 2.5 0.0750 0.211 
10 1.85 2.5 0.0726, 0.0811 0.204, 0. 228 

11 1.85 3.5 0.0772 0.217 
12 1.60 3.5 0.0782, 0.0752 0.220, 0. 212 
13 1.60 2.5 0.0722 0.203 
14 1.44 2.5 0.0716, 0.0742 0.202, 0. 209 
15 1.44 3.5 0.0833 0.235 
16 0.55 3.5 MJ.0035 , ML 0043 0.010, 0. 012 

17 0.79 3.5 0.0223, 0.0293 0.063, 0. 083 

18 0.79 2.5 0.0194 0.055 
19 0.99 2.5 0.0525, 0.0424 0.148, 0. 134 
20 0.99 3.5 0.0365 0.110 
21 1.22 3.5 0.0723, 0.0681 0.204, 0. 192 

22 1.22 2.5 0.0772 0.217 
23 2.07 2.5 0.0904, 0.0840 0.255, 0. 237 



Gas Chromatograph Data: 4/18/84; With and Without Non-Classified Coal; CO and 
CO2 Concentration Profiles. — Start at 8:25 a.m.; stop at 3:15 p.m.; water quench 
quench rate = 8 cc/min; I^/He carrier gas. Refer to Figure 3.4. 

Calibrations: Carbon Monoxide Carbon Dioxide 

Peak areas = 8.9322, 7.9286, 7.6809 29.5321, 29.4003, 31.3164 
7.7302 31.2883 

Average area = 8.068 30.384 
Calibration concentration = 4.500% 15.1496% 
Mole %/peak area = 0.527 0.518 

Position Carbon Dioxide Carbon Monoxide 
sample 
No. z r Peak Area Mole % Peak Area Mole % 

Without Coal 

44 1.74 3.5 15.4483, 14.688 8 .00, 7. 61 1.0444, 0.997 0.550, 0.526 

45 2.30 3.5 VL4.50 7 .60 1.080 0.570 
46 1.10 3.5 ^8.50 4 .40 -V0.490 0.258 

With Coal 

35 1.53 3.5 15.4515, 15.1684 8 .00, 8. 01 1.2898, 1.3132 0.680, 0.692 
36 1.53 2.5 15.1596 7 .99 1.2613 0.653 
37 0.59 3.5 2.1812, 2.0097 1 •13, 1. 04 0.2644, 0.2660 0.139, 0.141 
38 0.59 2.5 1.4932 0 .77 M3.2630 -vO.138 
39 0.87 3.5 5.726, 5.2168 2 • 97, 2. 70 0.627, 0.581 0.331, 0.306 
40 0.87 2.5 4.9574 2 .57 ^0.640 ^0.35 
41 1.13 3.5 10.3772, 10.7193 5 .38, 5. 55 ^1.280, 1.2876 %0.680 , 0.682 

42 1.33 3.5 13.6454, 13.4451 7 .07, 6. 96 1.9064, 1.0717 1.005, 0.565 

43 1.79 3.5 14.9203, 14.9862 7 • 73, 7. 76 ^1.35, 1.2044 0.722, 0.635 
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Gas Chromatograph Characteristics for H2/He Carrier Gas 
Runs: Method 5. 

Analyzer Control 

Inj Temp 150 
Det Zone 1,2 250 200 
Aux Temp 125 
Flow A,B 60 60 
Init Oven Temp, Time 140 

Data Proc 

Std Wt.Smp Wt 0.0000 1.0000 0 
Factor,Scale 1 0 
Times 3.00 0.18 0.18 0.40 4.59 327.67 
Sens-Det Range 50 2 0.05 2 0 0 
Unk,Air 0.000 0.00 
Tol 0.0200 0.100 3.0 
Ref Pk 1.000 0.46 0.53 0.48 
Std Name Nitrogen 

RT RF Cone Name 
n on V • ̂4. 25.038 6.3600 Hydrogen 
0.44 0.336 0.0000 Oxygen 
0.52 0.300 72.0480 Nitrogen Mole Sieve Column 
0.83 0.416 1.9400 Methane 
0.95 0.324 4.5000 Carbon monoxide • 

2.04 0.289 15.1496 Carbon dioxide } Porapak Column 

Event Control 

Attn-Chart-Delay 1 25 0.01 

Time Device Function Name 
0.00 No Int Ni 1 Do Not Integrate 

0.00 Ext X -7 
0.20 Zero Z 1 Zero Detector 

0.23 No Int NI 0 Start Integrating 

0.36 Attn A 9 Attn 9 

0.37 Ext X 7 Plus 

0.60 Attn A 5 Attn 5 

1.25 Ext X -7 Make Minus Pol 

1.29 Zero Z 1 Zero Detector 

1.30 Attn A 7 Attn 7 

2.30 No Int Ni 1 Stop Integrating 

2.40 Chart C 5 Slow Speed Down 
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Gas Chromatograph Characteristics for Argon Carrier Gas 
Runs: Method 7. 

Analyzer Control 

Inj Temp 150 
Det Zone 1,2 250 200 
Aux Temp 125 
Flow A,B 60 60 
Init Oven Temp, Time 100 

Data Proc 

Std Wt,Smp Wt 
Factor.scale 
Times 2.00 
Sens-Det Range 
Unk.Air 0.000 
Tol 0.0200 
Ref Pk 1.000 
Std Name Hydrogen 

0.0000 
1 0 

0.18 
50 2 

0.00 
0.100 
0.46 

1.0000 

0.18 0. 
0.05 

3.0 
0.58 

40 2 .00  
0 

327.67 

0.52 

RT RF Cone Name 
0.52 25.038 6.3600 Hydrogen 
0.70 0.336 0.0000 Oxygen 

0.83 0.300 72.0480 Nitrogen 
1.26 0.416 1.9400 Methane 

1.39 0.324 4.5000 Carbon monoxide 

Mole Sieve Column 

Event Control 

Attn-Chart-Delay 25 0.01 

Time 
0.00 
0.00 
0 .20  
0 . 2 2  
0.90 

Device 
No Int Ni 
Ext X 
Zero Z 
No Int Ni 
Chart C 

Function 
1 
-7 
1 
0 
5 

Name 
Do Not Integrate 
Minus Pol 
Zero Detector 
Start Integrating 
Slow Down 



Solids Sampling Data. — Refer to Tables 3.1 -
3.3. 

Coal 
Sample 
No. 

Axial 
Position z 

Temperature 
(°C) 

Non-classified 1 85.324 0.52 140 
2 - 0.79 550 
3 - 1.02 1020 
4 84.625 1.28 1225 
5 - 1.53 1290 

b 
Fines 1 85.475 0.52 140 

2 85.313 0.68 270 
3 85.092 0.90 820 
4 84.880 1.11 1110 

c 
Coarse: 
Radius = +2.5 1A 85.500 0.51 140 

2A 85.265 0.74 410 
3A 84.982 1.03 1030 
4A 84.730 1.28 1225 
5A 84.440 1.57 1295 

Radius = +3.5 IB 85.500 0.51 140 
2B 85.265 0.74 410 
3B 84.982 1.03 1030 
4B 84.730 1.28 1225 

aNon-classified coal: 3/1/84; start at 12:30 p.m., stop at 
2:20 p.m.; base operating conditions; water quench rate = 8 
cc/min; top burner = 85.840 cm; lower burner = 82.520 cm. 

^Fines coal: 3/26/84; base operating conditions; water 
quench rate = 8 cc/min; top burner = 85.992 cm; lower 
burner = 82.660 cm. 

CCoarse coal: 4/9 and 4/10/84; base operating conditions; 
water quench rate = 8 cc/min; top burner = 86.010 cm; lower 
burner = 82.665 cm. 
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0 150 200 250 100 

SLPM CH/, at 50 PSI 64'F 

Figure B.1. Rotameter calibration, CH^, 291 K. 
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Figure B.2. Rotameter calibration, Air, 291 K. 
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Figure B. 3. Rotameter calibration, diluent 291 K. 
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Figure B.4. Rotameter calibration, transport ^, 291 K. 



Var id r i ve  Setting 

Figure B.5. C a l i b r a t i o n  f o r  c o a l  f e e d e r ,  u s i n g  

I l l i n o i s  # 5  b i t u m i n o u s ,  a s  r e c e i v e d .  
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Nomenclature 

d Bead diameter = 0.05 cm 

Tc Thermocouple temperature (°K) 

Tg True gas temperature (°K) 

Tw Wall temperature = 300°K 

Greek Symbols 

e Thermocouple bead emissivity, dimensionless 

A Gas mixture thermal conductivity (cal/hr-cm-°K) 

a Radiation constant = 1.355 x 10 ^ (cal/cm^ - °K^ - hr) 
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