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Abstract-Soot is generated from coal when volatile matter, tar in particular, undergoes secondary reactions at 
high temperatures. A description of soot in coal flames allows better calculations of radiative transfer and 
temperatures in near-burner regions, which in turn allows more accurate predictions of NO, formation in coal- 
fired furnaces. Experiments are reviewed that examine the formation, agglomeration and properties of coal- 
derived soot, including pyrolysis experiments and combustion experiments. This review includes the types of 
experiments performed, the soot yields obtained, the size of the soot particles and agglomerates, the optical 
properties of soot, the relationship between coal-derived soot and soot from simple hydrocarbons, and attempts to 
model soot in coal flames. 0 1997 Elsevier Science Ltd. 
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NOMENCLATURE 
Definition 
constant (Eq. (1)) 
absorption constant, spectral absorption index 
cross-section 
charge on an electron 
soot volume fraction 
dispersion constant 
imaginary component 
intensity 
complex component of index of refraction 
path length 
complex index refraction, mass 
real component of index of refraction 
number density of electrons 
extinction efficiency 
temperature 
fitting coefficient (Eq. (1)) 

E 

co 
KA 

PA 
x 
7 

w 
Subscripts 
a 
b 
e 
f 
P 
S 

x 

0 

283 
284 
284 
284 
285 
285 
285 
286 
286 
286 
286 
288 
289 
290 
291 
291 
292 
292 
293 
294 
294 
295 
297 
298 
299 

complex dielectric function, emissivity 
dielectric constant 
absorption coefficient 
extinction coefficient 
wavelength 
transmittance 
dispersion constant 

absorption 
bound electron 
extinction 
free electron 
plasma frequency 
scattering 
wavelength 
initial 
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Engineering Research Center (ACERC), held at the University of Utah in April 1996. 
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1. INTRODUCTION 

Small submicron carbonaceous particles, known as 
soot, are commonly observed in the combustion and 
pyrolysis of hydrocarbons. Soot is formed in many 
practical combustion systems ranging from a burning 
candle to sophisticated combustors such as gas turbines 
and internal combustion engines. Based on the experi- 
ments conducted on simple hydrocarbon flames, such as 
diffusion and premixed flames, it is found that soot is 
usually formed when conditions are sufficiently fuel rich 
to allow condensation or polymerization reactions of the 
fuel (and its initial decomposition products) to compete 
with oxidation’. Soot in those hydrocarbon flames 
usually exists in the form of both individual particles 
and agglomerates comprised of between several and 
thousands of primary particles. 

Soot formation has also been observed in many coal 
utilization processes, including coal gasification and 
combustion. In a conventional wall-fired, swirl-stabi- 
lized, pulverized coal combustor, coal particles with 
mass mean diameters of approximately 50 pm are 
transported by primary air, and are injected into the 
furnace through the nozzles of a pulverized coal burner. 
When low NO, burners are used along with staged 
combustion configuration, the region near the burner is 
fuel rich; the particles are rapidly heated at I O4 to lo6 K 
s-’ by convection from the recirculating hot gases and by 
radiation from the combustor walls and hot flame in the 
combustor. Many chemical and transport processes 
occur in a coal flame. Pyrolysis is the initial reaction 
step that occurs in a coal particle. Primary pyrolysis 
products include light gases, char, and tar, which is a 
mixture of heavy-molecular-weight hydrocarbons that 
exist as a gas at high temperatures and that condenses at 
room temperature. In the presence of oxygen, primary 
pyrolysis products are oxidized to form CO, COZ, and 
HZ0 (as well as several minor products). The volatile 
matter released in the gas phase may also undergo 
secondary reactions due to the high temperatures present 
in many combustors. Soot is one of the products of these 
secondary reactions. The tar from primary pyrolysis 
consists of many polycyclic aromatic hydrocarbons 
(PAH). These hydrocarbon molecules are very likely to 
undergo both cracking and polymerization processes at 
high temperature. Coal and coal tar contain a significant 
number of heteroatoms, consisting mainly of oxygen 
atoms but with some sulfur and nitrogen atoms as well. 
Estimated molecular weight distributions of coal tar 
range from 200 to 1000 Da. These tar molecules are 
therefore much larger and more chemically diverse than 
the simple hydrocarbon fuels generally used for studies 
of soot formation. 

Soot in coal flames is important to combustion 
systems in part because of its radiative heat transfer 
effects. On a mass basis, there is much less soot present 
in a coal flame than other solid particles such as char and 
ash. However, the small size of soot particles results in a 
large total surface area. The importance of coal-derived 

soot in radiative heat transfer has been addressed by 
several researchers2-4. In a computational study of 
radiative heat transfer in a 915MW coal-fired furnace 
by Ahluwalia and Im4.5, where 10% of the volatile matter 
was assumed to be transformed into soot, it was found 
that the soot particles significantly enhanced radiative 
heat transfer. In spite of the fact that soot particles are 
only present in the flame zone, the calculated total 
radiative heat transfer was about 10% higher if soot was 
included in addition to gas, char and ash. This increase in 
heat transfer corresponded to an 80 K difference in 
predicted exit gas temperature. It can be expected that in 
the presence of a large radiant surface area of soot, the 
near-burner flame temperature could be lowered several 
hundred degrees due to the heat transfer to the 
surrounding walls6. 

A major problem in pulverized coal combustion is the 
formation of nitrogen oxides (NO,) which are mainly 
generated (a) through the reaction of nitrogen and 
oxygen in air at elevated temperatures (called thermal 
NO,), and (b) from the nitrogen-containing species or 
groups in the fuel (called fuel NO,). It has been found 
that the production of both thermal and fuel NO, in coal 
combustion is a strong function of reaction temperature. 
Therefore, the existence of soot in a coal flame will affect 
NO, formation. Also, it has been reported that soot from 
coal pyrolysis contains nitrogen’, and therefore soot is an 
additional pathway for fuel nitrogen evolution. 

This review is divided into six parts: (a) types of 
experiments performed; (b) data from coal pyrolysis and 
combustion experiments; (c) nitrogen in coal-derived 
soot; (d) soot particle size; (e) optical properties of soot; 
and (f) modeling of soot formation and oxidation. 

2. TYPES OF EXPERIMENTS PERFORMED 

Several types of experiments have been performed to 
examine secondary reactions and soot formation from 
coal. These include: fixed bed pyrolysis followed by 
secondary reaction of volatiles; entrained flow pyrolysis 
experiments in inert gas; entrained flow combustion 
experiments; and entrained flow experiments in post- 
combustion gases. Since the type of experiment is 
coupled to the results obtained, the types of experiments 
are described in this section, 

2. I. Fixed-bed Pyrolysis Followed by Secondary 
Reaction 

Serio et al.’ mvestigated kinetics of secondary 
reactions of fresh coal tars. The experiment consisted 
of two tubular reactors connected in series. The primary 
tar was generated in the first reactor by heating a helium- 
swept, shallow packed bed of a bituminous coal from 
room temperature to 550°C at a heating rate of 3 K 
min-‘. It was found that secondary reactions were 
insignificant for these conditions. The primary tar was 
then introduced to the secondary reactor, maintained at a 
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Fig. 1. Representative soot particle collection and separation 
system (adapted from Ma% 

constant temperature between 500 and 9OO“C, where 
decomposition reactions occurred. Extensive tar conver- 
sion (30-50%) was observed at 700-8OO”C, with light 
gases as the major products. 

2.2. Entrained Flow Pyrolysis Experiments in Inert Gas 

Entrained flow pyrolysis experiments in inert gas 
(argon or nitrogen) have been performed in drop tube 
reactors to determine the extent of secondary pyrolysis 
and soot formation as a function of temperature and 
residence time. This generally involves injecting cold 
particles into a hot gas, so that particle heating rates are 
high (-IO4 K s-‘) to somewhat represent industrial 
conditions (105-lo6 K s-l). Water-cooled collection 
probes use cold gas injection in the probe tip to achieve 
rapid particle cooling. After quenching, three types of 
particles are present in the gas stream in the probe: char 
particles, soot particles, and condensed tar particles. 
These must be separated in order to examine yields and 
properties of soot, char, and tar. The most common 
separation technique is aerodynamic separation, 
achieved by a virtual impactor and/or cyclone, with 
cutpoint diameters of 5 pm (i.e., the separation is 
designed such that 50% of the 5-pm particles are 
collected in each leg of the separation system)7,9-‘3. The 
most recent experiments have included a porous inner 
wall in the collection probe, through which quench gas 
transpires to minimize deposition of tar or soot inside the 
pro~7.‘2.‘3. A representative collection system is shown 
in-Fig. 1. 

The tar and soot particles are collected on either glass 
fiber filters7T9” ‘, used because of low pressure drop 

characteristics, or polycarbonate fi1ters’2”3, used 
because samples can be scraped from the filter without 
contamination of glass fibers. The tar and soot are 
separated by dissolving the sample (on the glass fiber 
filter) in a suitable solvent such as dichloromethane or 
pyridine. The amount of tar/soot sample that does not 
dissolve is referred to as soot, while the amount that 
dissolves is referred to as tar. Obviously, questions arise 
as to the solubility of tar in the solvent used, and systems 
that avoid solvents are preferred. 

Several variations of drop tube and collection systems 
have been used. The common drop tube experiments 
consist of injecting cold particles into a hot gas stream. In 
order to better control the extent of secondary reaction in 
the gas phase, while maintaining high enough coal 
particle temperatures to achieve significant devolatiliza- 
tion, some drop tubes have been operated in the radiant 
wall mode7*14. In the radiant wall mode, the main gas in 
the drop tube is relatively cold ( < 700 K), but the walls 
are generally much hotter (1500-1800 K). The coal 
particles are generally small enough to be heated by 
radiation from the hot walls before the gas temperature 
rises due to convective heat transfer between the hot 
walls and the gas. In this mode of operation, the hot 
particles transfer heat by convection to the surrounding 
gas near the particle stream, and hence the local gas 
temperature can be somewhat controlled by the particle 
loading. 

2.3. Entrained Flow Combustion Experiments 

Single-particle combustion experiments have been 
performed in the post-flame gases of a flat flame burner, 
using a CHJHz/02/Nz flame to provide heatJ5.16. Coal 
particles were injected along the centerline of the reactor 
at feed rates low enough to achieve single-particle 
behavior. The equivalence ratio of the flame was 
adjusted to achieve the desired post-flame oxygen 
concentration. In these experiments, envelope flames 
developed around the individual particles due to the 
reaction of the volatiles released during pyrolysis with 
the surrounding oxygen. Soot formation in one experi- 
ment was observed optically by backlighting the 
particles, imaging the particles through a system of 
lenses and recording the images with high-speed 
cinematography15. In a similar experiment, holography 
was used to visualize the soot .formed in the envelope 
flames around single particles’6. 

2.4. Entrained Flow Experiments in Post-combustion 
Gases 

Recent pyrolysis experiments have been performed 
with entrained coal particles in the post-flame gases of a 
CH&I2/N2/02 flat flame burner. These experiments 
were similar to the experiments performed by McLean 
et at.15, but were conducted at high enough equivalence 
ratios to assure no O2 in the post-flame gases. Therefore, 
the CH&-I#JJO, provided both heat for the pyrolysis 
reactions and post-combustion gases (Cog, H20, CO, 
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OH, etc.); this experiment may therefore be more 
representative of the fuel-rich region in a coal flame 

than experiments conducted in inert gases such as 
nitrogen or argon. These experiments were conducted 
at high temperatures (peak measured centerline gas 
temperatures of 1650, 1800, and 1900 K), and used both 
thermophoretic sampling” and bulk sampling using a 
suction probe, virtual impactor, and cyclone system as 
described above6,13. 

3. SOOT DATA FROM COAL PYROLYSIS AND COMBUSTION Residence Time (ms) 
EXPERIMENTS 

Volatiles released during primary coal pyrolysis 
contain PAH, which are susceptible to secondary 
pyrolysis reactions to form soot. Secondary reactions 
are complex, being influenced by coal type, heating rate, 
residence time, temperature, intra- and extraparticle heat 
and mass transfer, as well as by the physical structure of 
the reacting coal such as porosity, swelling, and 
softening characteristics’. Most of the studies on 
secondary coal pyrolysis chemistry have been conducted 
in inert environments. 

Fig. 2. Percentage of hygrogen contained in aromatic structure 
in tars from an Illinois no. 6 hva bituminous coal consisting of I- 
ring, 2-ring, and 3- or more rings versus residence time for the 

1250 K gas condition (from Pugmire et al.‘*). 

3.1. Model Compounds 

acetylene became the major product. The cracking 
reaction experiments were also conducted using a 
shock tube reactor. Products such as acetylene, benzene 
and carbon monoxide were observed. No carbon dioxide 
was produced from the cracking of the tar. Along with 
gases, liquid product defined as secondary tar, and solid 
product believed to be soot, were also observed. 
However, the yields of liquid and solid products were 
not reported separately. 

Several investigators have examined the pyrolysis of 
model compounds that are representative of coal tar. 
Wornat et aLi8 examined anthracene as a model coal- 
derived aromatic compound. Bruinsma et uL’~*~’ studied 
the pyrolysis of many aromatic compounds using a 
coiled tube flow reactor. They found that benzene and its 
derivatives start to decompose in a temperature range 
from 800 to 1100 K. The thermal stability of benzene 
derivatives was found to increase in the following 
sequence: methoxy < thio < propyl < ethyl < 
carbaldehyde < ethenyl < hydroxyl < methyl < 
phenyl = cyano < benzene. For heterocyclic com- 
pounds, thermal stability followed the sequence: furan < 
cyclopentadiene < pyrroie < pyridine < benzene < 
thiophene. In general, the longer attachments to aromatic 
compounds (such as propyl groups) are more likely to 
decompose at lower temperatures than short attachments 
(such as methyl groups). Also, 6-membered rings 
with no heteroatoms (i.e., benzene) are more stable 
than 5-membered rings or rings with heteroatoms. 

3.3. Entrained Flow Data in Inert Conditions 

The chemical structures of tars that experienced 
secondary reactions in nitrogen were examined using 
‘H NMR and 13C NMR by Fletcher et aLI and Pugmire 
et aZ.22. The pyrolysis experiments were carried out in an 
electrically-heated drop-tube furnace at 1050 and 
1250 K. The collected tars showed increases in multi- 
ple-ring structures and decreases in aliphatic content as a 
function of residence time at 1250 K, as shown in Fig. 2. 
The increased hydrogen aromaticity of the tar most 
likely leads to the formation of soot nuclei. No such 
increases in hydrogen aromaticity or 3-ring structures 
were observed in coal tars collected as a function of 
residence time at 1050 K, indicating that secondary tar 
reactions become important between 1050 and 1250 K. 

3.2. Fluidized Bed Data 

Doolan et ~1.” used quartz tubular reactors to study 
secondary cracking (i.e., reaction) of the tar vapors 
generated in a fluidized bed pyrolyzer. The cracking 
reaction temperatures were changed from 870 to 1370 K. 
Very little cracking occurred at 870 K. As the cracking 
temperature was raised, the light hydrocarbon yields 
increased rapidly. Products were predominantly alkenes, 
with smaller yields of methane and benzene. At higher 
temperatures, the light hydrocarbon yields passed 
through a maximum and eventually declined, while 

Freihaut et a1.23 used a flash lamp reactor to study tar 
evolution and secondary cracking for a bituminous coal 
At low u-radiance flux levels, only tar and low 
temperature decomposition gases were observed. At 
high b-radiance levels, significant quantities of secondary 
decomposition product gases (HCN, CzH2, and CO) 
were observed. Freihaut and co-workers postulated that 
the high temperature cracking reactions may occur at the 
particle surface or in the particle-gas boundary layer. 

Nenniger et ~1.~~” studied the sooting potential of 
several coals by separating aerosol from char particles 
after the pyrolysis of coals in a laminar flow furnace. The 
pyrolysis was carried out in an inert atmosphere of 
preheated argon. The separation system consisted of a 
virtual impactor in series with a cascade impactor. The 
separation efficiency was checked by SEM, but no 
quantitative efficiency measurement was conducted. The 
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Fig. 3. Tar and soot (PAC) yields from a Pittsburgh seam hva bituminous coal obtained in a drop tube reactor in argon (a) vs. 
temperature at a residence time of 0.75 s, and (b) vs. residence time at 1375 K (from Womat et al.“). 
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Fig. 4. Soot and tar yields obtained for Pittsburgh no. 8 hva 
bituminous coal in a radiant drop tube reactor (adapted from 
Chen et af?). Particle temperatures are several hundred degrees 

lower than the wall temperature. 

aerosol was believed to consist of extractable tar, soot 
and condensed ash. The tar yield was assumed to be the 
amount of the aerosol extractable with dichloromethane. 
The condensed ash content was determined from neutron 
activation analysis. The soot yield was calculated by 
difference. They found that the soot yield increased 
while the tar yield decreased as the pyrolysis temperature 
was raised. The sum of soot plus tar remained constant 
with increasing severity of pyrolysis. At a high 
temperature (2200 K), about 20 wt.% of a dry high- 
volatile bituminous coal was converted to soot. Soot 
inside char particles was also observed under TEM by 
crushing the char particles. This seems to suggest that the 

actual soot yields may be higher than indicated by the 
cycl;one/cascade impactor system. 

Womat et al. I1 investigated changes in the composi- 
tion of polycyclic aromatic compounds (PAC) from the 
pyrolysis of a high-volatile bituminous coal in argon. 
Overall, a loss in compositional complexity was 
observed as the severity of secondary reactions 
increased, suggesting the selective survival of a group 
of stable species. The stable species were identified as 
unsubstituted PAC. PAC reactivity followed the follow- 
ing order: aromatic amines > aromatic ethers = 
multialkylated PAC = phenols > monoalkylated PAC 
> unsubstituted PAC > carbonyl-substituted PAC. In 
other words, the compounds with more complex 
attachments were more reactive th&n compounds with 
simple or no attachments. For the high volatile 
bituminous coal studied, about 20 wt.% 6f the coal was 
converted to soot at high temperatures and long 
residence times. In addition, the sum of PAC and soot 
yields was relatively constant (supporting the findings of 
Nenniger et aL9), as shown in Fig. 3, suggesting that 
PAC serves as a precursor to soot. 

Chen and co-workers7V24,25 performed coal pyrolysis 
experiments in an inductively-heated radiant drop-tube 
furnace in an inert argon atmosphere. They also reported 
that the yields of tar/oils plus soot in the secondary 
pyrolysis experiments were constant and were equal to 
the tar-plus-oil yields obtained at the longest residence 
time in primary pyrolysis experiments (see Fig. 4). For a 
high-volatile bituminous coal at higher temperatures, 

Table 1. A summary of coal pyrolysis soot yields measured in drop tube reactors in argon 

Investigator Nenniger” Womat et al.’ ’ Chenz4 

Pyrolysis environment Argon Argon Argon 
Reactor Drop-tube, electrically heated Drop-tube, electrically heated Radiant drop-tube 
Pyrolysis temperature (K) 1300-2200 1130-1480 1480-1740* 
Soot yield Increases with 7’. Reaches a Increases with T and residence Increases with Tand residence 

plateau time time 
Tar yield Decreases with temperature Decreases with temperature Decreases with temperature and 

and residence time residence time 
(Soot + tar) yield Remains unchanged Remains unchanged Remains unchanged 

*Temperatures reported by Chen were reactor wall temperatures. The particle temperatures were several hundred degrees lower. 
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Fig. 5. Schematic representation of the formation of soot in the 
envelope flame surrounding a devolatilizing coal particle in the 

presence of oxygen (from Ma”). 
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Fig. 6. Measured volatiles yields and soot yields in a fuel-rich 
flat flame reactor for Pittsburgh no. 8 coa16.“. 

more than 25% of the coal mass (daf) was converted to 
soot. For gas-phase products, C3 hydrocarbons and 
ethane decreased monotonically with temperature, while 
methane and ethylene reached a maximum and then 
dropped. Acetylene increased dramatically during soot 
formation and growth. 

The high soot yields reported by Nenniger et a1.9, 
Womat et al.“, and Chen24 were all obtained in inert 
(argon) conditions. All three of these groups reported 
that the sum of tar plus soot remained constant in their 
experiments; increases in soot yield coincided with 
decreases in tar yield. The profiles of soot yield versus 
temperature in these coal pyrolysis experiments showed 
no decreases at increased temperatures; the soot yields 
either increased with temperature monotonically or 

reached an asymptotic value. Table I summarizes their 
experimental results. 

3.4. Coal Combustion Data 

Only a few studies have been performed on secondary 
chemistry of coal tar in oxidizing conditions. These 
studies show that in certain flame environments, oxygen- 
containing species will cause the destruction of PAH. 
Haynes26 investigated the decomposition of pyrene 
injected into the post-flame gases (T- 1700 K) of near- 
sooting and slightly sooting ethylene/air flames at 
atmospheric pressure. In a very fuel-rich, sooting 
flame, no decomposition of the pyrene occurred over 
extended reaction times. At more fuel-lean flame 
conditions, significant decomposition of the pyrene 
occurred. It was argued that the pyrene decomposition 
was due to reaction with OH radicals. 

Soot formation around an individual pulverized coal 
particle was observed by McLean et al.” using a 
methane/hydrogen/air flat flame reactor. For bituminous 
coals, ejected volatile matter formed a condensed soot- 
like phase, which was oxidized during the early stage of 
char burning under oxidizing conditions and that 
persisted throughout the reactor under reducing condi- 
tions. During lignite pyrolysis, a condensed phase was 
not observed, since lignite volatiles are largely com- 
posed of light gases instead of high-molecular-weight 
hydrocarbons. Seeker et aLI performed similar research 
using a down-fired methane/air flat flame, running in a 
lean (35% excess air) condition. They found that both 
particle size and coal rank affected the sooting tendency. 
For large bituminous particles (80 pm), a significant 
volatile fraction was ejected from the particle as a jet. 
This volatile jet reacted close to the particle, producing a 
trail of small solid particles believed to be soot. Tails of 
soot were not observed for lignite, anthracite, and 
small bituminous particles. A schematic representation 
of the formation of soot tails observed by McLean and 
co-workers and by Seeker and co-workers is shown in 
Fig. 5; soot particles formed in the particle boundary 
layer flow around the particle and agglomerate in the 
particle wake. 

Timothy et ~1.~~ studied the formation and burnout of 
soot during the combustion of three high-volatile 
bituminous coals using a combination of high-speed 
photography and two-color optical pyrometry. Soot was 
observed to form in a nearly spherical shell displaced 
from the particle surface by one to four particle radii. The 
overall soot cloud diameter was approximately constant, 
but the shell thickness increased with decreasing oxygen 
concentration. The peak soot concentration ranged from 
0.5% of the mass of coal (at oxygen concentrations 
greater than 50%) to 3% (at a lower concentration of 
10% oxygen). Several models have also been developed 
to describe the volatiles flames around individual 
particles as a result of this type of single-particle 
combustion experiment28’29. In these models, thermo- 
phoresis and radiation account for the transport pro- 
cesses of soot near the particle. 
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Fig. 7. Comparison of soot yield versus temperature for experi- 
ments in argon’.“.” vs. experiments in a fuel-rich flat flame 
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Fig. 8. Soot yields versus temperature for benzene and 
butadiene ‘. 

3.5. Entrained Flow Experiments in Post-combustion 
Gases 

Ma and co-workers6*‘3*‘7*30 measured soot yields from 
entrained-flow coal pyrolysis in a flat flame reactor. A 
CH4/H2/0,/N2 flame was operated under fuel-rich 
conditions to provide a high temperature oxygen-free 
environment to study soot formation and agglomeration. 
No soot was observed from the gas flame in the absence 
of coal particles. As shown in Fig. 6, the total volatiles 
yields remained relatively constant as a function of 
residence time for any given temperature condition. The 
slight increase in soot yield with residence time at the 
highest temperature condition is probably due to 
experimental error limitations. Ma reported the presence 
of soot agglomerates in the char sample that were larger 
than the 5-pm cutpoint diameter of the separation 
system. These large soot agglomerates were black, 
compared to the grayish color of the char particles, and 
were separated using a 38qm sieve (the parent coal 
particle size was 63-75 am). The large soot agglomer- 
ates did not contain mineral matter, and were examined 
by SEM to verify that they were separated from the char 
particles. 

Ma and co-workers reported that the total soot yield 
did not change as a function of residence time, but that 
the yield of soot particles with sizes less than 5 pm 
decreased significantly with residence time at the higher 
temperatures, as shown in Fig. 6 for a Pittsburgh no. 8 
coal. Since the amount of large agglomerates increased 

significantly as a function of residence time, the 
agglomeration did not appear to occur in the sampling 
probe. Other high-volatile bituminous coals exhibited 
the same behavior. The experiments was repeated using 
acetylene in place of the coal particles to see if the large 
agglomerates were formed from a fuel other than coal. 
The acetylene experiments only produced soot agglom- 
erates smaller than 5 pm, as indicated in the literature. 
This suggests that coal pyrolysis products (i.e., tar) can 
result in soot particles with larger sizes than indicated by 
experiments with simple hydrocarbon fuels (such as 
acetylene). This may be due to the fact that primary coal 
tar is highly aromatic, with a molecular weight of -350 
Da, as opposed to simple hydrocarbons where the 
formation of the first aromatic ring is often a rate- 
limiting step. Tar molecules also contain side chains, 
which may also cause different soot formation char- 
acteristics than simple hydrocarbon fuels. 

The total soot yields measured in the fuel-rich flat 
flame experiment6*‘3 are compared with soot yields 
obtained in inert pyrolysis conditions’0*““4 in Fig. 7 for 
Pittsburgh high volatile bituminous coals. Nenniger’s 
data show that an asymptotic value was reached at 
increased temperatures. Womat’s data show depletion of 
tar at the maximum residence time, and hence her peak 
soot yield should be considered as an asymptote. The 
high yield obtained by Chen does not appear to be a 
limit, since a small amount of tar still exists at his peak 
soot condition. The data obtained by Nenniger, Womat 
and Chen all show that soot yields increase or remain 
constant with temperature. One interesting result of the 
flat flame reactor dataI is that the total soot yield 
decreased slightly with increased temperature. This 
result is different from the results of inert coal pyrolysis 
experiments, but is comparable with the results obtained 
in the hydrocarbon flame experiments or hydrocarbon 
pyrolysis experiments’3V3’. The soot yield in the 
hydrocarbon experiments always shows a bell-shaped 
profile when plotted against temperature, as shown in 
Fig. 8. At high temperatures, cracking reactions are 
favored over polymerization reactions, and soot yields 
decrease. The magnitude of soot yield decrease versus 
temperature observed in the coal experiments is much 
smaller than in the hydrocarbon experiments; this may 
be due to the high molecular weight of coal tar compared 
to l-ring aromatic species. 

The slight decrease in soot yield with increasing 
temperature in the flat flame reactor experiments can be 
explained by the stability of tar molecules at high 
temperatures and the reactions of tar by gaseous species 
existing in the post-flame region of the flat flame reactor. 
Polymerization and PAH cracking are competitive 
reactions in the soot formation process, and the stability 
of the high-molecular-weight PAH tends to decrease 
with temperature. On the high temperature side of the 
bell-shaped soot yield curve, increases in temperature 
favor the cracking reaction, which leads to a lower soot 
yield. The slight decrease in soot yield with increasing 
temperature in the flat flame reactor may be due to 
reactions of the oxygen-containing species, especially 
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OH and 0 radicals, with tar molecules and intermediate 
PAH. The concentrations of oxygen-containing radicals 
such as OH and 0 increase drastically with increases in 
temperature13. Because of the increased attack of PAH 
molecules by these radicals, the stability of PAH is 
reduced further. This could explain why the soot yields 
obtained at high temperatures in inert atmospheres were 
higher than the yields obtained in the post-flame gas 
environment, and should be considered in combustion 
calculations. 

4. NITROGEN IN COAL-DERIVED SOOT 

Several research studies have been conducted on the 
evolution of nitrogen in coal pyrolysis (e.g. 25,32-36), and 
some reviews are available (e.g. 37*38). Most of the 
research concentrated on the nitrogen distribution in tar, 
char and gas, and how the nitrogen-containing species 
were destroyed to form precursors of nitrogen oxides. 
HCN and NH, are believed to be the precursors of fuel 
NO,. Regarding the effect of coal rank, some studies 
report that coal type and coal composition have little 
effect on the nitrogen distribution, while others argue 
that coal rank is related to nitrogen functionality, which 
determines the nitrogen evolution. Solomon and 
Colkett33 conducted pyrolysis experiments on a heated 
grid for a lignite and 12 bituminous coals at low 
temperature, showing that initial nitrogen release 
occurred through the release of tar, while non-tar 
nitrogen release occurred at long residence times and/ 
or high temperatures. Similar results from independent 
heated grid experiments also show the release of HCN 
only at higher temperatures ( > 1000”C)34. The high- 
temperature HCN release is attributed to cracking of 
aromatic compounds, which occurs in both the char and 
in the tar. 

The stability of fuel-nitrogen compounds with respect 
to secondary pyrolysis has been investigated in both 
coal pyrolysis35 and model compound pyrolysis 
studies39g-4’. These studies revealed that the reactivities 
of pyrrolic type structures are greater than those of 
pyridinic type structures. It was also reported that the 
sooting tendency of pyridine was very low compared to 
that of benzene, although pyridine has considerable 
aromatic character4*. However, only a few studies have 
been performed regarding the effect of soot on the 
evolution of nitrogen. 

Womat et ~1.~~ studied the changes in the ring number 
composition of nitrogen-containing polycyclic aromatic 
compounds (PACN) and soot nitrogen during pyrolysis. 
They found that the mass distribution and rate of decay 
of the PACN followed the or&r: 5-ring > 6-ring > 4- 
ring > 3-ring > 2-ring. It was also found that the PAC 
conversion reactions leading to ring build up, ring 
rupture, and soot formation were faster for PACN 
relative to the nonpolar PAC. because C-N bonds 
within the aromatic rings in the coal were weaker than 
the C-C bonds. Elemental analysis also showed that the 
N/C ratio in the soot dropped with increasing PAC 
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Fig. 9. Distribution of nitrogen during the pyrolysis of a Pitts- 
burgh no. 8 hva bituminous coal in a radiant drop tube reacto?. 
Particle temperatures are several hundred degrees lower than the 

wall temperature in this experiment. 
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Fig. 10. Possible reaction pathways for soot generation in coal 
pyrolysis (suggested by Chen et al.‘). 

conversion. The percentage of coal nitrogen evolved in 
soot declined with the increase of pyrolysis severity, 
while the soot yield increased. It was postulated that this 
decline in soot nitrogen content was due to (a) nitrogen 
liberation from the soot generated, and (b) soot growth 
resulting from the conversion of PAC with successively 
lower nitrogen content. 

Chen et aL7 examined soot and nitrogen evolution in 
coal pyrolysis in a drop tube reactor operated in the 
radiant heating mode. Their experimental results showed 
that tar aromaticities increased dramatically, reaching 
ultimate values greater than 0.67. The C/H mole ratio in 
the soot changed from 2 to IO when residence time was 
increased. Up to one-fourth of the coal-nitrogen expelled 
in volatiles during primary devolatilization was incor- 
porated into soot during secondary pyrolysis for coals 
whose volatiles were dominated by tar. Ten percent of 
the volatile nitrogen for a sub-bituminous coal was 
incorporated into soot. Nitrogen incorporation into soot 
occurred early in the secondary pyrolysis process, and 
the total amount of coal-nitrogen in soot remained 
constant even when soot yields were observed to 
increase dramatically with increases in residence time, 
as shown in Fig. 9. Additional data on nitrogen in soot 
are available6. 

A global mechanism of soot formation was proposed 
by Chen et aL7, as shown in Fig. 10. Here, all reaotion 
pathways are irreversible. In earlier stages, R2 is the 
major pathway for soot formation, and nitrogen-contain- 
ing compounds are incorporated in soot. Theseafter, 
substantial soot mass is added via RF Direct tar addition 
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Fig. 11. Schematic of the flat flame flow reactor and thermophoretic sampling system (from Ma ef al.“) 

to soot in later stages is possible only if tars eliminate 
their nitrogen before being added to the soot. 

The fact that coal-derived soot contains nitrogen 
implies that coal-derived soot must be examined for (a) 
the contribution to near-burner heat transfer, and (b) the 
contribution to the transformation of nitrogen in the fuel 
to NO, and its precursors. 

5. SOOT PARTICLWAGGLOMERATR SIZE 

Soot formation is a very complicated process invol- 
ving hundreds of elemental steps. Qualitatively, there are 
three stages that lead to a primary soot particle: (a) 
particle inception or nucleation; (b) surface growth; and 
(c) coagulation’. After these three stages, however, the 
primary particles may continue to undergo (d) agglom- 
eration and (e) aggregation processes’. During particle 
inception, the first condensed-phase material arises from 
the fuel molecules and their oxidation or pyrolysis 
products. Such products typically include various 
unsaturated hydrocarbons, especially acetylene and 
PAH. These two types of molecules are often considered 
the most likely precursors of soot in flames. Once the 
first particles are formed, the soot loading (the mass of 
soot per unit volume) can be increased by su~$uce 
growth, which involves the attachment of gas-phase 
species (mainly acetylene) to the surface of a particle. 

Surface growth reactions lead to an increase in the 
amount of soot, but leave the number of particles 
unchanged. Coagulation also leads to particle growth, 
where particles collide and coalesce. Although the 
number of particles is decreased, the soot volume 
fraction remains constant during the coagulation process. 
At later stages in the growth process, particles no longer 
coalesce on collision, but are chemically fused together 
in chains. Primary particles are discernible in the chains. 
The growth by non-coalescent collision is known as 
agglomeration. Usually, agglomerates can subsequently 
become entangled with other agglomerates through a 
proce is known as aggregation. 

5. I. Optical Experiments 

Using high magnification shadowgraphs, McLean et 
a1.l5 observed that volatile matter undergoes polymer- 
ization reactions to form a soot-like condensed cloud 
around single cornbusting coal particles. McLean’s 
experiments were conducted in a flat flame methane- 
air reactor with 8% post-flame oxygen. They suggested 
that the condensed cloud consisted of small soot particles 
called soot nuclei. Primary soot particles are much 
smaller than coal or char particles, and therefore travel at 
the gas velocity rather than the particle velocity, as does 
the tar cloud. Soot nuclei undergo surface growth as 
surrounding organic matter adheres to the soot surfaces. 
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Fig. 12. TEM micrograph of soot from the Utah coal, collected at 13 cm above the burner (65 ms) (from Ma ef al.“). 

In McLean’s experiment, the soot particles impact each 
other in the vicinity of the coal particle and coalesce to 
form agglomerates, which are generally in the form of 
long rod-like structures. As soot travels around the coal 
particle in the Stokes flow regime, soot particles form 
agglomerates in the form of streamers, as illustrated in 
Fig. 5. These rods or “tails” were observed by McLean 
and co-workers to be as long as 500 Frn, but only about 
40 pm in diameter. The average initial coal particle 
diameter in McLean’s experiments was 65 Frn. The 
initial soot particles formed did not escape the vicinity of 
the particle during devolatilization due to the surround- 
ing volatiles flame. The temperature gradient between 
the flame and the coal particle surface is a thermo- 
phoretic driving force that pushes soot particles back 
towards the surface. Also, soot particles that travel 
through the flame are oxidized. Therefore, in the single- 
particle coal combustion experiments (with 02 present) 
examined by both McLean et al.” and Seeker et a1.16, 
most of the soot is observed in large agglomerates in the 
form of streamers. 

5.2. Themwphoretic Sampling Experiments 

Ma et al.‘? performed thermophoretic sampling of 
soot particles formed during high-temperature coal 
devolatilization in order to examine soot particle sizes 
and shapes. A schematic of the thermophoretic sampling 
device used in a fuel-rich flat flame reactor is shown in 
Fig. 1 117. The soot formed from the coal pyrolysis 

products formed a cloud that expanded radially away 
from the stream of char particles along the reactor 
centerline, facilitating sampling experiments in the soot 
cloud without contamination by char particles. A carbon- 
coated microscope grid was briefly inserted into the soot 
cloud (residence time of 0.1 s), where the temperature 
gradient between the soot particles and the cold grid 
surface caused the migration of soot particles and 
resulted in deposition. Soot particles were analyzed 
using transmission electron microscopy. Distinct pri- 
mary soot particles with approximate diameters of 25 
60 nm were observed, along with agglomerates com- 
posed of multiple primary particles. Condensed, highly 
volatile, liquid-like deposits were observed in some 
cases, which was thought to be tar at some stage of 
secondary reaction. A representative soot agglomerate 
from the thermophoretic sampling experiments is shown 
in Fig. 12. Agglomerates were also observed with 
characteristic dimensions of as high as 800 nm, some 
of which showed the presence of carbon tubes rather 
than carbon spheres. However, only qualitative 
results were obtained in these thermophoretic sampling 
experiments; no definitive trend was observed with 
residence time. 

5.3. Bulk Solid Sampling Experiments 

Size determination of soot samples is difficult with the 
bulk solid sampling experiments. Some limited data 
were obtained by Nenniger” using a cascade impactor 
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collection system. The experiments performed in a fuel- 
rich flat flame reactor6*‘3*‘7 have shown the potential for 
generation of large soot agglomerates (5-38 fim in 
diameter) in the presence of post-flame gases (e.g., HzO, 
COz, OH, etc.). However, the exact mechanism for 
formation of such large soot particles, which has not 
been seen in soot formation experiments for simple 
hydrocarbons, remains to be determined. 

6. OFTICAL PROPERTUB OF SOOT 

The optical properties of coal-derived soot have not 
received as much attention as soot derived from gaseous 
hydrocarbon fuels. The reason for this neglect may be the 
difficulty in separating the radiation effects of coal- 
derived soot, char, and flyash. The radiative properties of 
coal-derived soot have not been characterized, nor have 
the influences of coal type, volume fraction and 
morphology been examined. 

Optical properties of a material can be defined by 
many different variables. The most fundamental is the 
complex index of refraction. The complex index of 
refraction has a real and an imaginary component. The 
real component is the ratio of the speed of light in a 
vacuum to the speed of light within the particle. The 
imaginary component is a measure of the attenuation of 
light within the particle. Other key optical variables often 
used in radiation calculations are (a) the scattering and 
absorption coefficients and (b) the scattering phase 
function““. Different combinations of these data are 
presented in the literature. 

The radiative properties of coal-derived soot can be 
used in combustion modeling and burner design. In the 
near-burner region, the stoichiometry is very fuel rich 
providing for a high soot volume fraction and for large 
radiative heat fluxes being transmitted to the burners and 
walls. In this region, neglecting soot can result in 
inaccurate radiant flux predictions, as well as inaccurate 
predictions of gas temperatures, species concentrations, 
pressure fields, and velocity profiles. Radiative proper- 
ties of soot can also be used to perform in situ 
measurements of soot volume fraction and soot tem- 
perature. Known radiative properties provide means for 
data reduction of emission-transmission measurements. 
Previously, data from soot derived from gaseous 
hydrocarbon fuels have been used in coal combustion 
calculations. Some reSeaTchers6~‘3,‘7tls~~ have suggested 
a correlation between the fuel hydrogen/carbon (H/C) 
ratio and the radiative properties of soot from gaseous 
fuels. Others claim that spectral radiative properties of 
soot are insensitive to the parent fue14’. There have also 
been indications that residence time in the flame affects 
the radiative properties of soot47-49. 

While research has concentrated on the optical 
properties of soot from gaseous hydrocarbon fuels and 
plastics, there has beer’ little work done on soot from 
coals. The only work reported is a correlation for the 
gray absorption coefficient of coal-derived soot5’. This 
correlation quotes a reference from Gray and Muller” 

that calculates a range of empirical constants for use in 
an absorption coefficient relation for coal flames. These 
calculations were based on reflection data from graphite 
and coal, not from coal-derived soot data52. No work has 
been presented on the complex index of refraction or 
absorption coefficients of coal-derived soot5 and no 
experimental comparison has been made between the 
soot derived from gaseous hydrocarbon fuels and that 
derived from coal combustion. 

Due to the short expected lifetime of soot in flames, 
and since soot is thought to exist only in the near-burner 
region, it is claimed that soot does not affect the overall 
heat transfer in a coal-fired fumace5. However, the 
portion of the flame where soot exists is of extreme 
interest to combustion modelers and burner designers. 
Radiation from soot can greatly increase heat flux to the 
burner surface since the soot has a large surface area and 
high temperature compared to the larger coal and char 
particles. This heat flux to the burner surface must be 
removed by cooling to avoid damage to the burners. 
Further, the large radiant capacity of soot can locally 
affect gas temperature profiles in regions where predic- 
tion of temperature-sensitive pollutant formation and 
particle ignition are important. Radiative heat transfer 
feedback to the fuel stream may also affect devolatiliza- 
tion and ignition. 

The radiative distribution of heat flux from a black 
body shows that the peak radiative flux occurs at 
2898 pm K. This value is the product of the temperature 
of the body and the wavelength of radiation. At a typical 
peak coal-fired boiler temperature, 2000 K, this peak 
wavelength occurs at 1.45 pm. According to the Planck 
blackbody distributions3, 75% of particle radiation 
occurs at infrared wavelengths greater than the peak 
wavelength54. The high percentage of emission in the 
infrared makes accurate measurements of soot optical 
properties very important in this region. 

The optical properties of coal-derived soot may differ 
from gaseous hydrocarbon soot due to the difference in 
chemical constituents of the coal and gaseous 
hydrocarbon fuels. No data have been published yet 
on this subject. Various experiments measured the 
precursors to soot and the yield of soot from coal 
combustion7.9*’ ‘,24.25, but none reported optical 
properties. 

There are several parameters that are seen as 
important in determining the optical properties of soot 
particles: (1) the temperature of the soot; (2) the C/H 
ratio of the soot and of the fuel; (3) the size of the 
primary particles; and (4) the size and shape of 
agglomerates. Each of these areas of interest has been 
explored by various researchers. 

Given the dearth of experimental data for radiative 
properties of coal-derived soot, one must draw from 
published data and techniques used to model soot from 
simple gaseous hydrocarbon fuels. The following 
sections summarize research on soot from hydrocarbons 

that may be related to coal-derived soot. It should be 
noted, however, that the difference in chemical 
structure between the chemical structure of coal- and 
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Table 2. Optical property measurements of soot and graphite using the reflection technique 

Researcher Date 

Senftleben and Benedict6* 1918 
McCartney and Erg&* 1958 
Taft and Philipp” 1965 
Foster and Howarth45 1968 
Dalzell and Sarofim6’ 1969 
Tomaselli et al.” 1981 
Felske er aL5’ 1984 
Battenw 1985 

Stagg and Charalampopoulos6s 1993 

Carbon type/fuel 

Electrode black 
Graphite 
Graphite 
Graph., C. black 
Propane, acct. 
Graph., C. black 
Propane 
Propane, keros., acct., 
C. black 
Propane, graphite 

Wavelength Angles Data s 

Visible, IR 58-66 nh. kh. R P 
Visible all at 20” n, k, R C 

normal C UV, Vis., IR Rh 
60-80” Visible, IR nh. kx. R P, C 

Visible, IR 45” nx. kh P 
IR P 3 angles no. kh 
Visible, IR 5-80” nh. kh. R P 
Visible 20-80” a~. kh P 

Visible all at 20” Q(T) kh(T) P, C 

Table 3. Optical properties of graphite and soot measured by ex situ extinction 

Researcher Date 

Millikan6’ 1961 
Siddall and McGra&s 1963 
Yasinsky and Ergun- 1965 
Chippett and Gray” 1978 
Janzen” 1979 
Ku7’ 1982 

Soot type/fuel 

Acct., ethylene 
various soots 
Graphite 
Acetylene 
Carbon black 
Propane, C. black 

Wavelength 

Visible 
IR 
IR 
Visible 
Visible 
Visible, IR 

Technique 

Ex situ extinction 
Soot layer 
Ultrathin flake 
Fluid suspension 
Fluid suspension 
Fluid suspension 

gaseous-derived soot raises questions as to the applic- 
ability of these gaseous soot data to coal flames. 

6.1. Ex Situ Measurements 

Most early attempts at determining refractive index of 
soot particles involved en sift4 reflection measurements at 
various angles to the surface of graphite or soot. These 
surfaces were prepared by freshly cleaving a graphitic 
structure to make a smooth surface or by compressing 
soot in a high pressure die to form a small smooth pellet. 
Reflection techniques use the Fresnel equations to 
deduce the complex index of refraction. A frequently 
used technique developed by Avery5’ uses the reflectiv- 
ity of polarized light at two different angles to calculate 
the complex index of refraction. Other reflection 
techniques use unpolarized light. 

Disagreement about published reflection data come 
from concerns that pellet surfaces are not adequately 
smooth and therefore do not satisfy the Fresnel condi- 
tions56*57. An additional concern is that when soot is 
compressed to very high pressures, there are still 
significant void fractions of air in the pellet (up to l/3 
by volume)57-59. Since pellets are a mixture of soot and 
air, and pellet properties may not accurately reflect the 
properties of a voidless solid soot sample. A final concern, 
raised as a criticism of all exsitu measurements, is that the 
properties measured at room temperature may be different 
from the properties of soot at flame temperatures60. 

Reflection measurements have been performed in the 
ultraviolet6’, the visible45*52*59*6’-65 and the infra- 
red45*59*6’-63*66 as summarized chronologically in 

Table 2. Investigators, the year of the study and the 
type of carbon are listed in the first three columns. The 
other columns list the wavelength region of interest, the 
angles at which reflectance measurements were taken, 
and the data presented. In the data column n and k 

represent the real and imaginary parts of the complex index 
of refraction and R represents the reflectivity (the ratio of 
reflected to incident light). The final column lists the type of 
surface preparation (S). A compressed pellet is denoted 
with P and a cleaved surface is denoted with a C. 

There are several other techniques that can be used to 
make ex situ measurements of soot optical properties. 
These include: (1) extinction techniques through an 
ultra-thin layer of graphite or soot67-69; (2) dispersion of 
a soot sample in liquid57*70,7’; and (3) dispersion of a 
sample in a KBr pellet. These techniques and reported 
data are summarized in Table 3. The variable oh67*68 
shown in Table 3 is defined by: 

(1) 

where IA/I,, is the ratio of incident to transmitted light at 
a given wavelength (h), L is the path length, h is the 
incident wavelength and c and (Y are constants. The vari- 
ables reported by Yasinsky and Ergun69 were transmit- 
tance, 7, and the dispersion constants, w and g. These 
extinction techniques, like the other ex situ techniques, 
are limited in that measurements are made at room tem- 
perature, that the morphology of the soot may be differ- 
ent than in flame conditions, and that it is extremely 
difficult to accurately measure sample path lengths for 
many of these techniques. 

6.2. In situ Measurements 

There are three basic forms of in situ measurements of 
soot optical properties. These are extinction, emission 
and scattering measurements. Combinations and pertur- 
bations of these methods fill the literature46’48’49*70-8’. 
The data from in situ measurements are reported in 
Table 4. The researchers reported their results with 
various variables and assumptions. Some of the key 
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Table 4. In situ optical property measurements of soot and graphite 

Researcher Date Soot type/fuel Wavelength Method Data 

Erickson et a1.12 
D’Alessio et al ” 
Buckius and Tien74 

Chippett and Gray7o 
Bard and Pagni” 
Powell and Zinn76 
Ben Hamadi et al.” 
Charalampooulos 
and Felske 
Charalampooulos 
and Chang 
Habib and Vervisch& 

Solomon et al?* 
Sivathanu et a1.79 

Koylu and Faeth*’ 

Koylu and Faeth*’ 

1964 
1973 
1977 

1978 
1981 
1983 
1987 
1987 

1988 

1988 

1988 
1993 

1994 

1994 

Benzene 
Methane 
Polystyrene, Dehin, 
Plexiglass 
Acetylene 
Acetylene 
Smoke 
Propane, methane 
Methane 

Visible Scattering Scat 
uv Scattering ah 
IR Emission. transmission Rack 7, kh!f” 

Visible 
Visible 
Visible 
Visible, IR 
Visible 

Extinction Bh. no. kh 
Extinction Pi 
Scattering, extinction Qe, n, k 
Emission, transmission PAL. Rad, 01 
Scattering, extinction Q,, a, k 

Table 5. Dispersion constants for soot 

Ethylene, methane, 
propane 
Coal-derived soot 
Methane, propane, 
ethylene 
Acetylene, propane, 
propylene, ethylene 
Ethylene, acetylene 

Visible Scattering, extinction 

Visible, IR Extinction 

IR Emission, transmission 
IR Emission, transmission 

Visible. near IR 

Visible Scattering 

Scattering, extinction 

QA.,, ak. kh 

PJ, nh, kh 

Rad, r1 
KAY” 

CShs, CSLe 

CS, 

Electron type Fuel Electron number 
density, N ( me-‘) 

Resonant frequency, Damping constant, 
o (rad s-‘) g (rad s-‘) 

Dalzell and Sarofim63 Propane 
Bound I 2.69e27 
Bound 2 2.86e28 
Free (mr = m,,) 4.06e27 
Lee and Tienec Plexiglass and polystyrene 
Bound I 4.07e27 
Bound 2 4.47e28 
Free (mf = m,/l8) 4.OOe25 
Charalampopoulos and Chang49 Propane 
Bound I 3.88e27 
Bound 2 4.26e28 
Free (mf = mr,l18) 4.82e25 
Habib and Vervisch‘“’ Propane and methane 
Bound I 1.67e27 
Bound 2 I .83e28 
Free (mf = nab/IS) 7.OOe24 
Habib and Vervisch& Ethylene 
Bound I 3.34e27 
Bound 2 366e28 
Free (mf = mb118) I .4Oe25 

1.25el5 
7.25el5 

1.25el5 
7.25el5 

1.25el5 
7.25elS 

1.25el5 
7.25el5 

1.25el5 
7.25el5 

6.Oe15 
7.25el5 
60el5 

5.9el5 
5.6e15 
1.2el5 

9.8e15 
6.le15 
1.2el5 

7.Oel5 
7.25e 15 
1.2el5 

7.Oel5 
7.25el5 
1.2e15 

variables used were: fl (the extinction coefficient); K (the 
absorption coefficient); Scat (the intensity of scattered 
light); Rad (the radiant flux emitted from the flame per 
solid angle at agiven wavelength); Q (the efficiency); CS 
(the cross-section); and r (transmittance, or the ratio of 
transmitted to incident light). 

6.3. Modeling of Optical Constants 

Even with all of the data obtained by various in situ 
and ex situ techniques there is a need to extrapolate the 
data outside specific measured regions. A useful theory 
was developed by Loret&’ near the beginning of the 
20th century in which he described the electrons in 
matter as a series of simple harmonic oscillators. These 
oscillators are acted upon by a local electromagnetic 
field that provides the driving force for their motion. The 

oscillators resonate at certain frequencies. The amplitude 
of this resonation is controlled by an effective damping 
constant that is related to the interaction of the electron 
with the material. If the material is nonconductive, this 
model represents the behavior of material subject to 
radiation. However, there are some deficiencies in this 
model if the material is a semiconductor or conductor. 
Since carbon can be treated as a semiconductive material 
and is the main constituent in soot, a modification to the 
Lorentz model was necessary to account for the physical 
properties of soot. A model that accounts for the free 
movement of electrons was developed by Drudea3. By 
combining the Lorentz and Drude models a new model 
that accounts for the bound and free electrons in soot was 
possible. This model has the form of the summation of 
contributing factors for each of the bound and free 
electrons. 
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Fig. 13. Comparison of refractive indices using the dispersion model (from RigbyE5). 

The equation and theory of this combination model 
are described extensively83. ‘I’he equation for the 
complex dielectric function, e, of a material with both 
free and bound electrons can be written as: 

E=l- &+ 7 Jj _ I?: ‘gbjo’ (2) 

where wP is the plasma frequency, defined as: 

Ne2 +- (3) 
me0 

This function has a unique relation to the complex refrac- 
tive index of a material, m: 

c=m2=(n-ik)* (4) 

The real part, E’, and imaginary part, 8, of E can be 
directly related to the complex index of refraction. The 
relationships are shown explicitly below: 

&=n2--k2 (5) 

en = 2nk (6) 

When Eq. (2) is divided into its real and imaginary com- 
ponents, and using Eq. (3), Eq. (5) and E$. (6), the fol- 
lowing equations result? 

2 
n2_k2=,_e_ Nf 

mfh (w* +d) 

(7) 

2&z -& Nfsf 
mfeo 40~ + gf) + &-- (4 _37ywzg2. 

J &I 
These equations relate: w (the frequency of incident 
radiation); wbj (the natural frequencies of the bound elec- 
trons); N (the density of each type of electron); e (the 
charge of an electron); m (the mass of an electron); g (the 
relaxation or damping frequency); and co (the dielectric 
constant). The subscripts b and f represent the bound and 
free electrons, respectively, and the j subscript indicates 
the number of the bound electrons. From these equations 
it can be seen that there are several known variables and 
several unknown variables. The frequency of incident 
radiation w is an input variable. The values of Ed, e, 
and m are constant values that are known. However, 
the other variables need to be determined based on the- 
ory or measurements. For comparison, the dispersion 
constants from four studies are displayed in Table 5. 
Different researchers used different values for the effec- 
tive mass of free electrons, as noted in the table. The 
mass of bound electrons were always taken as 9.1094 
x 1O-3’ kg. 

The dispersion constants in Table 5 have been used to 
make predictions for the complex index of refraction 
between 0.3 and 20pm. A comparison between the 
predicted values of the complex index of refraction is 
shown in Fig. 13. 

It can be seen that there exists disagreement on the 
optical properties of soot. In the area of coal-derived 



Soot in coal combustion systems 297 

soot, radiative property data are essentially nonexistent. 
In order to accurately model coal combustion this void 
needs to be filled. This is especially important when 
examining burner designs and pollutant formation, 
Reviously, coal-derived soot optical properties have 
been assumed to be identical to the optical properties of 
soot derived from gaseous hydrocarbon fuels. Data 
analysis and comparison between soot from coal and 
from gaseous hydrocarbon fuel needs to be performed in 
order to verify or repudiate this assumption. 

Preliminary ex situ measurements of the optical 
properties of coal-derived, propane-derived, and acet- 
ylene-derived soot show trends for optical properties of 
soot that differ as a function of residence time in a post- 
flame environment%. Values of the spectral absorption 
index (CA = K&f”) increased as a function of residence 
time in a flow reactor for the propane-derived and 
acetylene-derived soot, whereas CA generally decreased 
with residence time for coal-derived soots5. Values of Ch 
for three different coals were measured and compared, 
indicating trends as a function of coal type and residence 
time. The differences in optical properties of the coal- 
derived soot versus soot from propane or acetylene is 
likely related to the observed differences in the carbon 
and hydrogen contents of the respective soot sampless5. 
Further work is needed to examine why coal-derived 
soot differs from soot derived from simple hydrocarbon 
gases, and to further explore the observed trends in 
optical properties for soot samples obtained from 
different types of coal. Explanations of why the optical 
properties of soot change as a function of residence time, 
as well as parameters to characterize these changes, are 
also needed. 

7. MODELING OF SOOT FORMATION AND OXIDATION 

The radiative transfer equation (RTE) is generally 
used to solve radiation problems in a semi-transparent 
medium. The RTE is an integro-differential equation 
which is most often solved by simplifying the radiative 
properties through physical models and then solving the 
equations using numerical methods. Additionally, solu- 
tions to the RTE require local radiative properties as 
input, such as the absorption coefficient, scattering 
coefficient, and scattering phase function. Detailed 
information on properties and characteristics of soot is 
difficult to obtain. For this reason, soot has not generally 
been included with the radiation mode1 for the gases, 
particles, and surfaces in comprehensive coal combus- 
tion models. 

Unagglomerated soot is generally small enough to be 
treated as non-scattering. This occurs when a particle is 
in the Rayleigh scattering regimen, or in other words, 
when the ratio of the circumference to the incident 
wavelength of light (the size parameter) is less than 
0.350. If a minimal number of agglomerates are present, 
thermal radiation from soot is due primarily to emission 
and absorption, which greatly simplifies radiation 
calculations. Therefore, it is generally assumed that no 

agglomerates are present when modeling soot radiation. 
The spectra1 absorption coefficient is used to describe 
absorption in a gaseous medium within the RTE. For 
most gases, this value has been measured by simply 
passing a length of monochromatic light through a 
container of a gas with a known density. This has not 
been done accurately for soot because the soot in the 
flame is not a gas, and is not easily captured and 
suspended. A frequently referenced, simplified method 
for estimating the absorption coefficient of soot has been 
developeds5: 

WV Ki = - x (9) 

In this equation, Ch is a constant developed from Mie 
theory for spheres which is dependent on the complex 
index of refraction, fv is the volume fraction of soot, and 
X is the wavelength of the radiation. Sarofim and Hottels6 
developed a simpler mode1 for the determination of the 
emissivity of soot disregarding the spectral effects. Their 
gray gas assumption is: 

E sool=1-(1+350f”T~)-4 (IO) 

For an isothermal, homogeneous system, the emissivity 
may be related to the absorption coefficient through Bou- 
guer’s law: 

k soot = + ln( 1 - csoot) (II) 
e 

to give: 

k,, = 2 In( 1 + 35Of,T&) (12) 

where esoor is the emissivity of soot, T is temperature in 
Kelvin, and L, is the mean beam length in the furnace. 

Several researchers have indicated that approximate 
values of Ch for most soot ranges from 3 to 787. A recent 
comparison of optical properties of soot measurements 
taken from several different researchers shows signifi- 
cant variability”. Recent measurements by Majidi et 
al.** using soot from gaseous hydrocarbons and by 
Rigby and co-workerss‘is5 using coal-derived soot have 
indicated that the optical properties for soot may vary 
significantly depending on the chemistry of the fuel of 
origin. Preliminary ex situ measurements of Cx were 
affected by both residence time and fuel type (propane- 
derived soot versus coal-derived soot)84s5. This implies 
that an accurate estimation of the soot radiative 
properties may require detailed information regarding 
the chemistry of the soot, which is currently unavailable 
and beyond the scope of most practical modeling 
efforts. In the absence of exact soot radiative 
properties information, simplifying assumptions need 
to be made. 

While accurate descriptions of soot radiative proper- 
ties are important to obtain accurate soot radiation 
predictions, obtaining accurate soot volume fractions is 
even more critical. While typical values of Cx range 
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from 3 to 7, typical values off” for radiating soot clouds 
range from approximately 10e8 to 10e6 (two orders of 
magnitude). It can easily be seen through Eq. (9) that 
accurate predictions of soot volume fraction are essential 
to the prediction of absorption coefficients. 

Soot is thought to exist in the largest quantities in the 
fuel-rich region of flames. Eflicient flames will burn off 
the soot, leaving little or no soot outside of the flame 
region. Several variables are thought to affect the soot 
volume fraction. In gas flames, acetylene is understood 
to bc a precursor to soot. Unlike gas flames, soot in coal 
flames is thought to mostly evolve directly from the tar 
released from the coal during devolatilization. Similar to 
gas-derived soot, coal soot then undergoes oxidation, 
surface growth, and agglomeration. 

Recently, Adamsg9 and Adams and Smith” developed 
a simple empirical model for soot formation from coal 
that related the soot volume fraction to the local 
equivalence ratio. This model was applied in a simula- 
tion of a turbulent coal combustor. Soot was assumed to 
exist where the local equivalence ratio was 1.0 and 
above, increasing linearly to a maximum value at an 
equivalence ratio of 2.0 and above. The maximum soot 
value was calculated as a direct function of the amount of 
volatile carbon calculated to exist at that point. The soot 
volume fraction was then related to the radiative 
properties using Eq. (12). Turbulence effects were 
modeled using the assumed-shape PDF model”. 
Adams and coworkers reported that the inclusion of a 
soot radiation model increases predicted radiative 
transfer. However, the maximum local temperature 
difference between predictions of a turbulent coal 
combustion system, with and without the soot model, 
was only 50 K. This small temperature effect was 
thought to be caused by absorption of radiant heat by 
cold soot eddies near the hot soot eddies. 

More sophisticated models have been developed for 
gaseous hydrocarbon flames. Frenklach92 developed a 
model for hydrocarbon flames using detailed kinetics to 
describe soot formation. Frenklach’s model includes 337 
reactions and 70 species. Leung et aL9’ developed a 
more simplified kinetics model with 111 reactions. 
While kinetics mechanisms can be quite accurate, 
these methods are computationally intensive, which 
severely restricts use in current comprehensive modeling 
codes. 

More complex models for two-dimensional laminar 
gas diffusion flames using the conservation equation for 
the volume fraction, including nucleation, surface 
growth, and oxidation source terms have been devel- 
oped94-96. Other researchers have recently used varia- 
tions of this model by solving transport equations for 
nucleation and the mass fraction of soot, which may be 
related to the volume fraction by assuming an average 
soot density. This involves the derivation of estimates for 
the nucleation, surface growth, and oxidation 
terms95*97*9*. In a study by Coelho and CarvalhoW, two 
different soot formation submodels were coupled with 
three different oxidation submodels taken from different 
researchers in an effort to determine which models 

correspond best to measured data for turbulent gaseous 
flames. These submodels were combined with a model to 
solve the transport equations for the number density and 
concentration of soot. Predictions of soot in a turbulent 
propane diffusion flame were performed with the various 
combinations of models and compared with measured 
data. Recently, this method has been applied to a 
turbulent 3-dimensional flamema. In all of these studies, 
reasonable agreement existed between measured and 
predicted soot volume fractions. None of these advanced 
submodels have been applied to coal combustion 
systems; an improved model of soot formation and 
radiation in coal combustion systems is currently the 
subject of research’0’~‘02. 

Future work in the modeling field should involve the 
determination of more accurate radiative properties of 
soot as a function of fuel type. Large soot agglomerates 
of soot may scatter, which greatly complicates prediction 
of radiation effects. Accurate models may require a 
mechanism for determining particle size in addition to 
mass or volume fraction in order to estimate scattering 
effects. Improvements in turbulence modeling 
capabilities and solution methods for the RTE may be 
other research areas that impact the accuracy of soot 
models. 

8. CONCLUSION 

Only limited data have been collected on the yield of 
soot from coal and the properties of coal-derived soot. 
Soot yields from coal have only been measured in 
pyrolysis experiments, not in actual combustors. The 
yield of soot plus tar has been shown to remain constant 
in drop tube pyrolysis experiments in argon, regardless 
of the temperature. The soot yield was found to decrease 
slightly with increases in temperature in pyrolysis 
experiments in the post-flame environment of a fuel- 
rich (i.e., oxygen-free) flat flame reactor. This indicates 
that the composition of the surrounding gases may affect 
the transformation of tar to soot. 

Primary soot particle diameters generated from coal 
are in size range of 25-60 nm. In pyrolysis experiments, 
where the soot escapes the immediate vicinity of the 
particle, soot particle agglomerates as large as 800 nm 
have been collected thermophoretically. Bulk sampling 
experiments in the flat flame reactor showed the presence 
of a significant amount of soot agglomerates that were 
larger than 5 pm but smaller than 38 pm. These large 
soot agglomerates were not formed when coal particles 
were replaced by a stream of acetylene. Single-particle 
combustion experiments in a flat flame reactor showed 
the formation of a soot tail in the wake of the char 
particle. The soot tails were up to 5OO~m long in 
contrast to the initial coal particle size of 60-85 pm. 
These soot tails are thought to form by the thermo- 
phoretic forces acting on the soot particles between the 
particle surface and the envelope diffusion flame 
surrounding coal particles during devolatilization in the 
presence of oxygen. 
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Soot particles formed from coal contain nitrogen, 
since the tar from coal also contains nitrogen. This may 
be important to describing NO, formation processes in 
industrial burners. The release of nitrogen from soot has 
not been examined in detail. 

Preliminary measurements of the optical properties of 
coal-derived soot have been performed using ex situ 
FfIR extinction techniques, and indicate that the 
properties of coal-derived soot vary with coal type and 
residence time. The optical properties of coal-derived 
soot also differ from soot obtained from propane. 

Only one simple model of radiation from soot in a 
coal combustion system has been developed, and the 
radiation properties were combined with a turbulence 
model using an assumed-shape PDF method. Predic- 
tions of this simple model performed with and 
without the presence of soot indicated relatively 
little change in the gas temperature due to soot 
radiation. More complex soot formation and radiation 
models have been developed for gaseous combustion, 
and the development of a radiation model for coal- 
derived soot is underway. 

It is recommended that additional experiments be 
performed to determine the cause for large agglomerate 
formation in post-flame environments, since the pre- 
sence of large agglomerates in combustion systems 
introduces the effects of particle scattering. This greatly 
complicates the radiation model. Additional experiments 
to relate the optical properties of coal-derived soot to the 
chemical properties of the parent coal are desired. A 
robust mode1 to describe the formation, agglomeration, 
and oxidation of soot particles in coal combustion has 
not yet been developed; recent data may make the 
development of such a model feasible. 
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