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ABSTRACT 

 
Effects of Pressure on the Properties of Coal Char 

Under Gasification Conditions at High 
Initial Heating Rates 

 
Randy Clark Shurtz 

Department of Chemical Engineering, BYU 
Doctor of Philosophy 

 
The effects of elevated pressure and high heating rates on coal pyrolysis and gasification 

were investigated. A high-pressure flat-flame burner (HPFFB) was designed and built to conduct 
these studies. The HPFFB was designed to provide an environment with laminar, dispersed 
entrained flow, with particle heating rates of ~105 K/s, pressures of up to 15 atm, and gas 
temperatures of up to 2000 K. Residence times were varied from 30 to 700 ms in this study.  

 
Pyrolysis experiments were conducted at particle heating rates of ~105 K/s and maximum 

gas temperatures of ~1700 K at pressures of 1 to 15 atm. A new coal swelling correlation was 
developed that predicts the effects of heating rate, pressure, and coal rank on the swelling ratio at 
heating rates above ~104 K/s. A coal swelling rank index system based on 13C-NMR chemical 
structural parameters was devised. The empirical swelling model requires user inputs of the coal 
ultimate and proximate analyses and the use of a transient particle energy balance to predict the 
maximum particle heating rate. The swelling model was used to explain differences in previously 
reported bituminous coal swelling ratios that were measured in facilities with different heating 
rates.  

 
Char gasification studies by CO2 were conducted on a subbituminous coal and 4 

bituminous coals in the HPFFB. Pressures of 5, 10, and 15 atmospheres were used with gas 
compositions of 20, 40, and 90 mole % CO2. Gas conditions with peak temperatures of 1700 K 
to 2000 K were used, which resulted in char particle temperatures of 1000 K to 1800 K. Three 
gasification models were developed to fit and analyze the gasification data. A simple 1st-order 
model was used to show that the measured gasification rates were far below the film-diffusion 
limit. The other two models, designated CCK and CCKN, were based on three versions of the 
CBK models. CCKN used an nth-order kinetic mechanism and CCK used a semi-global 
Langmuir-Hinshelwood kinetic mechanism. The two CCK models fit the HPFFB gasification 
data better than the 1st-order model. The fits of the gasification data with CCK and CCKN were 
comparable to each other. The fit of the data in CCK suggests that Knudsen diffusion may have 
influenced the gasification rates in the HPFFB experiments. The gasification rate parameters in 
each of the three models were correlated with coal rank. 13C-NMR parameters were used to 
estimate a structural parameter of the coal char. Char-CO2 gasification rate coefficients 
correlated better with this NMR-based char structure index than it did with the carbon and 
oxygen content of the parent coal.  
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CHAPTER 1.  INTRODUCTION 

Coal gasification is an area of much industrial interest today, since it provides a way to 

make cleaner electricity, liquid fuels, or chemicals. Although coal gasification has been used for 

many years, in today’s energy market it is desirable to obtain additional information to optimize 

gasifier performance, both for efficiency and reliability. Recent spikes in oil prices and the 

probable need for carbon capture and sequestration (CCS) to comply with environmental 

regulations have increased interest in the development of advanced gasification models. It is 

expected (Liu et al., 2010) that integrated gasification combined cycle (IGCC) technology will 

be one of several technologies used to raise the standard for efficient and clean use of coal, 

particularly if CCS is required. 

Advanced models of coal gasification processes can be used to improve gasifier designs 

if such models can be calibrated and/or validated with appropriate experimental data. Some of 

the physical mechanisms that influence gasification rates and products remain unclear and 

require investigation. The pyrolysis pressure and initial particle heating rate strongly influence 

the size and physical structure of chars produced from bituminous coals. These effects should be 

taken into account to accurately model combustion and gasification behavior. Conventional 

drop-tube furnaces operating at ~104 K/s often yield char with particle sizes far larger than would 

be typical at industrial heating rates of ~106 K/s. In this work, the extent of coal swelling during 

pyrolysis was measured at heating rates of 105 K/s and pressures of up to 15 atm. An empirical 
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model was developed to predict char particle size as a function of coal rank, heating rate, and 

pressure. 

Most gasification kinetic studies have been performed in thermogravimetric analyzers 

(TGAs), at very low heating rates and temperatures limited to about 1000oC. However, 

pulverized coal gasifiers operate with initial particle heating rates of up to 106 K/s and 

temperatures of up to 2000oC. Char samples for TGA experiments are often generated at 

atmospheric pressure, while commercial gasifiers operate at 30 to 60 atm. In this work, 

gasification kinetics of coal chars with CO2 were investigated using a new high-pressure flat-

flame burner (HPFFB) facility operating at temperatures, pressures, and heating rates that are 

more representative of industrial entrained-flow facilities. A simple 1st-order model fit the 

HPFFB gasification data. Advanced models that account for decreasing reactivity with 

increasing conversion were also developed to produce improved fits of the HPFFB gasification 

data and to allow further analysis.  
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CHAPTER 2.  LITERATURE REVIEW 

Entrained-flow gasifiers feed pulverized coal into a pressurized gasification chamber. 

Many designs feed the coal as a slurry with water, but some recent designs have begun to 

incorporate dry-feed systems (Liu et al., 2010). High gasification rates are achieved by using 

high partial pressures of gaseous reactants; total pressures are typically 30 atm or higher. O2 is 

injected to combust some of the gaseous products of pyrolysis and thereby ensure that the 

heterogeneous gasification reactions occur at high temperatures. The high-temperature 

combustion also supplies CO2, which is one of the gasification reactants. The other major 

gasification reactant is H2O, which may be injected as steam with a dry-feed system or as liquid 

water in a coal slurry (which vaporizes quickly after injection). In any case, steam is also a 

combustion product from the coal. Many experimental and modeling approaches developed for 

utility boiler applications may be used directly or modified for entrained-flow gasification 

because the coal reaction mechanisms are similar in the two types of systems. 

The term “combustion” typically encompasses both pyrolysis and the subsequent 

oxidation reactions. The term “gasification” typically refers to the heterogeneous reactions that 

occur after pyrolysis has run its course. Pyrolysis and heterogeneous reaction processes are often 

treated as sequential, although this is not strictly true in all cases. However, it is a better 

approximation for gasifying conditions compared to oxidizing conditions because gasification 

reactions are much slower than both pyrolysis and oxidation reactions. 
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2.1 Chemical Structure of Coal 

Coal may be viewed as a polymer network (Figure 2.1) consisting of aromatic clusters 

with aliphatic bridges, loops and side chains (Smith et al., 1994). Nitrogen occurs primarily in 

pyrrolic and pyridinic forms rather than in the aliphatic groups. Oxygen occurs in some of the 

aliphatic groups, commonly at least once per aromatic cluster (Perry et al., 2000). The C-C bonds 

in the aromatic clusters are very stable even at high temperatures (Yu et al., 2007). The energy 

required to break the bonds in the aliphatic bridges and side chains is very low compared to the 

energy required to break C-C bonds in the aromatic clusters. Consequently, the polymer network 

in the coal usually undergoes thermal decomposition processes known as pyrolysis before the 

particle temperature becomes high enough to allow heterogeneous reactions (oxidation or 

gasification) to occur at significant rates.  

 

 

Figure 2.1. Structure of a hypothetical coal molecule, adapted from Serio et al., (1987). 
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2.2 Primary Pyrolysis 

Devolatilization or pyrolysis may be classified into two stages. The first stage is primary 

pyrolysis. Primary pyrolysis consists of thermal cracking and polymerization processes that 

liberate volatile matter from the coal particle and reorganize the remaining structure into char 

(Figure 2.2).  

 

I
(coal/metaplast)

II
(primary pyrolysis)

III
(secondary pyrolysis)

raw coal metaplast primary light gases secondary light gases

tar

char char

soot

 

Figure 2.2. Pyrolysis processes and products, adapted from Serio et al., (1987). 

 

After water evaporates, the coal particles experience very high initial heating rates (~106 

K/s in a utility boiler or gasifier). When low experimental heating rates are employed the 

breaking of C-C aliphatic bonds begins to occur at ~670 K and some vaporization of free matter 

will occur below this temperature (Yu et al., 2007). The breaking of bridges forms radical groups 

such as CH2 and O. These form light gases such as CH4 and water. Fragments that break off the 

polymer network form the metaplast, which is a viscoelastic fluid. Molecules in the metaplast 

that have high mobility and vapor pressure will diffuse out of the particle and into the 

surrounding gas (Smith et al., 1994). If these liberated molecules have high enough molecular 

weight to condense to liquids or solids at room temperature they are called tar; the rest are 

defined as light gases. The bulk of the volatile matter is released below ~820 K (Yu et al., 2007) 
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at low initial heating rates, but devolatilization occurs at higher temperatures when the initial 

heating rate is increased. Metaplast molecules that remain in the char cross-link back into the 

polymer network until no metaplast remains. The resulting solid network is char.  

2.2.1 Network Devolatilization Models 

Network statistical devolatilization models have been used successfully to model the 

volatiles yield, devolatilization rates, and chemical transformations that occur in primary 

pyrolysis. These include the functional-group-depolymerization, vaporization, and cross-linking 

(FG-DVC) model (Serio et al., 1987; Solomon et al., 1988a, b; Solomon et al., 1990), the 

FLASHCHAIN model (Niksa, 1991a, b; Niksa and Kerstein, 1991), and the chemical percolation 

devolatilization (CPD) model (Grant et al., 1989; Fletcher et al., 1990; Fletcher et al., 1992). For 

the purposes of this work, the CPD model was used.  

The CPD model uses 13C-nuclear magnetic resonance (NMR) structural parameters as 

inputs along with heating information which may take the form of particle temperature histories 

or particle velocity and gas temperature histories. The CPD model can be used to calculate 

pyrolysis rates, pyrolysis yields, and the initial distribution of products between tar and light 

gases. It has been applied in computational fluid dynamics (CFD) codes such as FLUENT (2007) 

and STARCD (Price, 2007). Correlations have been developed relating the 13C-NMR structural 

parameters to the proximate and ultimate analyses (Genetti et al., 1999). These correlations 

facilitate application of the CPD model to coals outside the NMR database. The 13C-NMR 

structural parameters used in the CPD model are listed in Table 2.1. 
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Table 2.1. Chemical structural parameters derived from 13C-NMR measurements used in the CPD model 

Structural Parameter Description 
σ+1 Coordination number; average number of attachments per aromatic cluster 
p0 Fraction of attachments that are intact loops or bridges 
Mδ Average molecular weight of an attachment 

MW Average aromatic cluster molecular weight, including associated attachments 
 

Additionally, the CPD model uses the empirical parameter c0 for coals of very high or 

low ranks. The parameter c0 is typically calculated from a correlation or adjusted to fit pyrolysis 

data. This parameter represents the fraction of thermally stable bridges in the parent coal or that 

form early in the pyrolysis process. This parameter has been used to represent early cross-linking 

in lignites and subbituminous coals. The parameter c0 represents biaryl linkages in low-volatile 

bituminous coals and anthracites. The parameter c0 is typically assigned a value of zero for most 

bituminous coals. 

2.2.2 Coal Char Characteristics 

The chemical and physical structure of coal char varies significantly with coal rank and 

with pyrolysis reaction conditions such as temperature, initial heating rate, and pressure 

(Solomon and Fletcher, 1994; Yu et al., 2007). The chemical heterogeneity of the parent coal as 

measured through maceral analysis or other methods also has pronounced effects. Many of these 

differences have been qualitatively explained in terms of the viscoelastic properties of the 

metaplast and the competition between the release of volatile mater and cross-linking to form 

char. The original pore structure of softening coals disappears as the metaplast becomes fluid 

(Yu et al., 2007). New pore structure is generated as gases are transported out of the particles. If 

the initial coal structure has many thermally stable cross-links or if such cross-links form during 

the earliest stages of pyrolysis then the fluidity of the metaplast will be quite limited. For this 
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reason only bituminous rank coals develop significant fluidity at moderate initial heating rates. 

Coals that do not undergo softening release their volatiles through their existing pore structures, 

thereby increasing the size and extent of the pores. Very high-rank coals such as anthracites have 

little volatile matter, so changes in particle structure during pyrolysis are more limited. 

Volatile matter collects in bubbles within the condensed phase that grow and coalesce. 

Depending on the viscoelastic properties of the metaplast one or several large voids may be 

present in the char. Fragmentation of particles may occur, which further increases the 

accessibility of the surface area for gasification and oxidation reactions. (Liu et al., 2000; Ma and 

Mitchell, 2009). At conditions found in pulverized coal boilers and gasifiers the effect of ambient 

gas composition on swelling is probably small because the blowing effect inhibits transport of 

surrounding gases to the surface of pyrolyzing coal particles (Fletcher, 1993). 

Descriptions of char structure include various measures of surface area, pore structure, 

and internal voids caused by bubble growth. Several detailed morphological classification 

systems have been developed for char. A three-fold classification system is coming into common 

usage because of its relative simplicity (Benfell et al., 2000). This system has three char types 

distinguished by three classification parameters, namely porosity, sphericity, and wall thickness 

(Table 2.2). The number fraction of Group I chars (cenospheres) produced in drop-tube furnaces 

operating near 104 K/s has been correlated with maceral composition and pyrolysis pressure 

(Benfell et al., 2000; Yu et al., 2007). The effect of heating rate on swelling was not included in 

these correlations. For highly swollen cenospheres, the particle wall thickness is very small 

compared to the particle diameter. Therefore, the volume of the internal void may be only 

slightly less than the total volume of the particle. Knowledge of the particle size and the 

pyrolysis yield can be used to estimate the wall thickness for cenospheres (Benfell et al., 2000). 
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Table 2.2. Three-fold char classification system (Benfell et al., 2000; Yu et al., 2007; Ma and Mitchell, 2009) 

Char type Group I: Cenospherical Char Group II: Mixed Char Group III: Dense Char 

Illustration 

   
Porosity >80% >50% ~50% 

Wall Thickness <5 µm Variable >5 µm 
Shape Factor >0.85 >0.8 <0.7 

Void Size ≈ Particle 5 µm < Void < Particle < 5 µm 
Swelling Ratio >1.3 >1 >0.9 

 

The coal swelling ratio or swelling parameter is defined for pulverized coal as the char 

particle diameter after pyrolysis divided by the initial coal particle diameter. The swelling ratio is 

the simplest and perhaps the most useful measure of char structure. It is a critical parameter for 

practically all combustion and gasification models, regardless of the level of sophistication. 

Other structural characteristics of char, including total porosity and wall thickness, can be 

estimated using the swelling ratio, volatiles yield, and the density of the solid material (Hurt et 

al., 1998; Benfell et al., 2000). 

2.2.3 Effect of Heating Rate on Volatiles Yield and Swelling during Coal Pyrolysis 

 The heating rate that has been observed to correlate best with pyrolysis behavior is the 

maximum derivative of particle temperature with respect to residence time, assuming lumped 

capacitance (Fletcher, 1993). Maximum temperature and initial particle size influence swelling 

mainly through their effect on the heating rate (Fletcher, 1989a). In a modeling study of drop-

tube reactor conditions, calculated differences between the particle surface and center 

temperatures were small (< 40 K), and the calculations agreed well with measured particle 

temperatures (Fletcher, 1989a; Fletcher and Hardesty, 1992). The authors concluded that the 



10 

lumped capacitance model was adequate for entrained-flow conditions with particles of 100 µm 

and heating rates of 104 K/s. The physical significance of the lumped-capacitance heating rate 

gradually breaks down as particle size and heating rate increase.  

The volatiles yield for high-temperature applications is higher than the volatiles yield 

from the American Society for Testing and Materials (ASTM) standard proximate analysis (Yu 

et al., 2007). The excess volatiles yield is most pronounced for coals with maximum tar yields. 

Part of this difference is due to mass transfer limitations in the bed of particles used in the ASTM 

test. Some of the excess volatiles yield is attributable to the heating rate. The higher particle 

temperatures that are achieved at high heating rates increase the devolatilization rate and total 

volatiles yield by increasing the rates of bridge-breaking reactions and vaporization of tar faster 

than the rates of cross-linking reactions. Network devolatilization models such as the CPD model 

capture the effects of heating rate and temperature on devolatilization rates and yields. 

Studies at low heating rates used in TGAs and Wire Mesh Reactors (WMRs) indicate that 

swelling increases with increasing heating rate (Figure 2.3) (Zygourakis, 1993). This can be 

attributed to the higher devolatilization rates that occur at higher temperatures, and perhaps also 

differences in viscoelastic properties. However, experiments with these types of facilities are 

often performed with coal particles larger than 200 µm (Khan and Jenkins, 1986; Zygourakis, 

1993), where internal mass transfer limitations begin to be influential (Solomon and Fletcher, 

1994). The observed trend of increased swelling with increasing heating rate should be generally 

valid, but swelling measurements of large particles do not apply quantitatively to particles of ~50 

µm mean diameter used in utility boilers and gasifiers. 
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Figure 2.3. Effect of initial heating rate on particle swelling ratio, adapted from Gale et al. (1995) 

 

The influence of heat and mass transfer limitations on coal swelling appears to have a 

complex dependence on heating rate. At higher heating rates internal temperature gradients in 

large particles would cause material near the surface to generate volatiles faster than material 

near the center of the particle. Internal temperature gradients may also cause internal gradients in 

viscoelastic properties. The interplay between these and other transport effects could cause 

swelling to be enhanced or inhibited with increasing particle size, depending on the details of 

particle size, coal type, and heating rate. Swelling data obtained from Pittsburgh #8 coal in a 

fixed bed at heating rates of 0.4 K/s and 1.1 K/s indicated that the effects of pressure and heating 

rate on swelling can have very different trends for particles smaller than 75 µm compared to 

particles of 250-425 µm (Khan and Jenkins, 1984). 

Studies with modified drop-tube furnaces and flat-flame burners at atmospheric pressure 

have shown that the bituminous coal swelling ratios may decrease from greater than 1.5 to less 

than 1.05 at initial heating rates on the order of 105 K/s (Figure 2.3) (Gale et al., 1995). This 
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decrease in swelling at high heating rates has been attributed to a characteristic devolatilization 

time that is shorter than the characteristic relaxation time of the viscous coal melt. The bubbles 

burst at very high heating rates, followed by cross-linking.  

The most advanced swelling models based on the physics of bubble formation predict 

increased swelling with increasing heating rate, but fail to predict decreased swelling at heating 

rates above 104 K/s (Oh et al., 1989; Yu et al., 2004b). There is some indication that different 

formulations may allow mechanistic models to predict decreased swelling with increasing 

heating rate (Melia and Bowman, 1983; Sheng and Azevedo, 2000), at least on a qualitative 

level. Advanced swelling models (Oh et al., 1989; Yu et al., 2004b) are inconvenient for most 

practical applications because the computational burden is high and input parameters can be 

difficult to obtain. It is extremely difficult to measure physical properties such as viscosity in 

reacting metaplast. Other detailed inputs such as density distributions are inconvenient to 

measure. Existing empirical swelling models also fail to properly capture the effect of heating 

rate (Niksa et al., 2003; Sun et al., 2003; Kidena et al., 2007). 

Swelling is most pronounced for bituminous coals at initial heating rates slightly below 

104 K/s (Figure 2.3), which is the regime where measurements are most conveniently made for 

drop-tube furnaces or other entrained-flow reactors. Because highly swollen particles have large 

internal voids, the porosity follows a trend very similar to the swelling ratio (Gale et al., 1995). 

Since utility boilers and gasifiers operate at initial particle heating rates of about 106 K/s, flat-

flame burners are the most industrially representative laboratory-scale equipment available to 

study coal swelling behavior during pyrolysis. Swelling measurements at heating rates lower 

than 105 K/s may only be appropriate for the largest particles of the distributions used in 

industrial pulverized coal boilers and gasifiers. 
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2.2.4 Effect of Pyrolysis Pressure on Volatiles Yield and Coal Swelling 

For softening coals at higher pressures, vaporization of the tar is inhibited; only the very 

lightest molecules have a high enough vapor pressure to leave the particle. This decreases the 

yield of tar. The retained tar is cross-linked back into the polymer network to become part of the 

char; aliphatic attachments from molecules that remain in the metaplast increase the yield of light 

gases. The net effect of higher pyrolysis pressure is to decrease the total yield of volatiles and 

decrease the average molecular weight of the tar (Solomon and Fletcher, 1994). The effect of 

total pressure on pyrolysis yield has been captured in network pyrolysis models by treating tar 

vaporization as a flash-distillation process.  

At elevated pressures the metaplast is enriched in lighter molecules, which act as 

plasticizers, enhancing bubble growth. Greater swelling and higher porosity have been observed 

at elevated pressures because bubbles are able to grow to larger sizes without popping (Lee et al., 

1991; Wu et al., 2000). Group I chars have been found to be more prevalent (Wu et al., 2000; Yu 

et al., 2004a). However, swelling cannot increase without bound as pressure increases. Very high 

external pressures are better able to counteract the lower pressure generated inside the bubbles 

due to lower volatiles release. A recent model includes the competition of these two effects of 

increasing pressure and predicts that the swelling ratio decreases slowly as total pressure 

increases beyond 8-10 atm (Figure 2.4) (Yu et al., 2004b). 

When swelling data obtained in a pressurized drop-tube furnace at 104 K/s (Lee et al., 

1991) are compared to data from facilities that enhance the particle heating rates using O2 (Wu et 

al., 2000), or flat-flame burners (Zeng et al., 2005), as in Figure 2.4, it becomes apparent that the 

effect of heating rate on coal swelling is very important for pyrolysis at elevated pressures. The 

maximum reported swelling ratio for Illinois #6 is more than twice as high at 104 K/s compared 
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to 105 K/s. Existing swelling models do not predict the combined effects of pressure and heating 

rate. 

 

 

Figure 2.4. Swelling ratio versus pressure from pulverized coal experiments and a model 

  

2.3 Secondary Pyrolysis 

Secondary pyrolysis consists of the processes that determine the fate of the volatiles 

while they are still in a fuel-rich zone, particularly the tar (See Figures 2.2 and 2.5). Previous 

studies have shown that the sum of the mass of tar and soot remains nearly constant during 

secondary pyrolysis (Chen, 1991; Smith et al., 1994). The increase of soot as tar decreases 

indicates that tar is the primary precursor of soot. The conversion of tar to soot tends to become 

more complete with increasing total pressure due to the increase in the tar concentration.  
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Coal Char + Light Gases + Tar

Primary Soot Soot Agglomerates

Light Gases

Tar

Devolatilization

ra

 

Figure 2.5. Secondary pyrolysis processes and products (Ma, 1996) 

 

On the chemical level soot consists of polycyclic aromatic hydrocarbons (PAH) of very 

high molecular weight. It is much more graphitic in nature than coal, tar, or char and as such it 

has fewer functional groups and is less reactive (Wornat et al., 1987; Wornat et al., 1988; Smith 

et al., 1994). However, soot still contains many defects and some heteroatoms, particularly 

nitrogen. A considerable portion of the nitrogen in the coal can end up in the soot (Zhang and 

Fletcher, 2001; Manton et al., 2004). Additional review of the soot literature and secondary 

pyrolysis experiments conducted in this work are documented in Appendix A. 

2.4 Gasification 

As primary pyrolysis in a gasifier nears completion the char, tar, and soot begin to 

undergo heterogeneous oxidation and gasification. Changes in the structure of a coal particle 

during pyrolysis influence the subsequent char reaction history in various ways. The magnitude 

and accessibility of surface area for heterogeneous reaction on the interior surfaces of the char 

particles determine the reaction rate at a given temperature.  
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2.4.1 Three-Zone Theory 

The temperatures at which different physical processes dominate the observed reaction 

rate have been described in terms of three zones (Figure 2.6) (Smoot and Smith, 1985). At low 

temperatures (Zone I), oxidation or gasification kinetics are rate-limiting, while diffusion of 

reactants through the particle boundary layer is rate-limiting at very high temperatures (Zone III). 

At intermediate temperatures (Zone II) both reaction kinetics and diffusion through pores 

determine the observed reaction rates. Practical applications of combustion and gasification of 

pulverized coal typically occur in Zone II, where the particle size and pore structure strongly 

influence the rates at which gaseous reactants are transported to the internal surfaces of the char. 
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η ≈ 1
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Figure 2.6. Three-zone theory for heterogeneous reactions on porous particles. 
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The heterogeneous reaction zones have different characteristic changes in particle 

diameter and density. The mode-of-burning parameter α is commonly used to quantify these 

changes (Hurt et al., 1998). This parameter relates the particle mass and density to their initial 

values via the following relationships:  

 α
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ρ
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where ρ is the apparent density, m is mass, and x is a mass fraction. The subscript C refers to the 

organic portion of the particle, A refers to ash, and 0 refers to either an initial or previous state 

(e.g., fully pyrolyzed). In the ideal case of zero ash content, Equation 2.1 can be combined with 

geometric considerations to yield:  
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where d is the particle diameter. The empirical mode-of-burning parameter varies with coal type 

and reaction conditions, but it is commonly assigned a uniform value for a given reactor type to 

simplify analysis and/or modeling (Hurt et al., 1998; Liu and Niksa, 2004). 

Zone III behavior can be computed simply as the mass transfer rate through the boundary 

layer with a surface reactant concentration of zero. The χ parameter (Smith, 1982) is the ratio of 

the observed rate to the film diffusion-limited rate (i.e., the maximum possible rate):  
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r ν
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 (2.4) 

where r is a reaction rate with units of mass/time. The parameter νj is a stoichiometric conversion 

factor relating the mass of organic matter gasified to the moles of reactant species j that are 

consumed. Ap is the external surface area of the particle, hm is a mass-transfer coefficient, and Pj 
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is the partial pressure of species j in the bulk. The subscripts obs and max distinguish the 

observed rate from the maximum diffusion-limited rate. A χ factor with a value close to unity 

indicates that diffusion through the boundary layer is rate-limiting.  

The effectiveness factor η is typically correlated with a Thiele modulus Φ and has been 

used for many years to model behavior in porous catalysts (Carberry, 1962; Bischoff, 1965). The 

effectiveness factor accounts for intra-particle concentration gradients and is dependent on 

reaction kinetics, particle size, temperature, pore structure, gas concentrations, and diffusivities. 

In the absence of large intra-particle temperature gradients the effectiveness factor typically has a 

value less than unity. Derivations of the Thiele modulus assume that a static pore structure exists, 

which is reasonable for catalysts but is not realistic for char over large ranges of conversion.  

In codes used to model large-scale devices (i.e. CFD), a high computational cost is 

already associated with the fluid dynamics and heat transport calculations. The large number of 

particles found in boilers and gasifiers can significantly increase the computational cost. Also, 

the local environments of individual particles in large-scale facilities are typically not known 

with enough accuracy to justify the use of complex models. Therefore, simple pyrolysis and 

gasification models are typically preferred for CFD applications. The Zone II rates that are 

thought to be common in industry are influenced by many physical phenomena, which make 

them difficult to predict accurately (effectiveness factors are embedded in the observed rates). 

The evaluation of new gasifier designs can best be accomplished through the use of relatively 

simple gasification kinetic mechanisms that have been fit to data obtained at high temperatures, 

high heating rates, and high pressures. Such data may also be used validate more sophisticated 

kinetic models.  
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2.4.2 Recent Gasification Experiments 

For the development of advanced gasification models, pyrolysis and gasification 

experiments should be conducted at temperatures, initial heating rates, and pressures that are 

typical of industrial gasifiers. A representative list of recent experiments is found in Table 2.3, 

where the char formation conditions for each gasification experiment are indicated (pyrolysis 

conditions). Many gasification studies conducted at “high heating rates” occur in drop-tube 

furnaces (DTF) or other entrained-flow reactors (EFR) that are limited to initial heating rates on 

the order of 104 K/s, which is where maximum swelling seems to occur (as shown earlier in 

Figure 2.3). Wire mesh reactors (WMR) and especially thermogravimetric analyzers (TGA) 

achieve much lower initial heating rates and are more suitable for measuring intrinsic Zone I 

rates. WMRs and TGAs often use large individual particles or a bed of particles that experience 

significant transport limitations. For these reasons, experimental data from these devices are not 

thought to be representative of industrial entrained-flow conditions. 

In most practical gasifiers, pyrolysis and gasification occur in the same vessel and hence 

at the same pressure, but chars are sometimes pyrolyzed and gasified at different conditions in 

the laboratory (see Table 2.3). For high-temperature rate measurements (Zone II), the char size 

and physical structure formed at a given pressure and heating rate will strongly influence the 

observed rate. Therefore, pyrolysis and gasification experiments conducted at identical elevated 

pressures and heating rates of at least 105 K/s provide the most valuable reaction rates for the 

design of pulverized-coal gasifiers. There is some indication that the intrinsic (Zone I) char 

reactivities are not strongly dependent on pyrolysis pressure and initial heating (Wall et al., 2002; 

Roberts et al., 2003). However, more experimental data is needed at very high initial heating 

rates and elevated pressures to determine whether this result applies to industrial gasifiers. 
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Table 2.3. Recent pyrolysis and gasification studies 

Source 
Coal Particle Size, 

Pyrolysis System, Initial 
Heating Rate 

Pyrolysis 
Temperature, 

Pressure 

Gasification 
System & 
Reactants 

Gasification 
Temperature, 
Total Pressure 

Industrial PC 
Gasifiers 

50 – 150 µm 
entrained flow at ~106 K/s 

Up to 2000oC 
2.5 – 3.0 MPa 

Entrained Flow 
O2,  H2O, CO2 

up to 2000oC; 
Zone II-Zone III 
2.5 – 3.0 MPa 

(Peng et al., 1995) 149 – 210 µm 
TGA at 102 – 103 K/s 

1000 – 1400oC 
0.1 MPa TGA, H2O 1000 – 1400oC 

0.1 MPa 

(Lim et al., 1997) 
106 – 150 µm 

WMR at 103 K/s 
Fixed Bed at 10 K/s 

1000oC 
0.1 – 3.0 MPa 

WMR,  Fixed Bed 
O2, CO2 

850oC, 1000oC 
0.1 – 3.0 MPa 

(Messenböck et al., 
1999; Messenböck et 

al., 2000) 

106 – 150 µm, 
WMR at 103 K/s 

1000oC 
0.1 – 3.0 MPa 

WMR, TGA 
O2, H2O, CO2 

1000oC 
0.1 – 3 MPa 

(Roberts and Harris, 
2000, 2006) 

1000 – 6000 µm 
Crucibles at 0.17 K/s 

1100oC 
0.1 MPa 

PTGA 
O2,  H2O, CO2 

500 – 940oC 
0.1 – 3 MPa 

(Wu et al., 2000) 63 – 90 µm 
DTF, PDTF at ~104 K/s 

1300oC 
0.1 – 1.5 MPa 

N/A 
N/A 

N/A 
N/A 

(Ahn et al., 2001) 45 – 64 µm 
PDTF at 104 K/s 

1400oC 
0.1 MPa 

PDTF, TGA 
CO2 

900 – 1400oC 
0.5 – 1.5 MPa 

(Kajitani et al., 2002; 
Kajitani et al., 2006) 

26 – 39 µm 
DTF at ~104 K/s 

1100 – 1500oC 
0.1 MPa 

PDTF, PTGA 
CO2, H2O 

1100 – 1500oC 
0.2 – 2.0 MPa 

(Roberts et al., 2003) 
N/A 

PEFR, PDTF at ~104 K/s 
Crucibles at 0.17 K/s 

1100oC 
0.1 – 1.5 MPa 

PTGA 
O2,  H2O, CO2 

Zone I (low) 
0.1 – 1.5 MPa 

(Yu et al., 2004a) 45 – 185 µm, 63 – 95 µm 
PEFR, DTF at ~104 K/s 

1100 – 1400oC 
0.1 – 2.0 MPa 

PEFR 
H2O, CO2, O2 

1100oC, 1400oC 
0.1 - 2.0 MPa 

(Zeng and Fletcher, 
2005) 

44 – 90 µm 
HPFFB at ~105 K/s 

1027oC, 1300oC 
0.085 – 1.5 MPa 

HPFFB, PTGA 
O2 

1150oC, 500oC 
0.25 – 1.5 MPa 

(Harris et al., 2006) 
45 – 180 µm 

WMR at 103 K/s 
PEFR at ~104 K/s 

1100oC, 1500oC 
1.5 MPa 

PEFR, PTGA 
H2O, CO2, some 

O2 in PEFR 

800oC, 900oC 
1.5 MPa 

(Roberts and Harris, 
2007) 

1000 – 6000 µm 
Crucibles at 0.17 K/s 

1100oC 
1 – 5 MPa 

PTGA 
mixed H2O, CO2 

850oC, 900oC 
1 – 5 MPa 

(Yang et al., 2007) <152 μm 
PTGA at 0.17 K/s 

1000oC 
0.1 – 5 MPa 

TGA 
CO2 

1000oC 
0.1 MPa 

(Chen et al., 2008) <152 μm 
PTGA at 0.17 K/s 

1000oC 
0.1 and 3.0 MPa 

TGA 
CO2 

1000oC 
0.1 MPa 

(Hodge et al., 2010; 
Roberts et al., 2010) 

45 – 180 µm 
PEFR at ~104 K/s 

1000 – 1400oC 
1.0 – 2.0 MPa 

PEFR, PTGA 
CO2 

1000-1400oC 
1.0-2.0 MPa 

 



21 

2.4.3 Reaction Chemistry 

Coal combustion and gasification models focus primarily on reactions with solid carbon 

because it is the most abundant element. The global oxidation and gasification reactions include 

the following (Laurendeau, 1978; Smith et al., 1994):  

 22 COOC →+  (GR.1) 

 22 HCOOHC +→+  (GR.2) 

 COCOC 22 →+  (GR.3) 

 422 CHHC →+  (GR.4) 

The char oxidation reaction (Global Reaction 1) proceeds at ~105 times the rate of CO2 

gasification (Global Reaction 3, also known as the reverse Boudouard reaction) and H2O 

gasification (Global Reaction 2) at 800 K and 0.1 atm (Simons, 1983; Smith et al., 1994). H2O 

gasification rates have been found to exceed CO2 gasification rates at temperatures of 800 K to 

1173 K and reactant partial pressures of 0.1 atm to 60 atm (Simons, 1983; Mühlen et al., 1985), 

as shown in Figure 2.7. H2 gasification (Global Reaction 4) is often not considered because its 

rate is ~300 times lower than that of CO2 gasification at 800 K and 0.1 atm (Smith et al., 1994), 

although Figure 2.7 shows that the H2 gasification rate exceeds the CO2 gasification rate at 

900oC and pure reactant partial pressures above 40 atm (Mühlen et al., 1985). Due to the high 

rate of oxidation compared to gasification, the Zone transitions in Figure 2.6 occur at higher 

temperatures for gasification when compared to combustion (Roberts and Harris, 2000).  
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Figure 2.7. Intrinsic gasification rates of a German bituminous coal char at 900oC (Mühlen et al., 1985). 

 

An empirical nth-order Arrhenius form with the global reactions is commonly used to 

calculate combustion and gasification rates (Hurt et al., 1998; Roberts et al., 2010):  

 n
Sjjrxn

p

Pk
dt
dm

A ,,
1

−=  (2.5) 

where Ap is the external surface area of the particle, dm/dt is the mass reaction rate of carbon, 

krxn,j is an Arrhenius-form rate constant, n is the apparent reaction order, and Pj,S is the partial 

pressure of gaseous reactant j with at the external particle surface. The nth-order approach has the 

advantage of being mathematically simple, with only the reaction order and the two Arrhenius 

rate parameters to fit to experimental data. Intuitively useful descriptions of reaction behavior 

such as the three-zone theory (Figure 2.6) come from the nth-order model. When the reaction 

order is assumed to be unity, only two fitted parameters are required and a closed-form solution 

can be used for the reactant surface partial pressure (Goetz et al., 1982; Ma and Mitchell, 2009). 

More sophisticated nth-order models account for internal surface area and may use effectiveness 
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factors and pore development models (Mitchell, 2000; Sun and Hurt, 2000; Roberts et al., 2010). 

The apparent reaction order n should not be confused with the intrinsic reaction order, which is 

denoted as m in this work (Figure 2.6). Likewise, the Arrhenius rate parameters used in the nth-

order approach should be fit to data from the same temperature zone where the model is to be 

applied. This means that the apparent activation energy Ea is not the same as the true activation 

energy Etrue, except in Zone I (refer to Figure 2.6). 

Multi-step reaction mechanisms allow reaction rates to be accurately calculated over a 

greater range of experimental conditions, including temperature, total pressure, and partial 

pressures of reactants. Elementary-step mechanisms offer the most rigorous approach, but they 

are often mathematically cumbersome to implement in practical codes. They usually involve a 

large number of rate parameters to fit to experimental data. A proposed mechanism for CO2 

gasification is (Ergun, 1956):  

 ( ) COOCCOC
k

kfas +↔+
1

2
2  (ER.1) 

 ( ) fas

k
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In this mechanism, Cfas is a carbon free active site. Other authors have proposed 

mechanisms with at least one additional reaction (Gadsby et al., 1948). A Langmuir-

Hinshelwood (L-H) rate expression based on these reactions is (Roberts and Harris, 2006):  
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where P is the partial pressure of each species at the surface where the reaction occurs and 

Elementary Reaction 2 is the rate-limiting step. The L-H form allows Equation 2.6 to predict CO 

inhibition, which is not possible when traditional nth-order rate models are used. The effect of 
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CO inhibition for 500 µm carbonaceous particles (coconut charcoal, graphite, and metallurgical 

coke) has been found to decrease with increasing temperature (Figure 2.8). The observed 

reaction order was found to change from 0.5 in pure CO2 to 1.0 for mixtures containing more 

than 10% CO at a fixed partial pressure (Turkdogan and Vinters, 1970). It was shown that this 

phenomenon could be explained in terms of a two-step mechanism involving dissociation of CO2 

and formation of CO. 

Elementary Reactions 1 and 2 have been used to explain apparent shifts in reaction order 

with changes in CO2 partial pressure (Roberts and Harris, 2000, 2006). As CO2 partial pressure 

increases, the char surface becomes more saturated with C(O) complexes, which increases the 

rate and hence the apparent reaction order. Observations of this effect have been most 

pronounced for partial pressures in the range of 1 to 10 atm CO2, where the reaction order 

increased from 0.5 to 0.7 for the coals investigated (Roberts and Harris, 2000). As the CO2 

partial pressure continues to increase, the surface becomes saturated with C(O) complexes, so the 

rate becomes insensitive to further increases in partial pressure. At CO2 partial pressures above 

20 atm, reaction orders have been observed to decrease to nearly zero (Roberts and Harris, 

2000). Similar trends in apparent order with reactant partial pressure have been observed for H2O 

gasification (Mühlen et al., 1985; Roberts and Harris, 2000). Gasification rates in pure H2O and 

CO2 at moderate temperatures increased rapidly with increasing partial pressure up to ~10 atm, 

with little increase at higher pressures, as shown in Figure 2.7 (Mühlen et al., 1985). 

There is no strong experimental evidence or theory supporting a significant effect of total 

pressure on intrinsic reaction kinetics. Effects of total pressure on observed gasification rates at 

high temperatures have been attributed to the effect of pressure on transport processes (Roberts 

et al., 2000). The most significant effect of pressure on observed reaction rates in Zone II is 
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through the physical (and perhaps chemical) structures formed during pyrolysis. The relative 

contributions of molecular diffusivity (which is inversely proportional to pressure) vs. Knudsen 

diffusivity (which is independent of pressure) to the effective diffusivity in the porous char 

determine whether total pressure has a significant effect on observed reaction rates at high 

temperatures (Hong et al., 2000a; Roberts et al., 2010). 

 

 

Figure 2.8. Effect of temperature and gas composition on gasification rates for 500 µm metallurgical coke in 
mixtures of CO2 and CO at 0.96 atm total pressure (Turkdogan and Vinters, 1970). 

 

Mechanisms with several variations have been proposed for H2O gasification. One such 

mechanism for H2O gasification is (Liu et al., 2010):  

 ( ) 22
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With Elementary Reaction 4 as the rate-determining step (Roberts and Harris, 2006; Liu et al., 

2010), the resulting L-H rate expression is:  
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In Equation 2.7, both CO and H2 inhibit steam gasification. Other derivations omit 

Elementary Reaction 5, and hence exhibit no inhibition of steam gasification by CO (Roberts and 

Harris, 2000, 2006). In alternate proposed mechanisms, Elementary Reaction 3 is not reversible 

and an extra step forming a hydrogen surface complex is included. Depending on whether H2 

adsorption is dissociative, H2 inhibition may have a different form (Roberts and Harris, 2006; 

Liu et al., 2010). Larger rate expressions with quadratic and mixed partial pressure terms in the 

numerator have been derived by including more reactions with the C(O) complex (Mühlen et al., 

1985).  

Langmuir-Hinshelwood expressions like Equations 2.6 and 2.7 are sometimes needed to 

model experimentally observed inhibition effects. For example, L-H kinetics have been used to 

show that CO2 inhibits H2O gasification by competing for surface sites (Roberts and Harris, 

2007). This means that char in the presence of H2O and CO2 reacts at a rate intermediate between 

the rates observed with the pure gaseous reactants at the same partial pressures. Other 

investigators have shown that the effect of H2 inhibition on H2O gasification is not as strong as 

inhibition of CO2 gasification by CO, as shown in Figure 2.9 (Mühlen et al., 1985).  
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Figure 2.9. Inhibited gasification rates at 900oC and 40 bar (Mühlen et al., 1985). 

 

Depending on the experimentally available range of conditions and the degree to which 

mass transport limitations are known, obtaining a statistically significant fit of all parameters in 

an elementary-step mechanism may not be practical. This is especially true for highly 

heterogeneous systems, (i.e. coal). Semi-global reaction models are sometimes used as a 

tractable compromise between the purely empirical nth-order models and elementary-step 

reaction mechanisms (Hurt and Calo, 2001; Liu and Niksa, 2004).  

2.4.4 Advanced CBK Combustion and Gasification Models 

The Carbon Burnout Kinetics (CBK) model has been used to interpret research data and 

model industrial applications for more than a decade (Hurt et al., 1998). It is recognized as one of 

the most advanced combustion models available. The original version and several of the 

successor models were developed by Robert Hurt’s research group at Sandia National 
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Laboratories and later at Brown University. The distinctive feature of the CBK model is that it 

allows experimentally observed low rates in late burnout to be modeled. As originally formulated 

when published as CBK6, the code had 4 essential features (Hurt et al., 1998):  

 

1. A single-film char oxidation model 

2. Preferential consumption of the most reactive material through statistical kinetics 

3. Thermal deactivation through an annealing mechanism 

4. Altered transport of energy and reactant species within char particles through ash 

inhibition mechanisms  

 

The expressions for the reactant mass transfer coefficient kD,i and the rate of mass transfer 

in the boundary layer qi, in CBK are (Mitchell, 1991; Hurt et al., 1998):  
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where Sh =2 is the Sherwood number, dp is the particle diameter, Rg is the gas constant, Tm is 

film temperature (the mean of bulk gas and particle temperatures), and νi is a stoichiometric 

coefficient relating the moles of reactant i (O2 for oxidation) transferred to the mass of char 

reacted. The parameter θaf is the porosity of the ash film, df is the thickness of the ash film, and 

dc is the diameter of the carbonaceous core within the ash film. These terms account for the 

effect of an ash film on mass transfer rates through the boundary layer. P is the total pressure and 

Pi,S and Pi,∞ are the partial pressures of reactant i at the external particle surface and in the bulk, 
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respectively. γi is an expansion factor defined by the stoichiometry of the reaction that allows this 

formulation to account for Stefan flow.  

The CBK model has been adapted for different purposes over the years. The different 

versions have different features that are summarized in Table 2.4. CBK6 was first modified to 

include an effectiveness factor and Langmuir kinetics at BYU (Hong et al., 2000b; Hong et al., 

2000a). These features allowed the resulting HP-CBK code to fit oxidation rate data at elevated 

pressures. The Langmuir kinetic form yielded a better fit of experimental data over a larger range 

of particle temperatures and oxygen partial pressures compared to nth-order kinetics. The 

corresponding effectiveness factor was derived to correct the reaction rate for intra-particle 

variation in oxygen concentration (Bischoff, 1965). Under the conditions investigated, the 

Langmuir rate expression reduced to an intrinsic order of m = 0, which implies an apparent order 

of n = 0.5 in Zone II.  

 

Table 2.4. Summary of differences between versions of the CBK model 

Name and Publication 
Statistical 
Kinetics 
Option 

Effective 
Diffusivity 

Model 

Char 
Structure 

Model 
Kinetic Mechanism 

CBK6 (Hurt et al., 1998) Yes None No Nth-order oxidation 

HP-CBK (Hong et al., 2000a) Yes Random 
pore model No Langmuir oxidation 

CBK8 (Sun and Hurt, 2000) No Parallel path 
pore model No Nth-order oxidation 

(Benfell et al., 2000) Unknown Unknown Yes Nth-order oxidation 

(Cloke et al., 2003) No Parallel path 
pore model Yes Nth-order oxidation 

CBK/E (Niksa et al., 2003) No Parallel path 
pore model No 3-step Langmuir-Hinshelwood  

(L-H) oxidation 

CBK/G (Liu and Niksa, 2004) No Parallel path 
pore model No 3-step L-H oxidation,  

5-step L-H gasification 
 

Effectiveness factors are correlated with a Thiele modulus, which requires calculation of 

an effective diffusivity of reactant species though the porous char. A random pore model (Wakao 
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and Smith, 1962; Wakao and Smith, 1964) was used in the HP-CBK model (Hong et al., 2000a) 

to calculate the effective diffusivity. This random pore model requires 4 experimentally 

measured input parameters, including total porosity, macroporosity, average micropore radius, 

and average macropore radius. However, the microporosity was found to make negligible 

contributions to the effective diffusivity under the conditions investigated (Hong et al., 2000a), 

and the Knudsen diffusivity made a negligible contribution to the effective diffusivity in 

macropores. This result implies that only the macroporosity and macropore radius terms would 

be required as inputs in a simplified diffusivity model. However, other investigators have shown 

that Knudsen diffusion may be more important for gasification than it is for the much faster 

oxidation reactions (Roberts et al., 2010).  

Regardless of the pore model used, the effective diffusivity is properly calculated from 

the combined diffusivity Di,comb, which is defined as: 
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where the Knudsen diffusivity DK is proportional to the diameter of the pores through which the 

gasification reactant is diffusing. Di,mix is the molecular diffusivity of reactant i in the gas 

mixture. The molecular diffusivity is inversely proportional to total pressure, and the Knudsen 

diffusivity is independent of pressure, so the relative importance of the two diffusivities largely 

determine the effect of total pressure on gasification rates for a given char structure. Knudsen 

diffusion was neglected in all of the CBK codes except HP-CBK (Hong et al., 2000a). 

Another modified version of CBK added pressure effects and a simplified char 

morphology model (Benfell et al., 2000). This Australian version included a correlation for the 

number percent of char cenospheres based on drop-tube furnace experiments. The char structural 
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sub-model calculates the diffusion rate of oxygen into the interior void(s) and treats the burning 

rate of the cenosphere as the sum of the burning rate on the interior and exterior surfaces. When 

compared to drop-tube data, the char structural model yields a slight improvement in total 

burnout predictions vs. residence time for the range of 60-90% burnout at 15 atm. In recent years 

other attempts have been made to model the effects of char morphology on gasification behavior 

using a modified version of CBK (Cloke et al., 2003) and other advanced models (Ma and 

Mitchell, 2009; Hodge et al., 2010). 

The most widely accepted version of the CBK model in the coal combustion industry is 

CBK8 (Sun and Hurt, 2000). CBK8 differs from CBK6 in two important respects. First, the 

calculation of interactions between transport effects and surface reactions was upgraded. The 

most significant upgrade is an effectiveness factor based on nth-order kinetics, which allows 

explicit calculation of all three combustion zones and the inter-zone transition regions (Smoot 

and Smith, 1985). The effect of an ash film on heat transfer was also included. The second major 

difference between CBK8 and CBK6 is the omission of the statistical kinetic mechanism in 

CBK8. Preferential consumption of the most reactive char has a strong theoretical and 

experimental background (Hurt et al., 1996), but implementation was found to be 

computationally cumbersome and unnecessary in this model. The explicit calculation of reaction 

behavior in all three combustion zones allows CBK8 to give reasonable results even for 

atmospheric TGA data. 

CBK8 and all later versions of CBK use a parallel-path pore model for the effective 

diffusivity, neglecting the effect of microporosity and Knudsen diffusion (Wheeler, 1951; 

Carberry, 1962). The tortuosity parameter was combined with the fraction of the porosity in the 

feeder pores (macropores) and assigned a uniform value for all coals. This modeling approach 
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was found to be successful in practice and has the convenient advantage of eliminating the need 

for experimental measurements of surface area.  

The most mechanistic CBK model used exclusively for oxidation is CBK/E (Niksa et al., 

2003). CBK/E was developed from CBK8 using three-step semi-global kinetics to describe 

experimentally observed changes in reaction order (Hurt and Calo, 2001). The three-step 

mechanism is:  

 COOCOC +→+ )(2 2  
(CBK_R.1) 

 )()( 22 OCCOOOCC +→++  
(CBK_R.2) 

 COOC →)(  
(CBK_R.3) 

CBK/E also included an optional swelling correlation (Niksa et al., 2003) that dates back 

at least as far as CBK8, but was upgraded to include pressure effects based on drop-tube 

measurements. The simple pressure term came from experiments with Australian bituminous 

coals (Benfell, 2001). The CBK swelling correlation did not consider effects of heating rate. 

The next version of CBK to be developed was CBK/G (Liu and Niksa, 2004). This 

version was an upgrade of CBK/E for gasification. Five reaction steps were added to account for 

gasification by H2O, CO2, and H2. These steps are:  

 COOCCOC +→←+ )(2  (CBK_R.4) 

 COOC →)(  (CBK_R.5) 

 22 )( HOCOHC +→←+  (CBK_R.6) 

 COOC →)(  (CBK_R.7) 

 422 CHHC →+  (CBK_R.8) 



33 

In the complete eight-step mechanism, Reactions 3, 5, and 7 all represent desorption of 

CO from a surface complex. The surface oxides produced in heterogeneous reactions with O2, 

H2O, and CO2 are treated as chemically distinct from each other in this semi-global model. This 

approach was considered necessary to model observed differences in experimental desorption 

rates (Liu and Niksa, 2004). The gasification rate constants were written as ratios of the CO-

desorption rate constant from the H2O-gasification mechanism (k7) to simplify the process of 

fitting gasification rate data. These ratios of rate constants were correlated with coal 

composition, leaving only a single adjustable pre-exponential factor. The annealing sub-model 

was applied to reduce the pre-exponential factor of Reaction 7 (A7) as gasification proceeds so 

that all reaction rates decrease simultaneously. A similar strategy was used in CBK/E to scale all 

reactions with the pre-exponential factor of step 3. 

A random pore model was included in CBK/G to account for development of surface area 

during reaction; this approach allowed for a better fit of fluidized bed data, but was not expected 

to be as important for gasification at the higher temperatures occurring in a pulverized coal 

gasifiers (Liu and Niksa, 2004). The expression for surface area used in the CBK/G publication 

was incomplete. The complete form is (Bhatia and Perlmutter, 1980; Gavalas, 1980; Bhatia and 

Perlmutter, 1981):  

 ( ) ( )XXfRPM −−−= 1ln11 0ψ  (2.11) 

where X is the fractional carbon conversion and ψ0 is an empirical structural parameter, which 

was assigned an average value of 4.6 in CBK/G (Liu and Niksa, 2004).  

In CBK/G, the value of the mode-of-burning parameter α was changed from an average 

experimental value of 0.2 (Hurt et al., 1998) to a theoretical value of 0.95 (Essenhigh, 1994; Liu 

and Niksa, 2004). Transport of all gaseous reactants from the bulk to the surface of the particle 
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was included. Separate effectiveness factors were used for each gaseous reactant to account for 

internal concentration gradients. The effectiveness factor for H2 gasification was assigned a 

value of unity due to the very low rate of Reaction 8. 

2.5 Summary 

The understanding of the chemical changes that occur during primary pyrolysis is 

sufficiently advanced to allow prediction of devolatilization rates and yields of char, tar, and 

light gas species via network devolatilization models. These models can also predict effects of 

coal rank, temperature, heating rate, and pressure on pyrolysis behavior. However, coal particles 

of many ranks also undergo swelling due to bubble formation in the metaplast. Attempts have 

been made to describe the changes in particle size and physical structure via mechanistic 

swelling models. Limited success has been achieved in predicting the effects of pressure on 

swelling of bituminous coals, but existing models cannot make quantitative predictions of the 

effects of coal rank, pressure and especially heating rate on the swelling ratio. An accurate 

swelling model that has been calibrated with high-pressure, high-heating rate experimental data 

is needed to accurately predict gasification rates in advanced CFD-based gasifier design codes.  

Low-temperature gasification data are fairly common, but it is difficult to extrapolate 

Zone I rates to Zone II because of the complex interactions between the many phenomena 

involved. Chars produced at low heating rates and pressures have different physical structures 

from chars found in industrial pulverized-coal gasifiers. Hence, much of the limited Zone II 

gasification data that are available may yield gasification rates that are not applicable to 

industrial conditions. Experiments that quantify effects of pressure and complex gas 

compositions on gasification rates of industrially representative chars are also needed.  
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A variety of combustion and gasification models with different advanced features have 

been developed in recent years. Prominent among these are the CBK models, some of which 

have gained wide acceptance in the combustion industry. The only version of CBK that has been 

developed for gasification is CBK/G, which has not been distributed for in-depth evaluation and 

general use. A model with features comparable to CBK/G is needed to enable more detailed 

analysis of experimentally observed gasification behavior and allow accurate prediction of 

gasification rates over a wide variety of conditions. 
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CHAPTER 3.  OBJECTIVES 

The objective of this work was to characterize coal pyrolysis and gasification behavior at 

elevated pressures, temperatures, and heating rates that are more representative of industrial 

entrained-flow gasifiers than has been typical in laboratory settings. The ultimate goal was to 

improve gasification modeling capabilities. The results of this work will be useful in 

characterizing the performance of existing gasifiers and evaluating alternative features in new 

gasifier designs. The design process for other coal conversion systems such as utility boilers will 

also benefit from the results of this work. This project is divided into the following tasks: 

 

1. Develop an improved high-pressure flat-flame burner to enable studies of coal pyrolysis 

and gasification at industrially-relevant conditions. Due to its nature as a large, custom-

built pressure vessel, the previously developed high-pressure flat-flame burner (HPFFB) 

facility (Zeng, 2005) was found to be in violation of state pressure vessel regulations. 

Since the previous HPFFB was a retrofitted drop-tube furnace (Monson, 1992), there 

were also many features that were not optimal for the intended gasification studies. The 

new HPFFB was designed to operate at high heating rates with an enhanced range of 

temperatures and improved reliability and safety. Operation of the HPFFB was simplified 

and characterization procedures were improved.  
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2. Produce chars from coals at high heating rates and elevated pressures to characterize 

coal swelling during pyrolysis. Swelling was characterized for one bituminous coal as a 

function of heating rate in an atmospheric flat-flame burner (FFB). Swelling was 

measured initially for 3 bituminous coals and 1 subbituminous coal at 4 pressures from 

2.5 atm to 15 atm under reducing conditions in the HPFFB at ~105 K/s. Subsequently, 

swelling was measured for 4 bituminous coals and 1 subbituminous coal at 3 pressures 

from 5 atm to 15 atm in the HPFFB under slightly oxidizing conditions to eliminate soot 

contamination. The latter experiments were supplemented with experiments in the 

atmospheric FFB, yielding a total of 4 pressures.  

3. Develop a coal swelling model that can predict effects of coal rank, heating rate, and 

pressure. The empirical swelling model was calibrated with atmospheric swelling data 

from Sandia National Laboratories and pressurized swelling data from this work (see 

Task 2). NMR parameters describing the chemical structure of the coal were used to 

correlate rank effects. The use of an existing correlation for the NMR parameters (Genetti 

et al., 1999) limited the required model inputs to the coal ultimate and proximate analyses 

and the maximum particle heating rate obtained from a transient energy balance. 

4. Measure coal gasification rates at high temperatures with high pyrolysis heating rates 

and elevated pressures. The HPFFB was used to gasify 5 coals and also reinjected chars 

in CO2 gasification environments at pressures of up to 15 atm and maximum gas 

temperatures that exceeded 1900 K. Early scoping experiments with a H2O gasification 

environment resulted in burner damage and condensation management problems. 

Therefore, the simpler CO2 gasification experiments were pursued while safe and reliable 

operating procedures were developed for the new HPFFB.  
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5. Model the experimental gasification rates and correlate them with coal rank. A simple 

1st-order model and two advanced models with different kinetic mechanisms were 

developed to fit and analyze the CO2 gasification data from the HPFFB. The resulting 

kinetic parameters were correlated with char properties that were estimated from the coal 

properties using correlations for NMR parameters (Genetti et al., 1999). 

 

The development and characterization of a new high-pressure flat-flame burner (HPFFB, 

Task 1) are discussed in Chapter 4. The coals and experimental procedures used in Tasks 2 and 4 

are also documented in Chapter 4. The pyrolysis experiments (Task 2) and the associated 

swelling model (Task 3) are documented in Chapter 5. The results of the CO2 gasification 

experiments (Task 4) are presented in Chapter 6, along with the model development (Task 5) and 

the associated analysis and correlation of the gasification data. Chapter 7 contains a summary, 

conclusions, and recommendations for further research.  

The appendices contain more extensive tables of the raw pyrolysis and gasification data 

from Tasks 2 and 4 and characterization of the gasification conditions in the HPFFB. The 

appendices also contain additional information regarding Task 1 that was not central to the 

discussion in Chapter 4, including the operating manual for the HPFFB. Thermogravimetric 

analysis of the HPFFB chars is documented in an appendix because it was not central to the 

objectives set forth in this chapter. Secondary pyrolysis (soot formation) experiments with coals 

and coal tar surrogates were initially part of this project. The soot results are documented in an 

appendix because results were not as productive as had been hoped and because the written 

dissertation was focused on pyrolysis and gasification to reduce length.  
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CHAPTER 4.  EXPERIMENTAL EQUIPMENT AND PROCEDURES 

At the commencement of this work, it was found that the previous version of the BYU 

high-pressure flat-flame burner (HPFFB) facility (Zeng, 2005) needed to be replaced due to state 

legal requirements for pressure vessels. The previous facility was a modified version of a 

pressurized drop-tube furnace designated as the high-pressure, controlled-profile (HPCP) reactor 

(Monson, 1992; Zeng, 2005). As part of this study, the HPFFB was redesigned and rebuilt to be 

more suitable for pyrolysis and gasification studies of coal at pressures of up to 15 atm and 

heating rates of ~105 K/s. Some components of the previous HPFFB were used, especially near 

the beginning of this work, but significant changes were ultimately made to the facility.  

Flat-flame burners consist of an array of tubes that deliver a gaseous fuel to a surface 

(Figure 4.1). An oxidizer-rich gas is fed through the spaces in between the tubes. The resulting 

flat flame is ~1 mm thick. A larger tube at the center of the array contains coal entrained in a 

stream of N2 at solid feed rates of ~1 gram/hr or less to ensure single-particle behavior. Coal 

particles are heated convectively by the post-flame gases at heating rates on the order of 105 K/s 

for particles smaller than ~100 µm. These particle heating rates are 2-10 times higher than a 

more conventional electrically heated drop-tube furnace. Increasing the particle heating rate from 

104 K/s to 105 K/s in this regime has been observed to significantly decrease coal swelling at 

atmospheric pressure (Gale et al., 1995). The HPFFB facility allows gasification studies to be 

conducted on chars that have physical structures that are more representative of industrial 
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gasifiers compared to chars generated at lower pressures and heating rates. The flame 

stoichiometry can be altered to produce an oxidizing or gasifying environment. Pressure, peak 

centerline gas temperature (up to 2000 K), post-flame CO2 and H2O mole fractions, and 

residence time are the available experimental variables. 
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Figure 4.1. HPFFB cross-section illustration (left), burner face (bottom right), and operating burner (top right). 

 

The post-flame gases in the HPFFB flowed through a quartz tube where reactions with 

coal took place. At the end of the quartz reaction tube there was a water-cooled collection probe 

that quenched the hot gases and particles with jets of N2 (Figure 4.1). 

The collection probe could be moved up and down on a track system to adjust residence 

time (up to 800 ms). The burner also had a more limited range of motion that allowed for 

residence times as low as 30 ms, corresponding to particle collection heights of less than 1 inch. 
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4.1 Description of HPFFB Features and Development 

The previous version of the HPFFB facility included a down-flow burner with a 2-inch 

diameter (Zeng, 2005). An up-flow burner configuration was chosen for the new HPFFB to 

reduce wear on the burner and prevent buoyancy effects from disturbing the particle flow. The 

change to a smaller pressure vessel required that the gas flow path (reaction zone) be slightly 

reduced in diameter. The flow path was enclosed by a tube of fused quartz. The 2-inch burner 

was used in the earliest experiments in  this study, but a 1-inch diameter burner was used for the 

bulk of the experiments (Appendix B). 

A clamp with a screw and crank system was installed to allow the burner’s vertical 

position to be changed during operation (Figure 4.2). The 1-inch burner was designed to slide 

freely within the quartz tube. The burner’s maximum useful range of motion inside the vessel 

was ~3 inches. In practice the burner was only moved to achieve residence times of less than 

~100 ms. For longer residence times the burner was placed well below the heaters (0.5 inch 

below the low-temperature heaters or 2 inches below the new high-temperature heaters) to 

maintain visibility of the coal stream and to avoid damaging the burner. The new clamp system 

also allowed a single person to remove the burner from the vessel for inspection and cleaning in 

a matter of seconds. The equivalent task took several minutes and required 2-3 people when the 

large burner was in use, and the risk of breaking quartz tubing was much greater.  

Using the 1” burner required changes in the flow path of the reaction zone. It was found 

that reducing the ID of the quartz tube from 1.75 inches to 1 inch made collection of the coal and 

soot particles more efficient because the flow path was a better match for the ¾-inch ID 

collection probe. The disadvantage of this design change was that the collection probe would no 

longer fit inside the quartz reactor tube. A fixed length of quartz was required for each 
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experimental residence time. The collection probe was lowered until it nearly touched the quartz 

(~0.125 inch clearance).  
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Figure 4.2. Moveable clamp system and water-cooled fitting for the 1-inch flat-flame burner. 

 

The HPFFB vessel design is illustrated in Figure 4.3 with the associated dimensions 

included. The stainless steel shell was built with an ID of 6 inches to make it exempt from future 

regulatory problems. The top and bottom caps were both secured using 12 equally spaced bolts 

on an 8.5-inch diameter circle. This design was adopted to allow operation at pressures of up to 

30 atm, but other components of the system limited the safe operating pressure to 15 atm. Two 

stackable vessel sections were built to allow extended residence times, as shown in Figures 4.1 

and 4.3. However, the top vessel extension section was not put into service because of large heat 

losses experienced at extended residence times.  
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Figure 4.3. Illustration of stainless steel HPFFB pressure vessel with dimensions. 

 

In the new HPFFB, the reacting particle stream and the associated soot cloud were visible 

through a view port near the bottom of the vessel that was rated at 260oC (Figure 4.1). The view 

port was mounted in 1 of 4 NPT (0.5-inch) fittings in the lower vessel wall (Figure 4.3). The 

projecting NPT fittings acted as fins; they protected windows and instrumentation through local 

convective cooling. The lower view port allowed for verification of proper particle feeding and 

limited measurements of optical particle velocities. An identical window installed in 1 of the 3 

NPT fittings near the top of the vessel allowed ignition to be monitored (Figure 4.3).  
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The aerodynamic product separation system is illustrated in Figure 4.4. Soot was 

separated from char in a virtual impactor and a cyclone, which were taken from the previous 

facility (Daines, 1990; Monson, 1992; Zeng, 2005). Tar and soot were collected on 

polycarbonate filters.  
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Figure 4.4. Collection probe with aerodynamic separation system for char and soot collection. 

 

Tar/soot yields were determined by weighing the filters, which could then be scraped to 

recover the tar/soot samples. High static on the filters often prevented accurate weights from 

being measured. In these cases, the tar/soot was weighed after scraping. The collection system 

was designed so that the filtered gases could be collected and analyzed for composition. Char 
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and soot were analyzed separately. The average change in particle mass was determined by a 

direct mass balance and also by ash and/or elemental tracer techniques for regression of 

gasification kinetic parameters. The average change in particle size was calculated from the 

measured changes in mass and bulk density, with the assumption that the particle shape did not 

change enough to alter the packing factor.  

4.1.1 Coal Feeding System 

Calculations of settling velocity revealed that a gas velocity of 0.18-0.26 m/s was 

required to entrain the coal particles with diameters of 100 µm at pressures of 2.5 to 15 atm 

(Appendix C). Since the gas density was proportional to the pressure, a higher mass flow rate of 

N2 was needed at higher pressures to maintain this velocity. Using excess N2 was considered 

undesirable because it reduced the heating rate and maximum temperature of the coal particles. 

In the upgraded HPFFB with the 1-inch burner the coal entrainment tube was removable 

and had an internal diameter of 0.041 inch and an outer diameter of 0.0625 inch. This tube size 

was selected because it was large enough to prevent frequent clogging and was small enough to 

allow a low flow of N2 to be used for entrainment. At the bottom of the burner system, the coal 

entrainment tube was encased in a protective outer sheath of 0.125-inch OD stainless steel 

tubing, as illustrated in Figure 4.5. This sheath extended back to the coal feeder and was sealed 

to the feeder tube at both ends with epoxy resin to direct flow into the coal entrainment channel 

rather than the sheath annulus. Compression fittings on the outer sheath provided a secure 

pressure seal to the coal feeder and the burner. The use of a double-walled entrainment tube 

protected the smaller tube from accidental bending and also prevented constriction of the flow 

path by the compression fittings.  
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The new pressurized coal feeder shown in Figure 4.5 was based on the one used in the 

BYU atmospheric flat-flame burner (Ma, 1996). This syringe-type coal feeder was designed and 

built in collaboration with Aaron Lewis, who described it in detail (Lewis, 2011). Software was 

written in Visual Basic to allow a desktop computer to drive the stepper motor using a parallel 

port connection (see Appendix D). The particle feeder from the previous facility (Monson, 1992) 

caused frequent clogging of the coal entrainment tube when used with the new HPFFB; the 

reliability of particle feeding was  significantly enhanced through the use of the new particle 

feeder. Experiments that used to take several days with the old particle feeder could be 

accomplished in a few hours with the new feeder. This new feed system made it possible to 

perform multiple experiments and obtain several hundred milligrams of char in a single day. 

Feeding efficiency was increased by adding an extra o-ring to the plunger slightly behind the 

particle bed to prevent char or coal from falling into the annular space around the plunger. This 

change made reinjection of char practical. 
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Figure 4.5. Illustration of HPFFB coal feeder system, excluding vibrators on coal plunger and feeder tube. 
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4.1.2 Nichrome Wire Heaters 

The HPFFB used supplemental heaters to maintain high gas temperatures for longer 

residence times (Figure 4.1). Without the use of heaters, the centerline gas temperature was 

found to peak at slightly less than 1 inch above the burner and then decay several hundred 

degrees in just a few inches.  

The heaters installed initially used Nichrome wire heating elements, with a maximum 

operating temperature of 1200oC. These heaters had the advantage of being very robust; they 

were subjected to frequent rapid thermal cycling with no signs of damage due to thermal shock. 

The insulators associated with these heaters were not very effective at high pressures. At 5 atm 

the temperature in the reaction zone decreased by 300-400 K to a nearly constant value over a 

distance of 3-4 inches after the peak. At 15 atm the magnitude of the decrease in temperature 

over the first few inches was at least 100 K greater. According to corresponding states theory, the 

thermal conductivities of the gas species present were not strong functions of pressure in the 

range of the HPFFB operating pressures (Bird et al., 2002). The enhanced heat loss at high 

pressures may have been caused by enhanced free convection within the vessel, and perhaps 

even through the fibrous insulators. 

4.1.3 Molybdenum Disilicide Heaters 

Molybdenum disilicide heating elements were acquired to replace the original heaters in 

some of the final studies associated with this work. These high-temperature heaters allowed gas 

temperatures to be maintained at levels of up to 1700oC. Heat losses observed using these heaters 

and insulators at high pressures were much lower than with the Nichrome wire heaters. Heater 

set points higher than 1350oC at elevated pressures caused temperatures in excess of 540oC on 

the inner surface of the vessel wall at pressures of up to 15 atm. Higher pressure vessel wall 
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temperatures were considered dangerous, and hence, heater set points above 1350oC were not 

attempted. It was also found that the power leads must be cooled using a small stream of N2 to 

avoid damage.  

The high-temperature heating units had a total length of 8 inches, compared to 18 inches 

for the original low-temperature heaters. There was room for a second unit in the vessel if longer 

residence times were desired. The existing power supply was sufficient for two heaters of either 

type, but the manufacturers were unsure whether the heater control system would be able to 

control two high-temperature units effectively. Due to the high cost and safety concerns, only 

one molybdenum disilicide heater was installed. 

The control thermocouples were placed carefully so that the control algorithms were 

based on the maximum heater temperatures. The molybdenum disilicide heaters were controlled 

using B-type thermocouples. The thermocouple wires and heater power supply leads penetrated 

the lower vessel wall by means of pressure-tight insulating fittings. Temperatures in locations 

other than the surfaces of the high-temperature heaters were measured using K-type 

thermocouple probes inserted through compression fittings.  

The molybdenum disilicide heating elements were vulnerable to thermal shock. Thermal 

shock to the heating elements was avoided by using temperature ramp-up rates of 30oC/min or 

less and ramp-down rates of 20oC or less. The heater control system also included an automatic 

current limiting feature (set to a maximum of 75 amps) to reduce the risk of thermal shock. The 

manufacturer of the heating elements recommended that they be regenerated periodically by 

heating to 1450-1600oC in an oxidizing atmosphere for 1 hour. This would cause a protective 

layer of silica to form on the surface of the elements. It was recommended that this be done near 

atmospheric pressure, since the vessel shell became very hot at high pressures. However, the first 
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set of high-temperature heaters used did not last long enough to be treated in this manner due in 

part to damage that occurred during the initial installation and testing, before a means was 

devised to cool the power leads. 

4.1.4 Quartz Tubing 

Thermal shock to the quartz occurred as the water-cooled probe was lowered or raised 

within the quartz tube, especially when the heaters were turned on. Introducing a flow of ~15 

SLPM of N2 in the lower chamber of the vessel while moving the probe prevented the quartz 

from breaking. This flow took a tortuous path along the outside and then the inside surfaces of 

the quartz, which reduced the thermal gradients. 

Fused quartz tubing formed a layer of crystobalite when used with heater temperatures 

above 1200oC. This made the tubes very fragile; the outer tube could not be disturbed without 

breaking once it was treated in this manner. Slow initial heating of the quartz helped the 

crystobalite to form more evenly so that it acted as a protective layer. The outer quartz tube (ID 

of 42 mm, OD of 45 mm and length of 21 inches) provided a layer of electrical insulation 

between the heating elements and the metal probe. The outer quartz tube also served as a barrier 

to prevent soot from depositing on the heating elements. The inner quartz tube (ID of 26 mm, 

OD of 30 mm) had a length that was chosen to correspond to the desired residence time. To 

avoid crushing the inner quartz tube, the length was chosen to leave a gap of ~0.125 inch 

between the quartz and the collection probe inlet. 

4.1.5 Ignition System 

The HPFFB system was pressurized with N2 before each experiment to allow a leak test 

to be conducted at the desired operating pressure in the absence of fuels (including toxic CO) and 
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oxidizers. After the leak test, the desired pressure was maintained while inert flows through the 

burner were changed to include oxidizers and fuels. The burner gases were then ignited near the 

top of the vessel, after which the flame dropped to the burner surface. Finally, the probe was 

lowered to the desired position using a hand crank system.  

Several gas ignition systems for the HPFFB were tested. A custom glow-plug system 

powered by a variable transformer was found to be superior to spark-ignition systems, especially 

at high pressure (Figure 4.6). Ignition was achieved consistently with the glow plug at pressures 

of up to 15 atm. Ignition was also achieved using heaters at temperatures above 800oC. 

 

 

Figure 4.6. Glow plug ignition system and brass insert in top cap of pressure vessel. 

 

Careful management of flame speed (through gas composition and total flow rate) during 

ignition was found to be very important, especially at high pressures. If the flame speed was too 

high compared to the gas flow rate then the whole column of gas contained by the quartz tube 

combusted nearly instantaneously. This event was observed through viewports near the top and 

bottom of the vessel and caused an audible surge in pressure (~10 psi) that pushed combusted 

gases upstream into the burner, extinguishing the flame. If the flame speed was too low, then the 
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flame either extinguished or hovered near the top of the vessel instead of dropping to the burner 

surface. The ignition event was also sensitive to the initial temperature of the quartz tubing; 

starting cold was more difficult than restarting a recently extinguished flame.  

4.1.6 Quench Probe 

The moveable collection probe developed deep scratches that compromised the seal 

provided by the o-ring in the vessel cap. This was due to similar metals rubbing on each other; 

the stainless steel surfaces formed and broke bonds as the probe was moved. A brass insert for 

the cap with double o-rings was built to correct this problem (Figure 4.6). The outer surface of 

the probe was replaced to remove the scratches. The scratches did not reappear and leaks were 

no longer detected from the probe during pressure tests. The brass insert contained 2 o-rings that 

the probe was designed to slide through. The water cooling in the probe itself protected these o-

rings from the high temperatures in the vessel. A similar brass insert with its own water cooling 

system was used to create a pressure seal between the burner and the bottom cap (Figure 4.2). 

The inner layer of the collection probe was a porous sintered steel tube, similar to the 

design used for the BYU atmospheric flat-flame burner (Ma, 1996). N2 penetrated the walls 

through the pores and prevented soot from sticking to the shaft. N2 also entered through jets at 

the bottom tip to quench reactions in the hot gases and particles entering the probe, as illustrated 

in Figure 4.1. The first probe design attempted did not quench the hot gases effectively. Design 

modifications to the HPFFB quench system are documented in Appendix B. In the final version, 

about 75% of the N2 supplied to the collection probe passed through the quench jets. When the 

quench flow rate was set to twice the burner volumetric flow rate, the gas temperature dropped 

~500 K within 0.25 inch of the probe entrance.  
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4.2 Product Separation and Collection System 

The initial configuration of the piping associated with the product collection system of 

the new HPFFB was not ideal. Extra valves were installed to allow individual filters to be 

isolated and replaced without shutting down the system. The char was not separating from the 

soot because the flow distribution in the virtual impactor was not optimized; flow meters and 

valves were installed to monitor and control these flows. Ideally, about 25% of the outlet flow 

would pass through the cyclone, but in practice it was difficult to set the flow so precisely. 

Cyclone flow rates equivalent to 15% to 35% of the total flow were used. 

4.2.1 Char Fragmentation 

The virtual impactor and cyclone used in the current HPFFB were taken from the 

previous version of the facility (Daines, 1990; Monson, 1992; Zeng, 2005). It was found that the 

char collected in the horizontal cyclone rather than the collection chamber or char trap. Pumping 

the char into the collection chamber worked well for subbituminous coals, but cenospheres from 

bituminous coals often shattered, especially at pressures above 10 atm (Figure 4.7).  

This fragmentation phenomenon was attributed in part to the accumulation of char in the 

cyclone; at sufficiently high number densities the particles collided with each other at high 

velocities. However, most of the shattering was probably due to the high velocities induced by 

opening a valve between the pressurized cyclone and the atmospheric pressure char trap, where 

the particles collided with the chamber wall. This fragmentation made it very difficult to 

determine the original char particle sizes. Moderate improvements in performance were achieved 

using a design with an elbow between the cyclone and the char trap. 
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   (a) 1 gram coal fed  (b) 0.5 gram coal fed 

Figure 4.7. SEM images of fragmented EBB char produced at 10 atm, 1722 K, 42 ms. 

 

Two features were added to increase char collection efficiency without breaking the 

particles. The first was a staged vent system consisting of two valves with a length of pipe and a 

pressure gauge in between. The staged vent allowed the char trap to be partially depressurized in 

a controlled manner rather than vented all at once. This feature allowed the char to be pumped 

from the cyclone to the collection chamber at lower particle velocities. The second was a custom 

elbow fitting that allowed the cyclone to be mounted in a vertical position with a straight drop 

into the char trap (Figure 4.4). These upgrades eliminated the char fragmentation problem.  

4.2.2 Soot Contamination 

Many of the char samples collected were contaminated with large soot particles. SEM 

images showed that the collection system was unable to separate the very large soot 

agglomerates from the char (see Figure 4.8). The aerodynamic separation system was designed 

with a 5 µm diameter cut point, which explained why large soot agglomerates would be collected 

with char particles. The soot needed to be removed from the char to accurately quantify mass 
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change via elemental or ash tracer techniques. Also, accurate determination of swelling by the 

tap density technique was hindered by the presence of large, low density soot agglomerates. Soot 

contamination increased with increasing temperature and residence time, and was much more 

pronounced at the highest pressures.  

 

    
(a) 5 atm, 1867 K, 662 ms  (b) 15 atm, 1918 K, 660 ms 

Figure 4.8. SEM images of EBB char. Note that soot (with a fuzzy/clumpy texture compared to char) occurred in 
very large soot agglomerates and sometimes as a coating on the char particles or as an adhesive that 
bound char fragments together in clumps. 

 

The primary cause of the increased yield of soot and especially of large soot 

agglomerates with increasing pressure was the increased molar concentration of tar at elevated 

pressures. Higher concentrations promoted polymerization of the tar into soot particles. The 

formation of more primary soot particles at lower residence times promoted the development of 

larger soot agglomerates.  

The very large soot agglomerates collected with the char samples have interesting 

implications for gasifier design. Because of its high surface area, radiation heat transfer from 

soot can lower local gas temperatures by up to 300 K (Brown and Fletcher, 1998). In the vicinity 

of char particles, this would significantly decrease initial gasification rates, increasing the 
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required reactor size. Thermal radiation from soot may shorten the useful life of coal injectors 

and other components of gasifiers. Soot is much less reactive than tar. In addition, the 

agglomeration of primary soot particles into large structures may inhibit gasification by 

increasing the magnitude of mass transfer limitations. It is convenient in gasification modeling to 

represent char geometry as spherical, but soot agglomerates can be highly non-spherical and 

irregular compared to char. Hence, modeling gasification of soot in this form may be more 

difficult than modeling gasification of char, even considering the complex structures that have 

been observed in char. 

Attempts to improve the separation of char and soot by changing the operating conditions 

of the aerodynamic separation system were not successful. A liquid-phase density separation 

technique was also attempted (Appendix E). Char was immersed in a mixture of ethanol and 

water and subjected to vibration. Although this technique appeared to be effective in removing 

soot agglomerates, it also caused the char to partition into two density fractions. This had the 

effect of increasing the experimental noise in the extents of reaction that were measured using 

the ash tracer technique. The char separation technique was eventually abandoned because of the 

extra experimental noise and because it was very time consuming.  

The original goal of this research was to conduct in-situ pyrolysis followed by 

gasification. This strategy would have provided the most realistic thermal history of the char and 

hence the best gasification kinetics. However, the soot contamination added enough noise the 

experimental data to obscure the trends in the low extents of gasification that were measured. 

Hence, in-situ pyrolysis followed by gasification was abandoned in favor of a char reinjection 

technique, as used previously by others (Hurt et al., 1998).  
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Reinjection of char was the strategy used for the last experiments pursued in this work. 

Coal was pyrolyzed in the HPFFB at short residence times in gas environments with ~2 mole % 

O2 to inhibit the formation of soot from tar without causing significant oxidization of the char. 

The O2 concentrations of these flames measured with an Alpha-Omega Instruments (Series 

2000) O2 analyzer (Pickett, 2008) exceeded the values predicted using the NASA-CEA code by 

only 0.4-0.6 absolute mole % (McBride et al., 2002). This good agreement suggests that 

equilibrium calculations yielded reasonable estimates of the gas composition for the HPFFB 

system when the 1-inch burner was used with a CO flame. Several grams of char were produced 

at pressures of 10 and 15 atm in this 2 mole % environment to generate char for gasification 

experiments. Soot contamination under these conditions was minimal and fragmentation was 

eliminated by the changes implemented in the collection system (Figure 4.9).  

The raw char was used to determine the volatiles yield through a direct mass balance 

verified with an ash tracer. Swelling was determined using the mass balance and the tap density 

technique. The raw char was then sieved to obtain a narrower size distribution to reduce the 

uncertainty associated with particle size in the kinetic analysis. About 50% of the char ended up 

in the size fraction of 75-106 µm, which was selected for reinjection in CO2 gasification 

environments (Figure 4.9).  

The sieved char was reinjected in the HPFFB at the same total pressure at which it was 

formed (initially 10 atm). Two levels of CO2 concentration were used at each pressure (40% and 

90%), and the heater temperature was set to two different levels (1250oC and 1350oC). Similar 

experiments at 15 atm were planned, but the molybdenum disilicide heaters broke before the 

additional experiments could be completed. Additional reinjection experiments were carried out 

at 10 atm and 15 atm without heaters to investigate gasification at lower conversion levels. 
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 (a) 15 atm pyrolysis (raw sample)  (b) 15 atm pyrolysis (raw sample) 

 

   
    (c) 10 atm pyrolysis (sieved to 75-106 µm)  (d) 10 atm pyrolysis (sieved to 75-106 µm) 

Figure 4.9. Illinois 6 char pyrolyzed with 2% O2 at a collection height of 1.5 inches. 

 

The collection efficiency was high using the updated design for char particles of 75-106 

µm and apparent densities of ~0.15 g/cm3. In 6 of 8 cases where Illinois #6 char was reinjected at 

10 atm, the mass balance determined by direct weight differed by less than 3% from the value 

determined by ash tracer. In the remaining 2 cases, less than 200 mg of char was fed and only 
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~100 mg of char was collected, which accounts for the higher errors of 10-20%. For reinjection, 

300-400 mg of feedstock char was found to yield reliable results at a reasonable cost.  

For pyrolysis cases the collection efficiency in the cyclone was lower, probably due to 

the presence of particles with aerodynamic properties that were not optimal for the char 

collection system. For Wyodak and Kentucky #9 coals the mass release from direct weight 

exceeded the value determined by ash tracer by 15-20 absolute mass %. Cenospheres with very 

high surface areas and low densities were observed to collect on the filter attached to the cyclone 

outlet when the cyclone was used in a horizontal position. Non-ideal aerodynamic properties of 

char also caused some of the char particles to spread from the centerline and impact the exterior 

of the probe.  

4.3 Development of Viable Fuel Mixtures 

In flat-flame burners, flow rates of fuel and oxidizer are varied to adjust the post-flame 

temperature and species concentrations (i.e. O2, CO2, and/or H2O). A fuel-rich CH4 flame 

produced soot that contaminated the char samples, even at low pressures of 2.5 atm. A CO flame 

was chosen to produce conditions suitable for pyrolysis and CO2 gasification studies in the 

HPFFB. A trace amount of H2 was always used to stabilize the flame. The CO flame had the 

advantage of not forming soot under any conditions. The existence of both CO and CO2 in the 

coal reaction zone allowed investigation of gasification under the influence of CO inhibition, 

which is an industrially realistic scenario. In future studies H2 or steam may be added to the CO 

flame in moderate amounts to conduct studies on combined CO2/H2O gasification kinetics. It 

was found that excessive concentrations of H2 caused burner damage (see Appendix B). 

Safety upgrades to use CO as a fuel included a new gas detection system with automatic 

shutoff valves on flammable and toxic gas sources. Ventilated gas cabinets for CO, H2, and/or 
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CH4 were installed. The outlet of the reactor was plumbed into the outlet of the gas cabinets to 

avoid the risks associated with venting high concentrations of CO directly out the window.  

It was found that a 1:1 ratio of oxidizer flow to fuel flow did not produce steady flat 

flames suitable for experiments with coal. Fuel tubes occupied 25% of the burner surface area. 

Therefore, the ideal oxidizer to fuel flow ratio was 3:1 on a volumetric basis, but ratios as low as 

2:1 were used successfully. The proper flow or velocity ratio was achieved under fuel-rich 

conditions by adding a diluent (N2) or a gasification reactant (CO2) to the oxidizer (Air or O2) 

line. For oxidizer-rich pyrolysis conditions, air was used in the oxidizer line and N2 was added to 

the fuel line to achieve the proper flow ratio.  

High pressure increased the density of the gas in the vessel, which decreased the velocity 

for a fixed mass flow rate. The gas velocities required to maintain particle entrainment were 

maintained at high pressures by increasing the total flow rate through the burner. These higher 

flow rates also caused the flame to generate more heat, which partially compensated for the 

higher heat loss experienced with increasing pressure. 

Wyodak coal was also gasified under H2O-rich conditions at 2.5 atm during the early 

stages of this work (see Appendix J). These experiments used a mixture of H2 with 16% CH4 as 

fuel (to prevent soot formation) and were very costly in terms of time and damage to the burner. 

Since little useful data was obtained from these early experiments, the decision was made to 

focus on the simpler CO2 gasification studies until the HPFFB operating procedures could be 

standardized and simplified.  

4.4 Temperature Measurement 

Centerline gas temperatures were measured for much of this work by inserting a 

thermocouple through an o-ring attachment at the top of the probe (Lewis, 2011). These 
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measurements were corrected for radiation effects using the methods described in Appendix F. 

The corrected gas temperature profiles and compositions are tabulated in Appendix G. The 

temperature measurements were difficult and hazardous to make due to the high pressure and the 

fragility of the ceramic sheath that protected the thermocouple wires. Frequent thermocouple 

repairs and replacements were required.  
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Figure 4.10. New centerline thermocouple fitting (top) and assembly of a similar fitting in the vessel wall (bottom). 

 

Upgrades were implemented during the last year of this work to make gas temperature 

measurement safer and easier. The top section of the ceramic sheath was encased in a metal tube 

and the wires were fed through a pressure-tight fitting obtained from Conax® Technologies 

(Figure 4.10). The metal tube was attached to a crank system to move it through o-rings at the 

top of the probe. This modification secured the thermocouple and prevented the release of toxic 

CO gas. The metal tube around the thermocouple was about 20 inches long. This length was 

sufficient to allow the thermocouple to be moved all the way down through the collection probe 

to the burner surface while keeping the metal portion of the protective sheath above the location 

where cold nitrogen quenched the burner gases.  
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Most of the temperature profiles with collection heights above ~6 inches had to be 

measured in a piecewise fashion because of the imperfect alignment of the long thermocouple 

shaft with respect to the small quartz tube surrounding the burner. It was found that unreasonably 

low temperatures were sometimes measured at locations near the burner when the collection 

height was high. The thermocouple as seen through the view port appeared to be touching the 

quartz tube for these cases. The thermocouple was centered with respect to the probe at its tip, so 

the centerline temperatures near the probe were most likely of higher quality, assuming that the 

alignment of the burner and the quartz tube around it were not far from the centerline of the 

vessel. 

4.5 Determination of Residence Times 

A high-speed video camera was used previously to measure particle velocities in the 

luminous zone of the atmospheric flat-flame burner (FFB) (Ma, 1996). The same technique was 

applied on a more limited basis in the HPFFB using a window located near the burner (below the 

heaters, see Figures 4.1 and 4.3). Magnification effects of the windows and the layers of quartz 

tubing in the HPFFB were measured and taken into account. 

In the HPFFB particle velocities were measured at two locations for each flame condition 

(Figure 4.11). The higher location was either 0.75 inch or 1 inch above the burner and the lower 

location was close to the beginning of the luminous zone, usually less than ½ inch. For 

comparison, theoretical particle velocities were calculated for a non-reacting spherical particle 

based on an average gas velocity calculated at the local temperature from the gas flow rates 

(Appendix C). A momentum balance was performed on the particle using a drag coefficient. The 

theoretical particle velocity rapidly approached the average theoretical gas velocity.  
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Figure 4.11. Velocity profiles at 2.5 atm (left) and 10 atm (right), both at ~1700 K peak temperature. 

 

The difference between the particle and gas theoretical velocities was ~30% at 10 ms and 

~10% at 30 ms. However, the optical particle velocity exceeded the theoretical velocity by a 

factor of 1.4 to 3.1 at the 1 inch location (Figure 4.11). The theoretical particle velocity was 

predicted by assuming the gas velocity was uniform in the radial direction. The high observed 

centerline velocity was attributed to rapid development of a parabolic velocity profile with 

respect to the radius of the cylindrical flow path, and perhaps some non-uniform flow through 

the burner. The vertical error bars in Figure 4.11 represent the 95% confidence intervals based on 

at least 5 replicate velocity measurements. The horizontal error bars are from the window size 

and the height of initial luminescence.  

A scaling scheme was applied to reconcile the theoretical trends with the measured 

velocities. The 1-inch location was close to the maximum flame temperature, and the theoretical 

particle velocity was nearly flat from about 0.75 inch to 3 inches above the burner. Therefore, it 

was assumed that the optical velocity at the 1-inch location represented a maximum velocity. 

The ratio of the maximum optical particle velocity at 1-inch above the burner to the theoretical 
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velocity at the same location was denoted as m. The particle velocity at the burner surface was 

determined by calculating the terminal particle velocity in the coal feeder tube (0.042 inch ID) at 

room temperature using N2 gas properties. A linear scaling factor between the surface theoretical 

velocity and the 1-inch optical velocity was attempted, but this approach resulted in a velocity 

profile with an artificial sharp corner at 1 inch and underestimated velocities closer to the burner 

surface. A closed-form quadratic scaling scheme was adopted. The theoretical velocity at 

locations up to 1 inch above the burner was multiplied by the following scaling factor: 

 cbzazzSF ++= 2)(  (4.1) 

where SF is the scaling factor and z is the distance above the burner. To be consistent with theory 

at the surface, SF(0) = 1.0, which means c=1.0. To be consistent with the optical velocity, SF(l) 

= m, where l is the height where the maximum optical velocity was measured (usually 1 inch). 

The derivative of SF at x = l was set to zero to prevent an artificial sharp corner and other 

physically nonrealistic shapes in the velocity profile. These last two conditions resulted in:  

 
2

1
l

ma −
=  and alb 2−=  (4.2) 

Thus, the quadratic scaling factor required no optimization of parameters and used a 

single measurement to yield a smooth velocity profile that was consistent with the theoretical 

velocity at the burner surface and the maximum measured velocity. When the 95% confidence 

intervals of both measured points were taken into account, the scaled velocity profile was found 

to be consistent with the point that was not used for scaling in all cases, as shown in Figure 4.11. 

In most cases, the agreement with the measurement closer to the burner surface was still 

excellent even without taking into account the statistical error of the measurements.  
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Measurements at longer residence times in the FFB were used to validate the technique of 

scaling the particle velocities with the temperature and the scaling factor m. The residence times 

derived with the scaling technique using Euler’s method agreed within 15% of the measurements 

at 100 ms. The accuracy of this method was probably better for the HPFFB because the HPFFB 

appeared to have fully developed flow at the 1-inch scaling point, but the FFB did not (m ≈ 1.5). 

Residence times between 40 ms and 690 ms were calculated for conditions used in the HPFFB.  

The gas temperature was used to scale the measured velocity at residence times 

corresponding to heights above the measured optical velocity. This approximation was based on 

the ideal gas law and the close agreement between the predicted gas and particle velocity profiles 

(~8% difference at 100 ms or longer). Since the momentum balance on the particle assumed 

constant particle mass, the real particle velocity was probably even closer to the gas velocity 

because the particles lost mass through pyrolysis and gasification reactions. 

4.6 Sample Characterization 

The proximate analysis was carried out in accordance with ASTM standards. Coal 

samples were dried in crucibles in a furnace at 107oC for 1 hour. The fraction of the original coal 

sample that was lost is defined as the moisture content.  

The dried sample was returned to the oven, which was ramped to 500oC in 1 hour. A 

small flow of air was introduced into the back of the furnace to maintain oxidizing conditions. 

The sample was then ramped to 750oC in 1 hour, where it remained for at least 12 hours before 

returning to room temperature. The remaining ash was weighed to determine the ash fraction.  

The standard sample size for ASTM proximate analyses of 1 gram was used for analysis 

of coal, but less was used for char samples. A sensitivity study of the scale used in the laboratory 

showed that coal samples of 100 mg or more consistently yielded results comparable to a 1-gram 
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sample. Independent tests of this scale showed that results were repeatable if the total ash content 

in the sample exceeded ~8 mg (Lewis, 2011).  

A freshly dried sample of coal in a crucible was covered with a loose-fitting lid and 

inserted into a furnace at 950oC for exactly 7 minutes. The crucible was placed inside a larger 

crucible to allow easier handling with tongs. The difference in weight was used to calculate the 

fraction of volatiles. Alternatively, an as-received coal sample was subjected to the same test and 

the fraction of moisture from a separate test was subtracted off to obtain the moisture-free 

volatiles.  

The ultimate analyses (CHNS elemental composition) for coal, char, and soot samples 

were conducted at Huffman Labs in Golden, CO. Attempts were made to use a LECO TruSpec 

Micro Instrument at BYU, but the carbon readings for coal were found to be inaccurate (Sowa, 

2009). Tests with model compounds with 2-3 aromatic rings yielded good results, and the polycyclic 

aromatic hydrocarbons (PAHs) produced from coals and model compounds at low residence times 

and temperatures had reasonable compositions.  

For coals, chars, and soot produced at higher temperatures the LECO instrument yielded 

carbon percentages that were 10% to 30% too low. It appeared that the furnace in the BYU LECO 

machine did not reach temperatures that were sufficiently high to burn out all the carbon in the 

sample for highly aromatic substances, which prevented accurate measurements of elemental 

composition. Due to cost and sample size limitations, many of the char and soot samples produced 

later in this work were not subjected to ultimate analysis. 

Depending on the contract provider and the purpose of the experiment, different sizes of 

particles were used. Some coals were sieved in-house to produce a 45-75 µm size cut. Others 

were supplied in different size cuts, most commonly 53-63 µm. Particle size distributions for the 

coals used in this study were measured using a Coulter Counter LS series machine (see 
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Appendix G). Unsuccessful attempts were made to measure the size distributions of chars using 

this device. The Coulter Counter entrained the solid particles in water and measured the 

obscuration of a laser beam. Bituminous chars produced at high pressures were sufficiently 

swollen that they did not stay entrained due to a large buoyant force. The Coulter Counter was 

not used for subbituminous chars because most of the available char was used for other analyses. 

The properties of the coals studied in this work are listed in Table 4.1. The full names and 

the sulfur and oxygen compositions of Eastern Bituminous A (EBA) and Eastern Bituminous B 

(EBB) were withheld to comply with research funding contracts. The NMR parameters in Table 

4.1 are defined in Table 2.1 and were predicted using correlations with the ultimate and 

proximate analyses (Genetti et al., 1999), which are reproduced in Appendix L. The correlated 

parameter c0 is used in the CPD model (Fletcher et al., 1992) to represent stable bi-aryl linkages 

in very high rank coals and low-temperature cross-linking in low rank coals. 

 

Table 4.1. Properties of coals studied in this work 

Coal *EBA *EBA *EBA *EBB 
Particle size (μm, from mesh) 149 to 177 88 to 105 53 to 66 53 to 66 
Mass mean size (μm) 160 115 65 55 
C (mass % daf) 79.08 78.68 79.00 83.04 
H (mass % daf) 5.84 5.79 5.73 5.62 
N (mass % daf) 1.49 1.51 1.53 1.57 
*S+O (mass % daf, by diff.) 13.59 14.02 13.74 9.77 
VM (mass % daf) 47.87 46.98 48.75 43.22 
Ash (mass % dry) 7.36 6.88 6.90 5.74 
Moisture (mass % as rec’d) 4.65 5.1 4.43 0.42 
Apparent particle density (g/cc) 1.31 1.28 1.22 1.14 
Mδ 37.7 38.0 37.1 31.0 
MW 435.8 432.7 422.3 384.5 
p0 0.410 0.413 0.421 0.462 
σ+1 5.24 5.26 5.28 5.15 
c0 0 0 0 0 
*Full names and elemental analysis withheld by contract with the provider of research funds 

 



69 

Table 4.1 (continued) 

Coal Wyodak 2010 Wyodak 2011* Kentucky #9 
Particle size (μm, from mesh) 45-75 45-75 45-75 
Mass mean size (μm) 77 67 58 
C (mass % daf) 71.90 68.83 77.01 
H (mass % daf) 5.10 5.59 5.61 
N (mass % daf) 1.00 0.94 1.69 
S (mass % daf) 0.55 0.53 4.00 
O (mass % daf, by diff.) 21.45 24.12 11.69 
VM (mass % daf) 50.75 53.61 46.27 
Ash (mass % dry) 5.63 5.03 8.07 
Moisture (mass % as rec’d) 11.14 Dried to 5.7 1.84 
Apparent particle density (g/cc) 1.35 1.23 1.21 
Mδ 43.8 49.7 40.1 
MW 343.3 398.9 416.1 
p0 0.582 0.547 0.445 
σ+1 4.82 4.38 5.18 
c0 0.125 0.150 0 
*Wyodak 2011 came from a bottle labeled >75 µm, which was then reground and sieved 
  

Coal Illinois #6 Dietz Pittsburgh #8 Lower Kittanning 
Particle size (μm, from mesh) 53 to 66 63-75 *45-75 63-75 
Mass mean size (μm) 68 74 *37 74 
C (mass % daf) 76.68 68.48 82.19 86.38 
H (mass % daf) 5.54 5.37 5.42 4.84 
N (mass % daf) 1.45 0.86 1.58 1.59 
S (mass % daf) 3.60 0.48 2.23 2.53 
O (mass % daf, by diff.) 12.73 24.81 8.58 4.66 
VM (mass % daf) 42.27 44.64 38.80 21.64 
Ash (mass % dry) 8.46 4.83 6.57 17.56 
Moisture (mass % as rec’d) 7.53 17.71 1.21 0.71 
Apparent particle density (g/cc) 1.21 1.25 1.28 1.39 
Mδ 40.5 49.7 31.9 21.3 
MW 408.8 388.6 360.7 297.7 
P0 0.471 0.591 0.508 0.662 
σ+1 5.12 4.38 5.08 4.88 
C0 0.003 0.150 0 0.059 
*The mesh size was listed on the bottle, but the Coulter Counter results show a lot of material < 45 microns. 
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4.6.1 Swelling Ratio Measurement 

The tap technique was used to determine bulk densities of all coals and chars (Tsai and 

Scaroni, 1987; Fletcher, 1993; Gale et al., 1995). The swelling ratio was determined using the 

following relationship:  
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where the terms with the subscript “0” refer to the parent coal and the other terms refer to the 

char. The residual mass ratio m/m0 in this equation is expressed on an as-received basis. The 

density ratio ρ/ρ0 refers to the ratio of apparent densities, where apparent density is defined as the 

mass of a particle divided by the total volume enclosed by the outer surface of the particle 

(assumed to be spherical). The bulk or bed density (ρb for the char and ρb0 for the coal) was 

measured using the tap technique, and it includes the volume in between particles.  

The apparent density was obtained from the bulk density by using a packing factor or 

inter-particle void fraction (εb for char and εb0 for coal), which typically has a value of 0.45 for 

particles of nearly spherical geometry (Tsai and Scaroni, 1987; Gale et al., 1995). In this work 

the coal and the char particles were assumed to have approximately the same average shape and 

hence the same packing factor. With this assumption the packing factors canceled out and the 

bulk densities were used directly to determine the swelling ratio. The error associated with this 

method has been estimated to be 10% (Tsai and Scaroni, 1987).  

4.6.2 Measurement of Mass Release 

Whenever possible, the change in mass during pyrolysis or gasification was measured 

directly. The collected char (typically a few hundred milligrams) was weighed after each 
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experiment and the plunger loaded with coal was weighed before and after each experiment. This 

allowed the residual mass ratio m/m0 to be calculated on an as-received basis. The filters were 

also weighed before and after to determine the yield of tar and soot. When excessive static 

charge or loss of filter material prevented accurate measurements of filter weights, the tar/soot 

was scraped from the polycarbonate filters and weighed in a bottle of known mass. Some black 

material came out of the collection system with blowing after shutdown.  

A test with Pittsburgh #8 coal was conducted at ~1900 K with a residence time of ~100 

ms to quantify soot accumulation in the collection system. 36% of the 377 mg coal fed was 

deposited on the soot filters. 34% of the soot found in the filter assemblies was stuck to the filter 

itself. The rest was sitting in the bottom of the filter assembly. Some of the soot that collected in 

this manner was prone to blow or drop away if the flange was not opened with sufficient care. 

The mass of material that came out of the collection system with further blowing was negligible. 

Insignificant amounts of tar/soot were found to accumulate in the collection system at the high 

temperatures used for full pyrolysis and gasification experiments. It appears that a normal 

depressurization of the HPFFB caused nearly all of the mature soot formed from coals at these 

conditions to be swept onto the filters. The observed soot yields may have been lowered slightly 

in cases when the filters were changed without shutting down. 

The change in mass from direct measurements was subject to several sources of error. 

First, leaks sometimes occurred between the funnel and the coal feeder tube in the new coal 

feeder system (Figure 4.5). This sometimes resulted in a small amount of coal accumulation at 

the bottom of the coal feeder. This type of leakage was minimized by wrapping the coal feeder 

tube in a layer of Teflon tape to allow a better fit with the glass funnel. Second, the feeder tube 

was prone to clog, especially when pressure swings in the HPFFB caused temporary back-flow 
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in the feeder tube and contamination of its inner surface with moisture. The feeder tube was 

cleaned daily with a wire and compressed air to minimize this problem. More consistent pressure 

control also helped prevent clogs and damage to the feeder tube. 

Anything that interfered with the collection efficiency of the char would decrease m/m0. 

Causes of low collection efficiency included poor alignment between the burner and the 

collection probe and improper flow distributions in the virtual impactor and cyclone. 

Cenospheres with very low densities and large external surface areas were observed to collect on 

the filter at the outlet to the cyclone when the cyclone operated in a horizontal orientation. 

Improper flow distributions and/or very large soot agglomerates sometimes caused soot to collect 

with the char, especially in the earlier stages of this work.  

Tracer techniques were used to verify the accuracy of a direct mass balance or to replace 

mass measurements that had obvious errors. The dry, ash-free (daf) fractional mass release is 

defined as:  
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where mcoal, mchar, and mash are the masses of coal, char, and ash on a dry basis. The simplest and 

least expensive tracer is the ash tracer. By assuming that the mass of ash remained constant, a 

comparison of the ash content in the coal and the char allowed the mass release to be determined. 

The expression for mass release in terms of the ash fraction is (Zeng, 2005):  
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where xash,char and xash,coal are the dry-basis mass fractions of ash in the char and the coal, 

respectively. The ash tracer technique was used throughout this work. For char reinjection 
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experiments, xa,0 became the ash fraction in the reinjected char. In the most recent cases where 

the coal or char was fed very carefully and char was collected using the vertical cyclone, the 

agreement of the direct mass balance with the ash tracer was very good (Section 4.2.2). In most 

of the previous work this level of agreement was not achieved due to soot contamination and 

char loss through misalignment of the collection system with respect to the burner. 

Some of the ash may have vaporized during rapid heating, depending on the temperatures 

achieved and the mineral composition in the ash. Elements occurring in mineral forms that do 

not vaporize at the experimental operating temperatures are the most accurate tracers available. 

Si, Ti, and Al tracers as measured by inductively coupled plasma-atomic emission spectroscopy 

(ICP-AES) are commonly used to close the mass balance for combustion experiments (Fletcher, 

1989b). The expressions for any of these tracers are analogous; the expression for the Ti tracer 

is:  
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where xTi represents the mass fraction of titanium in the coal, char, or ash, denoted by the 

remainder of the subscript.  

 The assumption that an element is conserved in the char is also subject to error. It has 

been shown that stable elements that are present in dispersed form can be removed from coal 

particles by convective processes during pyrolysis (Baxter et al., 1997). Early experiments in this 

work showed that the Ti tracer often yielded mass release that was 5% - 20% lower than the Al 

and Si tracers for both subbituminous and bituminous coals. This could have been due to 

preferential loss of titanium or a low signal-to-noise ratio for this element.  
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The difficulty of conducting ICP-AES on small samples of coal ash (~10 mg) in a 

repeatable and quantitative manner made the in-house application of this technique impractical. 

All ICP measurements used in this study were outsourced to Huffman Laboratories in Golden, 

Colorado. The Si, Ti, and Al tracers were used for a limited number of early experiments, but 

were discontinued for later experiments due to the high expense of outsourcing this analysis.  

Direct mass balances were used whenever possible as a basis of comparison in this work. 

The ash tracer technique was used to verify the direct mass balance. The ash tracer was used in 

place of the direct mass balance for gasification experiments when the direct mass balance trends 

did not make sense, especially when such anomalies could be attributed to spills, clogged coal 

feeder lines, or similar events that were documented in the laboratory notebooks. Deposits 

observed on the exterior of the collection probe after pyrolysis experiments probably account for 

the excessively high measured volatiles yields that were measured for some coals. The ash tracer 

was used almost exclusively for pyrolysis experiments due to the better agreement with 

experiments conducted in other facilities as well as the ASTM volatiles yield. When the 

horizontal cyclone was in use, large cenospheres with very low densities were observed on the 

filters at the outlet to the cyclone. Separation inefficiencies such as these may also have 

contributed to the high pyrolysis yields that were observed for some bituminous coals.   

4.6.3 Surface Area Measurements 

A Micromeritics Tristar 3000 was used to measure adsorption isotherms with N2 to 

determine macropore surface area and CO2 for micropore surface area. The procedures were 

identical to those used in previous char studies (Zeng, 2005). Macropore and mesopore surface 

areas were measured at the boiling point of N2 (77 K) and the Micromeritics software used the 

BET equation to calculate surface area from the adsorption isotherm (Brunauer et al., 1938). 
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Micropore surface area was measured at 273 K, which allows for greater penetration of the CO2 

absorbate in the smallest pores. The Micromeritics software used the Dubinin-Polyani equation 

to calculate surface area from the isotherms (Marsh and Siemieniewska, 1967). Sample sizes of 

~150 mg were measured for the chars used in HPFFB reinjection experiments and also Wyodak 

2011 chars from low residence time gasification experiments. 
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CHAPTER 5.  PARTICLE SWELLING DURING COAL PYROLYSIS 

Changes in the physical structure of coal particles during pyrolysis strongly influence 

subsequent Zone II heterogeneous reaction rates. Knowledge of the particle size is critical to 

modeling transport processes and hence char reaction rates. The particle size change is most 

often expressed as the swelling ratio d/d0. Knowledge of the particle size and the pyrolysis yield 

can be used to estimate the wall thickness for cenospheres, which is another critical parameter 

for calculating transport rates. Thermal swelling of coal varies strongly with coal rank, maximum 

particle heating rate, and total pressure (Lee et al., 1991; Fletcher, 1993).  

A simple example of the effect of particle size on gasification rates is shown in Figure 

5.1. These conversion profiles were estimated using 1st-order Illinois #6 rate parameters from the 

literature (Goetz et al., 1982). Coal particles with diameters of 60 µm and 7% dry ash content 

were assumed. A constant gas temperature of 1700 K was specified at 15 atm with surroundings 

at 1000 K and 20 mole % CO2 in the bulk gas. A more sophisticated model would predict 

decreasing rates rather than constant rates due to changes in particle size during gasification 

(which were neglected in Figure 5.1), non-isothermal conditions, and thermal deactivation. The 

relationship between the predicted rate and particle diameter is more complex when effectiveness 

factors are used. Figure 5.1 shows that gasification rates and conversion times are highly 

sensitive to the swelling ratio, particularly when the swelling ratio is less than 2. This 1st-order 

model predicts faster reaction rates for highly swollen particles because the particle has increased 
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external surface area, even though the mass flux in the particle boundary layer is lower. The 

effects of initial particle size on apparent kinetic parameters are discussed in Chapter 6.   

 

 

Figure 5.1. Illinois #6 conversion profiles for different swelling ratios at Tg = 1700 K, P = 15 atm, 20% CO2. 

  

The ability to make improved estimates of the swelling ratio at industrial conditions is of 

great practical interest in combustion and gasification modeling. In this study, new swelling data 

are presented that illustrate the effect of particle heating rate and pressure. Also, a new coal-

dependent swelling correlation with heating rate dependence is developed. The performance of 

the new swelling correlation is evaluated through comparisons to published experimental data as 

well as recently acquired data. 
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5.1 Experimental Investigation of the Effect of Heating Rate at Atmospheric Pressure 

 A U.S. coal designated as “Eastern Bituminous A” (due to industrial funding) was 

studied at atmospheric pressure in the FFB as a function of particle heating rate. Maximum 

particle heating rates near 105 K/s are typical for this facility, and the local ambient pressure is 

0.84 atm. Experiments with three different particle sizes (see Table 4.1) were conducted to vary 

the heating rate.  A fuel-rich CO flame with a peak centerline gas temperature of 1546 K was 

used for these experiments.  Residence times corresponding to full pyrolysis were chosen based 

on calculations using the CPD model (Fletcher et al., 1992; Genetti et al., 1999).  

In collaboration with this work, pyrolysis experiments were performed elsewhere on the 

same coal using a bench-scale gasifier (BSG), which was similar to an atmospheric drop-tube 

reactor (Eiteneer et al., 2009). The particle heating rate of the BSG exceeded 104 K/s at 

temperatures of up to 1400°C at atmospheric pressure. The BSG provided particle residence 

times of up to 2-3 s. The BSG had a gas-quenched collection probe with an aerodynamic 

separation system for separating char from soot that was similar in design to the BYU FFB.  

The experiments were performed using these two facilities to investigate a greater range 

of particle heating rates than would be possible with a single facility. The BSG achieved particle 

heating rates between 9.2×103 K/s and 1.4×104 K/s. The highest particle heating rates in the BSG 

were attained by adding oxygen to the gas stream to burn some of the volatiles. The FFB was 

chosen to complement the BSG experiments because the heating rates of 2.4×104 K/s to 1.5×105 

K/s in the FFB are closer to those found in utility boilers and gasifiers. 

 The experimental volatiles yield determined from samples collected in the BYU FFB 

using the ash tracer technique was 61-63 daf wt % for all three coal sizes, as shown in Table 5.1. 

Al and Si elemental tracers were also used on the two larger size cuts. The volatiles yield using 
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elemental tracers was 67-70 daf wt % for all three coal sizes. The ash tracer technique was used 

to determine mass release in the BSG, so the ash tracer was also used for analysis of the FFB 

swelling results for consistency in the modeling work. The use of the ash tracer led to swelling 

ratios 2-8% larger than those calculated using the more accurate Al and Si tracers. 

 

Table 5.1. Experimental conditions for Eastern Bituminous A at 0.84 atm 

Particle size (μm) 149 to 177 88 to 105 53 to 66 
Swelling ratio d/d0 (ash tracer) 1.21 1.00 0.93 
Density ratio ρ/ρ0 (tap technique) 0.24 0.39 0.51 
Volatiles yield (% daf, ash tracer) 61.2 63.4 61.4 
Volatiles yield (% daf, average of Si, Al) 69.4 67.7 N/A 
Heating rate (K/s) 2.4×104 6.5×104 1.5×105 
Collection height (inches) 6 3.5 2 
Residence time (ms) 90 48 25 

  

 When the experiments from the FFB and the BSG are plotted together, as in Figure 5.2, it 

becomes clear that swelling decreased rapidly at heating rates from slightly below 104 K/s until 

nearly 105 K/s. The consistency of the data from the two facilities was very good; i.e. there was 

no significant discontinuity in the trend. It appears that the swelling ratio had an asymptote of 

~0.9 as the heating rate increased beyond 105 K/s. These new data confirm and clarify trends 

observed previously using a different facility and a different bituminous coal (Pittsburgh #8, 

Figure 5.2) (Gale et al., 1995). The consistency of these results with the previous measurements 

implies that it is common for bituminous coals suitable for steam production in utility boilers 

(steam coals) to exhibit large decreases in swelling at heating rates between 104 K/s and 105 K/s. 

The effect of heating rate on swelling would be expected to be smaller for coals with ranks that 

are higher or lower than those typically classified as steam coals due to lower volatiles yield and 

higher viscosities in the metaplast (the viscous coal melt that exists during pyrolysis). 
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Figure 5.2. Atmospheric swelling as a function of heating rate, denoting regimes of increasing/decreasing swelling. 

 

 SEM images (Figures 5.3 and 5.4) of the FFB chars and a BSG char further illustrate the 

swelling trends. It is important to note the differences in scale in Figures 5.3 and 5.4. It must also 

be remembered that the largest char particles came from large coal particles. All chars were more 

spherical than the raw coal, which indicates that softening occurred at all of the heating rates 

investigated. It is apparent that at lower heating rates the chars were more cenospherical (hollow 

spheres) with much larger diameters, smoother surfaces, and thinner walls. In contrast, chars 

produced at higher heating rates were smaller, denser, and more irregular in shape. It appears that 

bubble growth was hindered as the heating rate increased because the characteristic 

devolatilization time became very short compared to the characteristic relaxation time of the 

metaplast.  
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(a) BSG char from 105 to 149 µm coal, ~9.2×103 K/s (b) FFB Char from 149 to 177 µm coal, 2.4 × 104 K/s. 

 

  
(c) FFB Char from 88 to 105 µm coal, 6.4 × 104 K/s. (d) FFB Char from 53 to 66 µm coal, 1.5 × 105 K/s. 

 

Figure 5.3. SEM images of Eastern Bituminous A chars produced at different heating rates (scales differ). 

 

The observed swelling behavior can be conveniently viewed in terms of two regimes of 

heating rate (Figure 5.2). Electrically heated reactors with stationary particles (thermogravimetric 

analyzers and wire-mesh reactors) usually operate at heating rates below 103 K/s, designated in 

this study as Regime 1. Electrically heated entrained-flow reactors (e.g. drop-tube furnaces) 

typically operate near 104 K/s, which is slightly above the lower boundary of Regime 2. Flat-

flame burners typically operate closer to 105 K/s for particles smaller than ~100 µm. The details 
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of swelling behavior at the transition between these two regimes is very difficult to characterize 

experimentally because of equipment limitations and uncertainties in the calculated particle 

heating rate. Both mechanistic and empirical models have failed to quantitatively predict the 

decrease in swelling with increasing heating rate observed for bituminous coals in Regime 2. 

This nomenclature for the regimes of swelling behavior with changes in heating rate is 

introduced as a convenience for comparison of experimental data and model development. 

 

  
(a) BSG char, 1 atm,  ~9.2×103 K/s  (b) FFB char, 0.84 atm, 2.4×104 K/s 

 

  
(c) FFB char, 0.84 atm, 6.5×104 K/s  (d) FFB char, 0.84 atm, 1.5×105 K/s 

 

Figure 5.4. SEM images of Eastern Bituminous A chars produced at different heating rates (scales differ). 
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5.2 Experimental Investigation of the Effect of Pressure at High Heating Rates 

Pressurized pyrolysis experiments were conducted in fuel-rich CO flames in the high 

pressure flat-flame burner (HPFFB) to provide information needed for gasification studies, 

especially char particle size. Unfortunately, fragmentation of the char and contamination of the 

char with large soot agglomerates were prevalent when these experiments were conducted (see 

Section 4.2). A density separation procedure in an ethanol-water mixture was developed in an 

attempt to fix these problems (Appendix E). Due to the lower tar yield and lack of swelling 

behavior, the Wyodak subbituminous coal studied was not strongly influenced by soot 

contamination and fragmentation, so it was not subjected to the separation procedure.  

More recent pyrolysis experiments with 2 mole % O2 and a vertical cyclone yielded intact 

char particles with little soot (see Section 4.2.2). The swelling ratios were evaluated on a raw 

basis, without the use of the density separation technique in a liquid. The quality of the char 

density measurements was checked by vibrating the chars in argon overnight. The stratified char 

sample was checked for the presence of a dark, sooty layer, and the char bed was then remixed to 

remove the stratification effects. If there were large differences in the bulk density of the char 

before and after vibration, it was taken as an indicator of soot in the raw char. SEM images were 

used to verify the presence or lack of soot in each char sample and to determine whether the pre-

vibration or post-vibration densities were most suitable for swelling ratio calculations. 

The soot layer that was sometimes present in the vibrated char was very thin and 

occurred at the bottom of the glass vial. This differed from previous observations of atmospheric 

chars with shorter vibration times (Zhang, 2001). It is thought that the prolonged vibration time 

caused the soot agglomerates to become denser. Very dense soot agglomerates were observed by 

SEM in some of the vibrated chars.  
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5.2.1 Fuel-Rich Pyrolysis Conditions 

Wyodak subbituminous coal (2010 sample), Kentucky #9 bituminous coal, and Eastern 

Bituminous A and B (see Table 4.1) were initially subjected to fuel-rich pyrolysis experiments in 

the HPFFB at peak gas temperatures of ~1700 K, residence times of 33-46 ms, and pressures of 

2.5, 5, 10, and 15 atm. The swelling ratios obtained in these experiments are shown in Figure 5.5. 

The size fraction used was 45-75 µm for the Wyodak and Kentucky #9 coals. Particles of 53-66 

μm were used for the other coals. According to CPD model predictions (Fletcher et al., 1992; 

Genetti et al., 1999), all of these coals were fully pyrolyzed at 25-35 ms. The volatiles yield and 

density data are tabulated in Appendix I. 

 

 

Figure 5.5. HPFFB swelling ratios at peak gas temperatures of ~1700 K and residence times of ~40 ms. 

 

The error bars in Figure 5.5 correspond to limiting behavior derived from the bulk 

densities and ash content of the density-separated char samples (Appendix E). The points 
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correspond to the arithmetic mean of the limits. Points without error bars correspond to whole 

samples that were analyzed before the char separation scheme was put into effect. Char 

fragmentation was a common problem for the bituminous coals in these pyrolysis experiments. 

Soot agglomerates also interfered with the measurements of mass release and density needed to 

calculate the swelling ratio, but this problem was not as severe as it was for the early gasification 

experiments due to the low experimental residence times.  

The swelling ratio for the Kentucky #9 coal under fuel-rich conditions increased 

monotonically with increasing pressure (Figure 5.5). This trend is consistent with swelling 

measurements made using the previous version of the HPFFB with slightly oxidizing conditions 

and the same Kentucky #9 coal (Zeng et al., 2005). The swelling ratios from the experiments in 

this work were slightly lower at 10 atm and 15 atm. The values of the d/d0 error bars from this 

work agreed within 0.09 of the previous Kentucky #9 measurements, and the nominal values 

agreed within 0.15 of the previous measurements (Figure 5.5).  

The other two bituminous coals in Figure 5.5 exhibited an initial increase in the swelling 

ratio, followed by a nearly constant swelling ratio with further increases in pressure. The large 

uncertainty associated with these measurements prevented conclusive identification of a pressure 

corresponding to peak swelling for any of the coals.  

The high extent of overlap for the bituminous coal swelling measurements may be an 

artifact of the data collection procedure. The largest cenospheres with the thinnest walls were 

either fragmented during collection or else they passed through the cyclone and were collected 

on the soot filter. After the separation procedure was implemented, more reliance was placed on 

the densities measured from the top fraction, since that fraction was known to be free of 

fragmentation. However, the top fraction contained particles with sizes and densities that were 
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artificially more uniform than would be observed in a hypothetical raw sample without soot or 

fragments. The insights gained from the analysis of these data provided some of the rationale for 

abandoning the char separation technique that involved vibration in a liquid.  

The Wyodak subbituminous coal showed no significant increase in swelling with 

increasing pressure (Figure 5.5). There might be a slight decrease in swelling at pressures above 

5 atm, but the trend is well within the 10% uncertainty expected for swelling measurements 

using this technique (Tsai and Scaroni, 1987). SEM images of the Wyodak chars confirm that 

many of the irregularities in shape found in raw coal have been preserved (Figure 5.6). However, 

the edges of the particles are more rounded than the parent coal, suggesting that some softening 

occurred.  

 

  

Figure 5.6. Wyodak chars produced at 2.5 atm, 33 ms (left) and 15 atm, 44 ms (right). 

 

The smooth surface textures and what is visible of the porous structure in the interior of 

some Wyodak char particles suggest that there may have been some limited bubble formation in 

the metaplast during pyrolysis. Bubble formation and growth do not proceed to any great extent 
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in subbituminous coals because the high oxygen content promotes rapid cross-linking before 

significant pyrolysis can occur. The CPD model captures this effect of early cross-linking on 

devolatilization rates for low-rank coals when the c0 factor is used to represent the fraction of 

stable bridges that are present initially or formed at low temperatures (Genetti et al., 1999). 

The particle heating rates corresponding to the experiments in Figure 5.5 varied slightly 

from 8.3×104 K/s to 1.0×105 K/s for the bituminous coals, assuming particle diameters of 60 µm. 

The Wyodak coal was dried to promote better entrainment, which resulted in slightly lower 

heating rates of 6.3×104 K/s to 7.4×104 K/s. The particle heating rates increased as pressure 

increased from 2.5 atm to 5 atm, and then decreased as the pressure increased to 15 atm.  

5.2.2 Oxidizer-Rich Pyrolysis Conditions 

Lower Kittanning, Pittsburgh #8, Kentucky #9, Illinois #6, and Dietz coals (see Table 

4.1) were pyrolyzed in 2% O2 in the HPFFB at pressures of 5, 10, and 15 atm to provide swelling 

data with little or no soot contamination (see Figure 4.9). Larger quantities of char were 

produced from the Kentucky #9 and Illinois #6 coals at 10 atm and 15 atm for use in gasification 

studies (see Section 4.2). These oxidizer-rich pyrolysis experiments were conducted with the 

cyclone in a vertical orientation to allow collection of unfragmented char. These coals were also 

pyrolyzed in the atmospheric FFB at the ambient pressure of 0.84 atm. 

It was found by examination of the volatiles yield data for these oxidizer-rich 

experiments that the ash tracer technique yielded more reasonable numbers compared to the 

direct mass balance in the HPFFB. Volatiles yields at high experimental heating rates normally 

exceed the ASTM values, but this effect diminishes with increasing pressure. For example, the 

volatiles yield for Pittsburgh #8 at 15 atm exceeded the ASTM volatiles by 20% (absolute) when 
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the direct mass balance was used, compared to 5% when the ash tracer was used. The direct mass 

balance was found to yield better volatiles yield data when using the atmospheric FFB. The 

lower Kittanning in particular tended to yield chars with lower ash concentrations than the parent 

coal when used in the FFB. The atmospheric FFB had maximum particle heating rates 50% 

higher than those occurring in the HPFFB, which could lead to enhanced vaporization of some 

ash constituents, especially during pyrolysis (Baxter et al., 1997). The atmospheric FFB had a 

slightly larger probe diameter and a virtual impactor and cyclone that were optimized at 

atmospheric pressure for a narrow range of gas flow rates and particle sizes, which made particle 

collection and separation in the FFB more efficient compared to the HPFFB. 

These O2-rich experiments were conducted at higher temperatures compared to the fuel-

rich experiments. The maximum particle heating rates were in the range of 9×104 K/s to 1.6×105 

K/s in the HPFFB, with an average of 1.2×105 K/s. Heating rates in the atmospheric FFB were 

typically ~1.5×105 K/s, but the low-moisture Lower Kittanning had a heating rate of 1.0×105 K/s 

and the Pittsburgh #8 with very small particle sizes had a heating rate of 2.2×105 K/s. The higher 

average particle heating rates in the atmospheric FFB were probably caused by particle velocities 

that were more than twice as high as those measured in the HPFFB. Oxidation of pyrolysis 

products near the particles may also have enhanced the heating rates slightly, but this effect was 

probably small due to the high mass transfer rates away from the particle (the blowing effect). 

The oxidizer-rich pyrolysis swelling data are presented in Figure 5.7 and tabulated in 

Appendix H. The Dietz subbituminous coal exhibited little if any swelling enhancement 

attributable to pressure, similar to the Wyodak swelling measurements under fuel-rich 

conditions. The bituminous coals exhibited very similar swelling ratios of ~1.8 at 10 and 15 atm. 

In this data set, the Kentucky #9 exhibited a maximum near 10 atm instead of increasing 
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monotonically as in Figure 5.5. It is possible that the different trend was caused by variations in 

the heating rate, but further experiments at more pressures would be required to answer this 

question definitively. Better characterization of the particle temperatures through optical 

measurements would also help to determine whether the difference in the Kentucky #9 trend is 

attributable to the heating rate. Pittsburgh #8 exhibited a slight increase in swelling between 10 

atm and 15 atm, contrary to the other bituminous coals (Figure 5.7) and previously observed 

trends (see Figure 2.4). 

 

 

Figure 5.7. Swelling ratios in 2% O2 with peak gas temperatures of 1700-1900 K and residence times of ~60 ms. 

 

Some soot was observed with the chars produced at 5 atm, which may explain the larger 

variations in the swelling ratio observed at this pressure (Figure 5.7). Future experiments should 

probably use a fixed partial pressure of O2 to inhibit soot formation rather than a fixed mole 

fraction of O2. This would require that gas flames used at lower pressures be more O2-rich. 



91 

5.3 Calculation of Particle Heating Rates 

The heating rate that seemed to correlate best with swelling behavior was the maximum 

derivative of particle temperature with respect to residence time, assuming lumped capacitance 

(see Section 2.2.3): 
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The heating rate was calculated for a given set of entrained-flow experimental conditions 

using an energy balance on the particle which includes transient, convection, radiation, and 

reaction/vaporization terms (Fletcher, 1989a):  
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is the blowing parameter, which accounts for the effects of high mass transfer. The parameter mp 

is the particle mass, cp is the specific heat of the reacting coal, h is the convection heat transfer 

coefficient, Ap is the external surface area of the particle, Tg is the local gas temperature, Tp is the 

particle temperature, σ is the Stefan-Boltzmann constant, εp is the particle emissivity, and Tw is 

the wall temperature of the surroundings. The final term contains dm/dt, which is the rate of mass 

loss due to water vaporization and devolatilization. ΔH is the enthalpy of reaction and phase 

change associated with these processes. The mass flux term B in the blowing parameter is 

calculated from the expression (Spalding, 1955; Fletcher, 1989a; Bird et al., 2002):  
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The final expression for the B term includes the assumption of a Nusselt number of 2 and 

all species fluxes being directed outward from the particle. The latter assumption is appropriate 

for devolatilization, but should not be applied when heterogeneous reactions dominate. The term 

with the summation includes the molar heat capacity of each gas species leaving the particle with 

molar flux Ni, divided by the local convection heat transfer coefficient. The simplified version on 

the right includes the mass devolatilization rate and the heat capacity of the gas mixture leaving 

the particle in mass units. The denominator of the simplified expression includes the particle 

diameter and the thermal conductivity of the gas. The gas properties used to calculate B are 

evaluated at the film temperature. In the absence of more detailed information, the mixture heat 

capacity is usually approximated as the heat capacity of a single gas species, such as N2.  

Correction factors have sometimes been used to reconcile calculated temperatures with 

optical measurements (Fletcher, 1989a). In the analysis of the atmospheric swelling experiments 

using Eastern Bituminous A in the FFB, calculations that did not include a correction factor 

yielded modest errors in devolatilization times for particles with diameters near 50 µm, but more 

significant errors for particles larger than 150 µm. In this study, a correction factor was applied 

to the energy balance by using the Merrick heat capacity (Merrick, 1983) evaluated at 300 K, as 

used by Maloney et al. (Maloney et al., 1999). This approach was tested by comparison to 

previous experiments that included particle temperature measurements (Fletcher, 1989a; Fletcher 

and Hardesty, 1992). The use of the room-temperature heat capacity yielded calculated particle 

temperatures that were consistent with previous measurements and calculations (Figure 5.8).  

This correction method was simple and seemed to work well for a wider variety of 

operating conditions compared to the previous method of adjusting the particle density. It also 

has a theoretical basis; the degrees of freedom that cause increased heat capacity at high 



93 

temperatures are initially “frozen” at high heating rates (Van Krevelen and Hoftyzer, 1976; 

Maloney et al., 1999). This method is not recommended for heating rates below ~104 K/s.  
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Figure 5.8. Illinois #6 temperature measurements and predictions in Sandia CDL drop-tube furnace at 1050 K. 

 

Figure 5.8 shows a delay in the onset of heating followed by a steeper rise in temperature 

using the constant heat capacity method compared to the method with the adjusted density. This 

difference is due to the higher initial mass of water to be vaporized when the particle density is 

not artificially lowered. Coal particles with high moisture content will stay cool long enough to 

penetrate to a hotter gas region; thus high moisture content enhances the maximum particle 

heating rate. 

For the laminar, dispersed entrained-flow reactors considered in this work, a 1-D code 

(Fletcher, 2011) using the CPD model (Fletcher et al., 1992; Genetti et al., 1999) was used to 

solve the particle energy balance (Equation 5.2). Gas temperatures in the region of the coal 
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injector have high uncertainty and large gradients; slight deviations in the paths of particles lead 

to a distribution of particle temperature histories. Throughout this work, gas temperatures 

measurements were used for distances greater than ~1 cm from the location where coal was 

injected into the hot reactor (Fletcher and Hardesty, 1992). The temperature at the injector was 

assigned the value of 300 K. The code used to calculate the energy balance interpolates in a 

linear fashion between temperatures at specified locations. This procedure should be followed to 

make comparisons to the heating rates used in this work. 

5.4 High Heating Rate Swelling Model Development 

Two major regimes of bituminous coal swelling behavior have been observed (Figure 

5.2). Regime 2, corresponding to heating rates greater than ~104 K/s, is of primary interest for 

applications utilizing pulverized coal. In this regime, swelling initially decreases rapidly with 

increasing heating rate up to ~105 K/s. It appears that the swelling ratio approaches an 

asymptotic minimum of ~0.9 at higher heating rates. This swelling model is primarily intended 

to represent behavior in Regime 2. The model is intended to represent coal swelling in dispersed 

entrained flow, primarily using laminar-flow experimental data. Fluid dynamics should not affect 

swelling except through the heating rate, which is explicitly included in the model. 

The starting point for the development of the swelling correlation was a compilation of 

Sandia combustion and pyrolysis data (Fletcher and Hardesty, 1992; Mitchell et al., 1992). The 

wide range of coal ranks in the data set allowed many of the effects of coal rank on swelling to 

be captured. The correlation matched observed shrinkage for lignites and subbituminous coals. 

Maximum swelling occurs at ranks slightly higher than hva bituminous, with decreased swelling 

for even higher rank coals. The resulting model is simple enough for CFD applications and can 

be used as a guide for future experiments.  
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During model development, different coal properties and functional forms were tried to 

allow a good fit of the Sandia bituminous coal data. A correlation for the swelling ratio that has 

the capability to match observed swelling behavior at high heating rates (above ~104 K/s, 

denoted by subscript “HHR”) is:  
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where FCASTM  is the ASTM fixed carbon fraction and AASTM is the ASTM ash fraction on a dry 

basis. The parameter smin represents the theoretical lower limit of swelling at infinitely high 

heating rates, assuming that the apparent particle density is constant and the trends in the 

volatiles yield with coal rank are well-represented by the ASTM volatiles content.  

The parameter svar can be determined from experimental data at an arbitrary standard 

heating rate (denoted by the subscript “Base”), where the heating rate ratio reduces to unity and 

the heating rate exponent cHR can be ignored. The standard heating rate of 5.8×104 K/s was 

selected to correspond with the average of the heating rates calculated for the Sandia combustion 

data, which had a range of 5.3×104 K/s to 6.1×104 K/s.  

The pressure function f(P) was assigned a value of unity at 1 atm, which allowed 

atmospheric pressure data to be used in the development of the heating rate dependence. This 

approach assumed that the effect of heating rate on swelling is similar at all pressures. 

 The CPD network devolatilization model makes use of chemical structural parameters 

that can be obtained from 13C NMR spectroscopy (Fletcher et al., 1992), as listed earlier in Table 

2.1. It seems logical that these same chemical structure properties would also affect coal swelling 

through the extent and rate of volatiles release and through their effect on viscoelastic properties 
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of the pyrolyzing coal. Because NMR parameters are only available for a few coals, correlations 

for these parameters were developed (Genetti et al., 1999), based on the coal proximate and 

ultimate analyses. The chemical structure parameters used in the current swelling model were 

therefore obtained from Genetti’s correlations, since the proximate and ultimate analyses of coals 

are generally available. Genetti’s correlations are reproduced in Appendix L. 

After many attempts at correlating model parameters, the ratio (σ+1)/Mδ was selected to 

correlate the svar term from the Sandia combustion data (shown in Table 5.2). This ratio 

represents the average number of attachments per aromatic cluster (σ+1) divided by the average 

molecular weight of a side chain (M δ). The ratio (σ+1)/Mδ serves as a coal rank index; coals 

tend to have more cross links, shorter chains, and less oxygen as rank and aromaticity increase. 

Some coals do not appear in their traditional rank orders when this index system is used, but the 

overall swelling trends made more sense using this system compared to other rank indices 

attempted, including attempts to use combinations of other NMR parameters, elemental 

composition, and volatile matter.  

The ratio (σ+1)/Mδ  is closely related to the initial extent of cross-linking in the coal. At 

heating rates in Regime 2 the characteristic relaxation time of the metaplast is longer than the 

characteristic time of devolatilization. Viscosity is very high for highly cross-linked polymers, 

which may explain why swelling correlates well with this index at these high heating rates. An 

index that is more closely related to aromaticity may be more appropriate for correlating swelling 

at heating rates in Regime 1. 
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Table 5.2. Coal properties for correlation of svar with rank 

Coal Beulah Zap Lower 
Wilcox 

Smith-Roland Dietz Blue #1 

PSOC # 1507D 1443D 1520D 1488D 1445D 
Source State North Dakota Texas Wyoming Montana New Mexico 
Rank Lignite A Lignite A Sub. C Sub. B HVC Bit. 
Size (µm) 106-125 106-125 106-125 106-125 106-125 
Reactor, O2 % CCL, 6% O2 CCL, 6% O2 CCL, 6% O2 CCL, 6% O2 CCL, 6% O2 
Collection Height 64 mm 64 mm 64 mm 64 mm 64 mm 
C daf % 62.97 67.95 66.39 86.81 77.93 
H daf % 4.42 5.33 5.22 5.81 5.49 
N daf % 0.94 1.36 0.98 1.16 1.42 
S daf % 2.00 1.36 1.76 0.40 0.71 
O daf %, by diff. 29.67 24.00 25.65 5.81 14.44 
Volatiles daf % 49.29 52.78 48.17 41.87 46.77 
Ash %, dry  13.41 19.29 9.13 4.90 3.56 
(σ+1)/Mδ  0.068 0.084 0.077 0.156 0.131 
Experimental d/d0 0.92 0.93 0.87 1.07 1.16 
Heating Rate (K/s) 6.07×104 5.93×104 6.19×104 5.34×104 5.90×104 
Free Swelling Index 0 0 0 0 0 

 

Coal Hiawatha Pittsburgh #8 Lower Kittanning Pocahontas #3 
PSOC # 1502D 1451D 1516D 1508D 
Source State Utah Pennsylvania Pennsylvania West Virginia 
Rank HVC Bit. HVA Bit. LV Bit. LV Bit. 
Size (µm) 106-125 106-125 106-125 106-125 
Reactor, O2 % CCL, 6% O2 CCL, 6% O2 CCL, 6% O2 CCL, 6% O2 
Collection Height 64 mm 64 mm 64 mm 64 mm 
C daf % 79.69 82.62 82.76 89.01 
H daf % 5.27 5.33 4.70 4.34 
N daf % 1.22 1.77 1.41 1.03 
S daf % 0.44 2.13 3.79 0.59 
O daf % (diff.) 13.38 8.14 7.34 5.03 
Volatiles daf % 37.24 39.83 21.18 17.18 
Ash %, dry  7.17 9.95 28.48 17.04 
(σ+1)/Mδ  0.143 0.164 0.208 0.246 
Experimental d/d0 1.08 1.11 1.26 1.14 
Heating Rate (K/s) 5.29×104 5.76×104 6.12×104 6.03×104 
Free Swelling Index 0.5 7.5 8.5 6.5 

Data from (Mitchell et al., 1992) 
NMR structural parameters predicted (Genetti et al., 1999) 

 

The resulting correlation of svar with (σ+1)/Mδ is shown in Figure 5.9 for the coals in 

Table 5.2. Data from two coals were omitted from the regression as non-representative (Figure 

5.9). It seemed unreasonable that the Blue #1 coal (which is sometimes reported as 

subbituminous) would exhibit the highest swelling potential. It also seemed reasonable that 
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lignites would exhibit more shrinkage than subbituminous coal, so the Smith-Roland coal was 

also omitted. This may indicate errors in the experimental data, errors in the calculated heating 

rate, limitations in the accuracy of the correlations for NMR parameters, or other limitations of 

the model. The presence of outliers is to be expected and indicates that other factors besides the 

properties in the selected rank index may be influential in swelling/shrinkage for some coals, 

especially under oxidizing conditions.  

 

 

Figure 5.9. Correlation of svar with NMR-based rank index using Sandia combustion data. 

 

The free swelling index has traditionally been used as a qualitative measure of the 

swelling or caking characteristics of a coal, especially when large particles are used (Speight, 

2005). Comparison of the parameters in Table 5.2 and Figure 5.9 shows that the four non-zero 

free swelling indices have a trend that is somewhat consistent with the trends in the measured 
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swelling ratios. However, the current model provides a more quantitative relationship between 

the coal rank and the swelling ratio than the free swelling index, especially for small coal 

particles at high heating rates.  

It seems reasonable that variations in chemical structure with coal rank would cause the 

heating-rate dependence of swelling (cHR) to first increase and then decrease with increasing rank 

in a manner similar to svar. Therefore, the same rank index was used for both svar and cHR. The 

heating rate exponent cHR was determined by rearranging Equation 5.5, provided that svar had 

already been determined for the coal of interest or that pyrolysis swelling data were available at 

several heating rates. The parameter svar is dependent on the choice of the standard heating rate, 

but cHR is independent of the standard heating rate.  

Linear and quadratic fits of cHR from the Sandia pyrolysis data set (Fletcher and Hardesty, 

1992) (see Table 5.3) are presented in Figure 5.10. The piecewise linear fit assumes that 

maximum sensitivity to swelling occurs at the same rank index as maximum swelling and is 

shown to illustrate the coal ranks where there is high uncertainty in the swelling ratio. In the 

absence of more extensive data, the quadratic fit was recommended because it yielded more 

conservative estimates, especially for low-rank coals. Coals with optimal viscoelastic properties 

for swelling would be expected to have shorter characteristic relaxation times compared to coals 

of lower ranks at the same heating rate. Therefore, swelling of coals with maximum svar may not 

be inhibited by the high heating rates as much as coals of slightly lower ranks. This argument 

supports behavior of cHR with changing coal rank that is close to the quadratic fit shown in 

Figure 5.10. 
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Table 5.3. Coal properties for correlation of cHR with rank 

Coal Illinois #6 Blue #1 Pittsburgh #8 Pittsburgh #8 Pocahontas #3 
PSOC # 1493D 1445D 1451D 1451D 1508D 
Source State Illinois New Mexico Pennsylvania Pennsylvania West Virginia 
Rank HVC Bit. HVC Bit. HVA Bit. HVA Bit. LV Bit. 
Size (µm) 106-125 106-125 106-125 63-75 106-125 
Reactor CDL CDL CDL CDL CDL 
Collection Height 250 mm 250 mm 250 mm 250 mm 250 mm 
C daf % 74.12 75.60 81.92 84.23 88.83 
H daf % 4.96 5.26 6.45 5.54 4.37 
N daf % 1.45 1.32 1.65 1.65 1.06 
S daf % 6.29 0.49 1.26 1.01 0.60 
O daf % (diff.) 13.18 17.33 8.72 7.56 5.14 
Volatiles daf % 43.37 46.77 39.83 38.69 17.18 
Ash %, dry  11.3 3.48 11.2 3.73 16.72 
(σ+1)/Mδ  0.123 0.124 0.131 0.161 0.244 
Experimental d/d0 1.13 1.12 1.31 1.37 1.22 
Heating Rate (K/s) 1.69×104 1.95×104 1.38×104 2.66×104 1.49×104 
Free Swelling Index 3.0 0 7.5 7.5 6.5 

Data from (Fletcher and Hardesty, 1992) 
NMR structural parameters predicted (Genetti et al., 1999) 

 

It is interesting to note that the value of cHR calculated from the correlated value of svar for 

Blue #1 coal fits the cHR trend very well (Figure 5.10), even though this coal was omitted from 

the regression of svar (Figure 5.9). This result suggests that there may have been some inaccuracy 

associated with the characterization of the Blue #1 swelling ratio shown in Figure 5.9 or the 

corresponding coal properties and/or heating rate listed in Table 5.2, which would justify the 

omission of this coal’s swelling data from the development of the svar correlation.  

The recommended correlations for svar and cHR are presented in Table 5.4. The swelling 

measurements from the two Sandia reports (Fletcher and Hardesty, 1992; Mitchell et al., 1992) 

used to develop the correlations for svar and cHR constitute the “training set” for the swelling 

correlation. All other data sets that are compared to the results of the correlations in Table 5.4 are 

designated as “evaluation sets.” 
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Figure 5.10. Heating rate exponent fitted to Sandia pyrolysis data. 

 

Table 5.4. Correlations for svar and cHR with NMR-based rank index (σ+1)/Mδ 

Correlation Range of Applicability 
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5.4.1 Comparison to Additional Data at Atmospheric Pressure 

Although much swelling data are available in the literature, such data are often unsuitable 

for comparison to this swelling model. The required ultimate and proximate analyses are usually 
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provided, but there are exceptions (Zygourakis, 1993). However, the particle heating rates for the 

experiments are often not reported (Fermoso et al., 2010). When the particle heating rate is 

reported, different definitions and/or calculation procedures are often used, rendering the heating 

rate unsuitable for use in this model (Yoshizawa et al., 2006; Kidena et al., 2007). This model 

may yield very unrealistic swelling ratios if time-averaged particle heating rates are substituted 

for maximum instantaneous particle heating rates. Often only the order of magnitude is reported 

(or cited) for the heating rate, typically 104 K/s for a drop-tube reactor (Lee et al., 1991), which is 

insufficient to characterize swelling of bituminous coals for the range of 104 K/s to 105 K/s. The 

operating conditions are rarely reported in enough detail to allow calculation of the particle 

temperature history. The heating rate is somewhat sensitive to the moisture content of the coal; 

drying the coal before pyrolysis experiments at heating rates in Regime 2 may enhance swelling 

by decreasing the heating rate (Fletcher and Hardesty, 1992). 

Two data sets were initially chosen to evaluate the atmospheric swelling model (see 

Figure 5.11), each having a broad range of well-characterized heating rates. The first set 

consisted of the Eastern Bituminous A data presented in this work and the accompanying BSG 

experiments (Eiteneer et al., 2009). The predicted rank index for this coal was 0.142. The second 

set consisted of data from Pittsburgh #8 coal in a helium-enhanced drop-tube reactor (Gale et al., 

1995). The predicted rank index for this Pittsburgh #8 coal was 0.154. The quadratic fit of the 

heating rate exponent yielded very satisfactory results for both sets of bituminous coal data over 

the whole range of heating rates without further adjustment of model parameters (Figure 5.11). 

Only 2 calculated swelling ratios out of 17 deviated from the corresponding experimental values 

by more than 0.1. This result is a significant improvement over previous attempts to fit the two 

data sets directly with a universal heating rate exponent. 
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Figure 5.11. Bituminous coal validation data sets compared to model. 

 

Four data points were excluded from the analysis in Figure 5.11 and from all other 

figures in this work. The Eastern Bituminous A data from the BSG included two points that did 

not line up with the trend (Eiteneer et al., 2009). It seems unreasonable that maximum swelling 

would occur in the form of such a narrow spike with respect to heating rate. It seems more likely 

that fragmentation would be favored in the vicinity of maximum swelling due to cenospheres 

with extremely thin walls. This result may be a function of the experimental apparatus, especially 

the char collection system.  

The data of Gale et al. (1995) included two points from a flat-flame burner. This burner 

preceded the FFB used in the current study, and the descriptions of the experimental system 

indicate that the char collection system was different from the current FFB and that there were 

visible irregularities in the flame that lowered the particle heating rate (Gale, 1994). 
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Fragmentation and inaccurate characterization of the heating rate are possible causes for the very 

low swelling ratios observed. 

The fit of the training data sets and the evaluation data sets at heating rates above ~104 

K/s are presented in Figure 5.12. The CBK swelling correlation (Niksa et al., 2003) is also shown 

for the Sandia combustion data (□ in Figure 5.12). The CBK swelling model (which lacks 

heating rate dependence) was developed from the same Sandia combustion data used to develop 

the current model (Hurt et al., 1998; Niksa et al., 2003; Hurt, 2010) The current model yields a 

superior fit of the Sandia combustion data when compared to the CBK swelling correlation 

(Figure 5.12).  

 

 

Figure 5.12. Swelling parity plot at heating rates above ~104 K/s. CBK swelling model also shown. 

 

The other Sandia data presented in Figure 5.12 include 8 coals that serve as a third data 

set to evaluate the swelling model. These data include combustion data from three coals of 
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smaller size fractions (with higher heating rates) and also the two coals rejected from the svar 

correlation (Figure 5.9) (Mitchell et al., 1992). Also included are data from seven Sandia 

pyrolysis experiments that were either from coals of smaller size fractions or were conducted in a 

flat-flame burner rather than a drop-tube furnace (Fletcher and Hardesty, 1992). The fit of the 

other Sandia data is generally excellent; all calculated swelling ratios deviated from the 

experimental values by less than 0.2, and only 4 of the 12 calculated swelling ratios deviated 

from experimental values by more than 0.1. Of those 4, 3 are Blue #1 (Figure 5.12), which was 

omitted from the svar correlation (Figure 5.9). The other coal with higher deviation was Beulah 

Zap lignite under pyrolysis conditions. A total of 5 of the 12 calculated swelling ratios from the 

other Sandia data deviated from experimental values by 0.03 or less. 

These three sets of data and the Sandia training sets include 11 types of coal from a wide 

range of ranks. Most of these coals were investigated at multiple heating rates through the use of 

different particle sizes, experimental facilities, and operating conditions. Together these data 

show that the effect of heating rate on coal swelling should not be ignored, especially for 

bituminous coals. The basic form of the swelling model as represented in Equation 5.5 appears to 

be appropriate to represent the effects of heating rate and coal rank at atmospheric pressure in 

Regime 2. The approach of assigning most of the rank dependence to the svar term appears to be 

robust, but some modest rank dependence in cHR is required if the model is to be applied to coals 

from a wide range of ranks. The correlations for these two terms may need to be updated as 

appropriate data from more coals become available. Figures 5.9 and 5.10 should serve as guides 

to determine whether a coal of interest is likely to be well-represented by this swelling model, or 

whether such a coal is suitable for experiments intended for use in the development of revised 

correlations. 
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5.5 Low Heating Rate Correlation 

 For swelling at low heating rates (Regime 1 of Figure 5.2), the data available were less 

suitable for direct regression of parameters. Thermogravimetric analyzers (TGA) and wire mesh 

reactors (WMR) operate at heating rates from below 1 K/s up to 103 K/s, and sometimes higher. 

Determination of swelling is difficult for these reactors because particles in a bed often fuse 

together and particles may also melt into the matrix of a heated grid (Hamilton, 1980). 

Experiments are often performed with coal particles larger than 200 µm (Khan and Jenkins, 

1986; Zygourakis, 1993) where internal mass transfer limitations begin to be influential 

(Solomon and Fletcher, 1994). 

Inspection of the heated grid data of Zygourakis (1993) shows that swelling in Regime 1 

increases approximately linearly with the logarithm of heating rate for Illinois #6 coal (Figure 

5.2). Also, the swelling ratio at 1 K/s is greater than unity for this bituminous coal. The swelling 

ratio appears to be relatively constant below 1 K/s. However, in another heated grid study with 

100 µm vitrinite particles, very few signs of plasticity were observed at 0.1 K/s (Hamilton, 

1980). This contradicted trends observed in coking applications; the authors attributed the 

difference to the small, dispersed particles used in their study. It was proposed that at 0.1 K/s, 

resistance to mass transfer in larger particles inhibits the release of tar, which plasticizes the coal 

melt and increases swelling. The influence of heat and mass transfer limitations on swelling may 

have a complex dependence on heating rate (Section 2.2.3). 

 The trends of the available experimental data were used in the current study to define a 

method to transfer the predicted composition dependence of the high heating rate model from 

Regime 2 to Regime 1 (Zygourakis, 1993). The approach chosen for the low heating rate 

(Regime 1) model is very simple compared to the high heating rate (Regime 2) model. The 
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Regime 1 correlation is presented mostly as a reminder not to extrapolate the Regime 2 model to 

heating rates much below 104 K/s. It is expected that the Regime 2 model will be more useful for 

realistic pulverized coal applications. 

Several assumptions were needed to use the trends of the Zygourakis data. First, it was 

assumed that all major transitions in swelling behavior happen near the same heating rates for all 

coals. Second, the heating rate corresponding to maximum swelling was assumed to be 8.5×103 

K/s. This value of the heating rate was chosen to allow coverage of the available Regime 2 data 

without excessive extrapolation of the Regime 2 model. This assumption can be adjusted when 

data become available to more precisely identify the location of peak swelling with respect to 

heating rate or the magnitude of maximum swelling. Third, the Illinois #6 coal used by 

Zygourakis is assumed to have ultimate and proximate analyses similar to the corresponding 

Argonne premium coal sample (Winans, 2010) with only small transport limitations attributable 

to the large particles (250-300 µm), especially at the highest heating rates. The form chosen for 

the low heating rate correlation is:  
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Heating rates that yield Regime 2 swelling ratios (Equation 5.5) equivalent to those 

measured by Zygourakis in Regime 1 were identified (Table 5.5, Figure 5.13). The low heating 

rate model (Equation 5.7) uses the composition dependence from the high heating rate model 

(Equation 5.5) by transferring swelling ratios predicted in Regime 2 to Regime 1 and 

interpolating between them. This approach assumes a highly consistent shape for the swelling 

ratio versus heating rate curve for coals of different ranks. 
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Table 5.5. Heating rates in Regimes 1 and 2 with equivalent model swelling ratios 

Regime 1 Heating Rate Regime 2 Heating Rate 
3105.8 ×=PeakT K/s 3105.8 ×=PeakT K/s 

1000 K/s 41063.1 ×=MidT K/s 

1 K/s 41037.3 ×=LowT K/s 

 

Figure 5.13 shows two piecewise methods to implement Equation 5.7 for bituminous 

coals. A two-piece interpolation scheme (evenly dashed line) yields no swelling at ~0.1 K/s and 

no major transitions in behavior from that point up to the regime change. A three-piece 

interpolation scheme (chain-dashed line) provides a better fit of the Zygourakis data and features 

accelerated swelling above 103 K/s. Much more data in Regime 1 would be needed to determine 

whether either of these methods will yield more accurate swelling ratios.  
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Figure 5.13. Complete swelling model (Regimes 1 and 2) for Illinois #6 data of Zygourakis. 
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In summary, when Regime 1 swelling ratios are needed for coals smaller than ~200 µm 

and no data are available, the swelling ratio may be estimated using the following procedure: 

 

1. Use the ultimate and proximate analysis with the correlation of Genetti et al. 

(1999) to calculate (σ+1)/Mδ 

2. Calculate svar and cHR using the correlations in Table 5.4 

3. Use Equation 5.5 with a standard heating rate of 5.8×104 K/s to calculate d/d0 at 

the Regime 2 heating rates listed in the right-hand column of Table 5.5, treating 

the second heating rate in the table as optional 

4. Assume the swelling ratios calculated in step 3 also correspond to the Regime 1 

heating rates listed in the left-hand column of Table 5.5 to fit the parameters m 

and b of Equation 5.7 in a piecewise manner 

5. Use Equation 5.7 to interpolate the swelling ratio to the Regime 1 heating rate of 

interest, with unity as a lower bound for d/d0 at the lowest heating rates 

 

For subbituminous coals and lignites, the use of Equation 5.7 to interpolate between the 

maximum swelling ratio at 8.5×103 K/s and a swelling ratio of unity at 1 K/s should also yield 

reasonable behavior. This approach appears to yield physically realistic Regime 1 behavior (with 

the exception of the unrealistically sudden transitions in the slope of swelling ratio vs. heating 

rate) without requiring that additional parameters be fit to the insufficient data currently 

available. 
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5.6 Pressurized Swelling Model Development 

Equation 5.5 contains a pressure function that should have a value of unity at atmospheric 

pressure. The Regime 2 model can be extended to higher pressures by specifying the form of this 

pressure function and fitting parameters to pressurized pyrolysis data with well-defined heating 

rates in Regime 2. The placement of the pressure dependence in this equation is critical, as can 

be seen by comparison to other swelling models. The most recent version of the CBK swelling 

correlation accounted for pressure effects by raising the atmospheric swelling ratio to a power 

that is a piecewise linear function of pressure (Niksa et al., 2003). The atmospheric swelling 

experiments in this work show that bituminous coals can have swelling ratios with values below 

1.0 at sufficiently high heating rates (see Section 5.1). If a formulation of pressure dependence 

similar to the CBK swelling model were to be used in this work, it would cause a physically 

unrealistic reduction in swelling with increasing pressure at high heating rates. 

Extension of this swelling model to elevated pressures at heating rates in Regime 1 is 

beyond the scope of this work. Extension of the model to sub-atmospheric pressures is also 

beyond the scope of this work. For application of this model, all ambient pressures can be 

assigned the value of 1 atm, regardless of the local value of absolute pressure. The consistency in 

the fit of the data obtained in laboratories at elevations within 500 feet of sea level compared to 

the BYU data (0.84 atm at 4700 feet above sea level) in Figure 5.12 support this approximation. 

Equation 5.5 can be used to back-calculate the pressure factor f(P) from experimental 

data if the heating rate is characterized carefully. This approach allows most of the effects of 

heating rate and some of the effects of coal type to be removed from the data so that the effects 

of pressure on swelling can be compared more directly between different coals and experimental 

conditions. The pressure factors obtained in this manner are sensitive to errors in the swelling 
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ratio, the coal ultimate and proximate analyses, predicted NMR parameters, heating rates, and 

the correlations for svar and cHR. 

When pressurized swelling data are reported, associated heating rates are often reported 

as identical (at least to 1 significant figure) for all pressures. If such reports are accurate (which 

in some cases is debatable) and one of the swelling ratios in the data set was obtained at 

atmospheric pressure the pressure factor can be calculated from Equation 5.5 as: 
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where the subscript P2 indicates a char produced at high pressure and P1 indicates a char 

produced at atmospheric pressure. This approach allows the effect of pressure on swelling to be 

determined even if the correlations for svar and cHR are inaccurate for the coal in question. 

Equation 5.8 provides a convenient analysis approach in cases where the heating rates are 

believed to be nearly identical at all pressures investigated, but the numerical value of the heating 

rate is not available or calculated in a manner that is inconsistent with this work (Section 5.3). If 

the coal of interest is well-represented by the model at atmospheric pressure, then the pressure 

factor can be calculated from Equation 5.8 with the denominator (P1) swelling ratio calculated 

from Equation 5.5 at 1 atm. 

 When pressure factors are calculated for the data from previous studies presented in the 

literature review (see Figure 2.4) several trends become apparent (see Figure 5.14). Most 

significantly, the Illinois #6 data of Lee et al. (1991) at 104 K/s no longer exceed the data with 

higher heating rates by a factor of two to three. Rather, Lee’s data are in good agreement with the 

Illinois #6 data of Zeng et al. (2005). This result clearly demonstrates that the effect of heating 
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rate is very important at elevated pressures. It appears that the relationship between heating rate 

and pressure dependence used in this model formulation is a useful approximation. 

 

 

Figure 5.14. Effect of pressure on swelling for bituminous coals in previous studies.  

 

The pressure factors in Figure 5.14 were calculated using the reported heating rates. The 

error bars were obtained by adjusting the heating rate to force the atmospheric pressure factor to 

have a value of 1. This scaling method is equivalent to using Equation 5.8, and yields a 

reasonable estimate of a corrected heating rate when the coals are known to be well-represented 

by the atmospheric pressure model. The scaled heating rates and chemical structure information 

are listed in Table 5.6. It appears that the mechanistic model of Yu et al. (2004b) yields behavior 

that is qualitatively in good agreement with the available data. This model has a maximum effect 

of pressure at about 8 atm, which could be considered a lower limit in consideration of other data 

that exhibit continued increases in swelling up to at least 15 atm (Figure 5.14). However, it is 
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possible that these apparent monotonic increases are caused by maximum particle heating rates 

that decrease as the pressure increases. In both this study and the data of Lee et al. (1991), high 

heat loss at elevated pressures often resulted in decreasing heating rates with increasing pressure. 

 

Table 5.6. Heating rates and chemical structure information for coals in Figure 5.14  

Coal Source C/O (σ+1) Mδ  MW Reported HR Scaled HR 
(Error Bar) 

Kentucky #9 (Zeng et al., 2005) 6.15 5.20 39.3 382.3 105
 K/s N/A 

Illinois #6 (Lee et al., 1991) 6.28 5.22 38.2 374.2 ~104
 K/s 1.46×104 K/s 

Illinois #6 (Zeng et al., 2005) 7.37 5.27 37.0 380.4 105
 K/s N/A 

Australian 
Bituminous (Wu et al., 2000) 9.44 4.84 28.6 308.5 6.6×104 K/s 9×104 K/s 

Australian 
Bituminous (Yu et al., 2004b) 9.73 4.84 30.4 344.5 1.6×104 K/s 3.52×104 K/s 

Pittsburgh #8 (Zeng et al., 2005) 11.4 4.80 29.0 344.9 105
 K/s N/A 

 

Heating rates of 104 K/s at 0.1 MPa and 7×103 K/s at 1.7 MPa were reported in the work 

of Lee et al. (1991). The pressure factors (Figure 5.14) for this data set were obtained by 

assuming that the heating rate was linear with the logarithm of pressure. The heating rates at 22.7 

atm and 37.3 atm have extrapolated values of 6.1×103 K/s and 4.4×103 K/s, respectively. It is 

likely that these two measurements correspond to Regime 1 behavior, even if there was some 

error in this extrapolation method and/or the choice of the regime transition used in this work 

(8.5×103 K/s). If Lee’s highest pressure data are in Regime 1, the extrapolated Regime 2 model 

(Equation 5.5) would over-estimate the effect of heating rate on swelling at these conditions. An 

over-estimate of the effect of heating rate would result in pressure factors that are under-

estimated for the Illinois #6 data of Lee et al. (1991) at pressures above 8 atm (Figure 5.14).  

The remaining data in the Figure 5.14 have a few anomalies, but there is also support for 

the formulation of this model. The Kentucky #9 data of Zeng et al. (2005) include a swelling 

measurement at atmospheric pressure that is in excellent agreement with the model. However, 
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the Pittsburgh #8 data from the same publication appear to be too low at 2.5 atm; the pressure 

factor should not be less than 1. This could be due to some error in the measured coal properties, 

the swelling ratio, the calculated heating rate, or the correlations for svar and cHR. Errors in the 

correlations seem unlikely, since Pittsburgh #8 was in the model training set and has been shown 

to be well-represented by this model at atmospheric pressure (Section 5.4.1).  

Scaling bars were not included for the Pittsburgh #8 series in Figure 5.14 because no 

atmospheric data were included in the publication (Zeng et al., 2005). The pressure factors for 

the Pittsburgh #8 series could be scaled up until f(2.5atm) > 1 by adding a uniform offset or 

multiplying by some correction factor. Doing so would result in maximum pressure factors 

between 4 and 15 for Pittsburgh #8, which would yield a more reasonable trend for this highly 

swelling coal.  

The high extent of overlap in the pressure factor error bars in Figure 5.14 makes it 

difficult to identify rank-dependence for swelling trends. However, the low effect of pressure on 

swelling for the Australian Bituminous coal of Wu et al. (2000) compared to the other coals may 

be related to the low values of (σ+1), Mδ and/or MW. This trend is particularly evident when this 

coal is compared to the Kentucky #9 data of Zeng et al. (2005) (see Figure 5.14 and Table 5.6).  

A mathematical form for the pressure function that can fit the observed behavior is:  

 [ ]
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c

c
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P
Pc

Pf
)ln(

1)( +=  (5.9) 

where the parameter cscale determines the maximum magnitude of the effect of pressure. The 

parameter cvisc represents changes in viscoelastic properties of the metaplast that allow increased 

swelling with increasing pressure. The parameter cext represents the extent to which the external 

pressure force restrains swelling. This function has a derivative of zero at P [atm] = 1 and at Ppeak 

[atm] = exp(cvisc/cext). If cvisc is not an integer, this function is undefined below P [atm] = 1 
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because ln(P) is negative. Therefore, any ambient atmospheric pressure should be assigned the 

numerical value of 1 atm for application in this model.  

The Wyodak swelling data from Figure 5.5 and the O2-rich swelling data from Figure 5.7 

are presented in terms of their pressure factors in Figure 5.15. The other coals from Figure 5.7 

were omitted from the analysis due to the larger variation associated with the measurements. The 

Lower Kittanning coal exhibits the smallest effect of pressure on swelling compared to the 

bituminous coals of lower ranks, even though the swelling ratios are very similar. This may 

indicate that the vapor pressure effect tends to optimize the metaplast viscosity of bituminous 

coals to similar values. The subbituminous coals exhibit pressure factors close to 1. The 

clustering of the pressure factors at values near unity at 0.84 atm indicates that these coals are 

represented reasonably well by the atmospheric portion of this model. The curve fits using 

Equation 5.9 extrapolate to reasonable values (Figure 5.15), considering the very limited data 

available above 20 atm (see Figure 5.14). The predicted magnitudes of 2 to 4 for bituminous 

pressure functions at 40 to 60 atm in Figure 5.15 are also consistent with trends predicted by 

mechanistic bubble models (Yu et al., 2004b).  

The curve-fits of the pressure factor shown in Figure 5.15 capture the trends of the data 

very well and were derived in a stepwise fashion. The steam coals Pittsburgh #8, Kentucky #9, 

and Illinois #6 have very similar pressure factors and are well-represented by the atmospheric 

model. The pressurized data from these three coals were fit to Equation 5.9 with a single set of 

coefficients. Values of cvisc = 7.77 and cext = 3.47 were obtained, yielding Ppeak =9.4 atm, which 

is close to the lower limit of 8 atm suggested by previous data and models (Lee et al., 1991; Yu 

et al., 2004b). These values for cvisc and cext were applied to all coals. This is equivalent to 

assuming that all coals exhibit peak swelling at the same pressure.  
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Figure 5.15. Pressure factors from HPFFB and FFB data, including curve-fits extrapolated to 60 atm. 

 

The values of cscale used in Figure 5.15 were fit for each coal using only the data from 10 

atm and 15 atm. The fitted cscale values are shown in Table 5.7. Only the highest pressures were 

used to produce the curves shown in Figure 5.15 because the atmospheric data were irrelevant to 

the fit and the 5 atm data exhibited more scatter. This approach seemed reasonable because 

practical systems that include pressurized pyrolysis of particles smaller than 200 µm at heating 

rates above 104 K/s usually operate at pressures above 10 atm. It appears that maximum pressure 

factors occuring near 10 atm with values of 7.5 to 8.5 are common for bituminous steam coals 

(see Figure 5.15), which corresponds to cscale values of 30 to 33 (see Table 5.7). 
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Table 5.7. Scaling factors for pressure function assuming cvisc = 7.77 and cext = 3.47 

Coal Wyodak 
2010 

Wyodak 
2011 Dietz Illinois #6 Kentucky #9 Pittsburgh #8 Lower 

Kittanning 
cscale 0 1.48 4.72 33.0 32.9 30.3 23.5 

 

The values of the scaling factor cscale were compared to various measures of coal 

chemical structure (see Table 4.1). The simplest fit of the parameter cscale was linear with respect 

to (σ+1) (see Figure 5.16), which initially increased with coal rank and then began to decrease at 

coal ranks slightly below high-volatile bituminous. Figure 5.16 and Table 5.7 include 2 Wyodak 

points. The actual swelling measurements shown in Figure 5.5 were made using the coal 

designated as Wyodak 2010 in Table 4.1. When the Wyodak 2010 properties were used to 

calculate the pressure factors, a cscale value of zero was derived along with a higher (σ+1) value 

(see Figure 5.16). The Wyodak 2011 properties were chosen for the regression because they 

yielded a fit that was more consistent with the Dietz coal, which has a very similar 

subbituminous rank. 

 

   

Figure 5.16. Correlations of cscale versus coal rank. 
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More experimental data would be required to confidently evaluate the performance of the 

cscale correlations for the highest and lowest ranks of bituminous coals. In Table 5.8, the Wyodak 

2010 properties and the Pocahontas #3 properties from Table 5.2 were used to estimate cscale with 

both correlations. It appears that the fit of cscale versus C/O is less likely to be affected by small 

variations in the elemental analysis for very low-rank coals. The cscale versus C/O correlation 

yields a pressure effect for Pocahontas #3 that is practically identical to the Lower Kittanning 

coal, which cannot be verified without experimental data. Estimates of cscale for an Australian 

bituminous coal (see Figure 5.14) are shown in Figure 5.16 (Wu et al., 2000). These estimated 

cscale values for the Australian bituminous coal depend on the reported heating rate and the other 

parameters in this swelling model, which means that the range of values shown in Figure 5.16 

could be larger for this coal. The Australian cscale values of Wu et al. (2000) were more consistent 

with the (σ+1) correlation compared to the C/O correlation. The trends of the other pressure 

factors derived from literature data (see Table 5.6 and Figure 5.14) mostly increase with 

increasing (σ+1), but the trend is not as good for C/O. This suggests that the (σ+1) correlation 

predicts more reasonable values for a greater variety of bituminous coals. The (σ+1) correlation 

is therefore recommended, especially for bituminous coals, due to its simplicity and apparent 

robustness. 

The final pressure factors resulting from the (σ+1) and C/O correlations (see Table 5.8) 

are compared to the experimental values in Figure 5.17. The scatter in the pressure factors at 5 

atm appear to result from the high slope of f(P) at pyrolysis pressures below ~8 atm and the 

uncertainties in the calculated heating rate. Because of the structure of Equation 5.5, moderate 

variations in the pressure factor do not have large effects on the swelling ratio, especially at 

heating rates >105 K/s. If a value of 0.9 is assumed for smin with d/d0-smin = 0.25 at 1 atm, and the 
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pressure factor has a range of 4 to 12 (typical for bituminous coal), changing the pressure factor 

by 1 unit changes the swelling ratio by 7-13%. Variations of 8-9% are obtained using a value of 

d/d0-smin = 0.1 with a pressure factor range of 1 to 4 (typical values for subbituminous coal). 

These variations in the swelling ratio are comparable to the reported experimental error of 10% 

for the swelling ratio as determined by the tap density technique  (Tsai and Scaroni, 1987). 

 

Table 5.8. Correlations of cscale for use in the pressure function f(P) (Correlation 1 recommended) 

 Correlation Range of 
Applicability R2 

Wyodak 
2010  
cscale 

Pocahontas 
#3  

cscale 
1. ( ) 1.167189.38 −+= σscalec   297.41 ≥+σ  0.991 20.5 1.70 

2a. 77.377704.0 +





−=

O
Ccscale

  0.4904.6 ≤≤
O
C  0.998 N/A 24.1 

2b. 73.22213.9 −





=

O
Ccscale

  04.647.2 ≤≤
O
C  0.986 8.15 N/A 

 

 

   

Figure 5.17. Pressure factor from fits of cscale versus (σ+1) (left) and C/O (right) compared to experimental values. 
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The Australian bituminous data of Wu et al. (2000) had an effect of pressure on swelling 

that was smaller than most other bituminous coals in the literature (see Figure 5.14). Southern 

hemisphere coals are petrographically different from northern hemisphere coals, with higher 

concentrations of inertinite compared to vitrinite. For this reason, studies that include southern 

hemisphere coals often correlate pyrolysis and combustion properties with vitrinite and inertinite 

concentrations rather than the more convenient ultimate and proximate analyses (Benfell et al., 

2000; Yu et al., 2007). Heating rates would need to be calculated with methods identical to this 

work to determine how well this swelling model performs for southern hemisphere coals. 

However, it appears that the NMR parameters predicted from correlations (Genetti et al., 1999) 

with the ultimate and proximate analyses yield reasonable swelling trends for the data of Wu et 

al. (2000) (see Figure 5.16).  

5.7 Discussion of Model Application 

In cases where the heating rate has been calculated properly and experimental swelling 

ratios in Regime 2 are not in good agreement with the model, the experimental data can be used 

to modify one or more terms of this correlation. Any deviations of calculated swelling ratios 

from measurements will probably be most pronounced at heating rates slightly below 104 K/s, 

near the transition between Regimes 1 and 2. For some coals, fragmentation may be favored at 

the regime transition due to very thin cenosphere walls. Fragmentation reduces swelling ratios 

observed using either density measurements or image analysis. 

 A potential difficulty arises in implementing this swelling correlation into large codes. 

The maximum particle heating rate must be calculated from an energy balance on the particle 

before the correlation can be used. However, the maximum heating rate often occurs before the 

extent of devolatilization becomes significant (Fletcher, 1989b). In such cases, the swelling 
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correlation may be applied after the time-step when a maximum heating rate is found, thereby 

eliminating the need for an iterative solution. A small initial peak in the heating rate typically 

occurs immediately before water begins to vaporize, followed by a true maximum heating rate 

after water vaporization is complete (illustrated in Figure 5.18). The moisture content should be 

checked at the time corresponding to each local maximum in heating rate to ensure that the 

correct heating rate is used for this swelling model.  

As a simple alternative, an order-of-magnitude estimate for the heating rate may be 

assumed based on the experimental or industrial device being modeled. Due to the asymptotic 

behavior of the swelling correlation, a utility boiler heating rate of 106 K/s may be used to 

calculate swelling ratios with very small error attributable to the uncertainty in the heating rate. 

An order-of magnitude estimate of 104 K/s for a conventional drop-tube reactor may produce 

large errors in the calculated swelling ratio for bituminous coals due to the high sensitivity of the 

model to heating rate at this order of magnitude, especially at elevated pressures. 

 

 

Figure 5.18. Heating rate and volatiles yield predicted for Illinois #6 coal with 3.3% moisture in a drop-tube furnace 
at ~1050 K peak centerline gas temperature (Fletcher and Hardesty, 1992). 
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 In real systems, swelling does not occur instantaneously. A common modeling approach 

is to apply the swelling or shrinkage in a linear fashion proportional to the release of volatiles 

(Smoot and Pratt, 1979). This approach is sufficient for most models of utility boilers and 

gasifiers because swelling is low and devolatilization is fast at ~106 K/s. In the CPD model, there 

is a parameter L which represents the labile bridge fraction in the polymer network (Fletcher et 

al., 1992). During devolatilization calculations, the labile bridges are converted to reactive 

intermediates L* that can either cleave into two side chains or react to form stabilized char 

bridges and light gases. As the labile bridge fraction decreases from its initial value L0 to zero, 

the polymer network of the coal is converted to a highly cross-linked char structure, which would 

tend to limit swelling. Therefore, in the 1-D CPD-based code used in this work (Fletcher, 2011), 

the labile bridge fraction was treated as a measure of the extent of pyrolysis. The particle 

diameter was varied using the following equation:  

 [ ]( )00 /11 LL−+= swelldd pp  
(5.10) 

where swell is the fractional swelling that is related to the experimental or model swelling ratio 

by swell = (d-d0)/d0 = d/d0 – 1.  

 If sufficient transient swelling data are available then a nonlinear relationship could be 

devised to relate transient swelling to the extent of pyrolysis. Measurements of partially 

pyrolyzed coals indicate that the transient swelling ratio may exceed the final swelling ratio by 3-

20% (Fletcher and Hardesty, 1992). This can be explained in terms of bubbles collapsing as they 

burst, before cross-linking has advanced sufficiently to cause the metaplast to stiffen. The 

swelling model in its current form is only intended to estimate the swelling ratio of the fully 

pyrolyzed char. 

 



123 

The early occurrence of the maximum heating rate with respect to the characteristic time 

of devolatilization in Figure 5.18 is very typical for the atmospheric drop-tube furnaces and flat-

flame burners examined in this study. This early maximum heating rate suggests that coal 

swelling should not strongly affect the heating rate used in this model at atmospheric pressure. 

However, pyrolysis calculations for conditions in the HPFFB indicated that the global maximum 

heating rate occurred at high extents of devolatilization at elevated pressures (see Figure 5.19). 

When calculations were performed for Illinois #6 coal, swelling caused an increase in convective 

heat transfer, which caused a slight increase in the maximum particle heating rate. The particle 

temperature and devolatilization rate consequently increased compared to the non-swelling case 

(see Figure 5.19). 

 

  

Figure 5.19. CPD predictions of volatiles yield and heating rate for Illinois #6 pyrolysis at 15 atm in the HPFFB. 

 

When there are interactions between the heating rate and particle swelling, iteration is 

normally required to calculate pyrolysis behavior that is coupled to an energy balance and a 

particle swelling model. However, this would not necessarily increase the computational cost in 
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a large scale code, since iterative solution techniques are generally used in discrete phase CFD 

calculations. It is recommended that the swelling ratio from this model be implemented in 

conjunction with CPD (Fletcher et al., 1992) calculations using Equation 5.10. The use of 

different measures of the extent of pyrolysis other than L /L0 with different pyrolysis models may 

yield differences in the predicted particle heating rate and swelling ratio if the maximum particle 

heating rate occurs after the onset of devolatilization. The effects of the chosen extent of 

pyrolysis should be evaluated for this swelling model to be used with other pyrolysis models. 

An example iterative calculation was performed using the 1-D CPD-based code (Fletcher, 

2011) with the 15 atm Illinois #6 pyrolysis conditions with ~2% O2. First, the heating rate was 

computed for a non-swelling case, and the swelling ratio was computed manually with the (σ+1) 

pressure factor correlation (see Correlation 1 in Table 5.8). This new swelling ratio was used in a 

new pyrolysis calculation that yielded a new heating rate, and the process was repeated. The 

model swelling ratio had an initial value of 1.9 at a heating rate of 9.3×104 K/s. The calculated 

heating rate changed to 1.37×105 K/s in a single interation and did not change significantly with 

further iterations, as the swelling ratio approached the experimental value of 1.7. The solutions 

with the experimental swelling ratio and the iterative technique were consistent because the 

pressurized swelling model was developed using the maximum heating rate predicted with the 

experimental swelling ratio.  

An alternative to iteration that was found to work well is presented in Figure 5.19. The 

swelling correlation developed in this work was incorporated into the 1-D CPD-based code 

(Fletcher, 2011). The swelling ratio was recalculated each time a local maximum heating rate 

greater than the previous maximum particle heating rate was found, as shown in Figure 5.19. 

This technique resulted in a final swelling ratio, maximum heating rate, and volatiles yield that 
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were consistent with the values obtained with the experimental swelling ratio (see Figure 5.19) 

and also with the values obtained by iterating. 

Fitting experimental data to Equations 5.5 and 5.9 requires very careful characterization 

of the heating rate because moderate errors in the effect of heating rate are magnified in the 

pressure factor. It appears that swelling behavior changes most rapidly at pressures between 1 

atm and 25 atm, so experiments conducted at small pressure increments within this range are 

very useful for model development. Pulverized coal gasifiers typically operate at 30 to 60 atm, 

and the limited data that have been reported above 20 atm do not include heating rates that are 

characterized sufficiently for application in this model (Lee et al., 1991). Therefore, 

measurements with well-characterized heating rates at any pressure above 20 atm would also 

have high value. 

5.8 Summary and Conclusions 

 Coal pyrolysis experiments with Eastern Bituminous A at atmospheric pressure and 

heating rates of 104 K/s-105 K/s confirmed the strong dependence of swelling on heating rate 

observed previously for Pittsburgh #8. It appears that maximum swelling occurs for bituminous 

coals at heating rates slightly less than 104 K/s. Swelling seems to approach an asymptotic 

minimum with a value of d/d0 slightly less than 1.0 as the particle heating rate increases above 

105 K/s. 

 Pressurized coal pyrolysis experiments confirmed that the maximum magnitude of the 

swelling ratio is usually less than 2 at heating rates of ~105 K/s. Swelling initially increased 

rapidly with increasing pressure for bituminous coals. Very similar swelling ratios were observed 

for several different bituminous coals. Little or no swelling occurred for subbituminous coals, 

even at elevated pressures. It was found that O2-rich pyrolysis yielded cleaner swelling data by 
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inhibiting formation of large soot agglomerates that tended to increase the apparent swelling 

ratio by decreasing the bulk density. These data expand and clarify knowledge of swelling trends 

with pressure and coal rank. Maximum swelling appears to occur for most coals in the vicinity of 

10 atm, and most of the increase in swelling appears to occur below 5 atm. Some of the data 

suggest that swelling continues to increase for some coals at pressures of at least 15 atm. 

However, other data show little change from 5 atm to 15 atm, suggesting that moderate decreases 

in the particle heating rate with increasing pressure could cause the apparent monotonic increase 

in swelling. 

A correlation for coal swelling during pyrolysis that is suitable for CFD applications was 

developed. The form of the model allows the observed swelling trends at atmospheric pressure to 

be correctly calculated. Atmospheric model parameters were correlated with literature data using 

a rank index based on NMR structural parameters. This correlation was used to accurately 

predict swelling during pyrolysis at atmospheric pressure for Eastern Bituminous A and 

Pittsburgh #8 bituminous coals at several heating rates in the range of 104 K/s-105 K/s. 

Comparison of the model to additional swelling data from coals that were used in the model 

training set also shows that the model is capable of predicting differences in swelling with 

varying heating rate. This implies that the basic form of the model is robust and appropriate for 

modeling coal swelling at heating rates greater than ~104 K/s. A form has also been proposed to 

extrapolate the composition dependence of the high heating rate model to heating rates below 104 

K/s while maintaining expected trends. 

The new swelling model includes a term that allows the effects of pressure on coal 

swelling to be separated from the effects of heating rate. This pressure factor approach was used 

to largely eliminate the differences observed in the effect of pressure on swelling ratios measured 
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in drop-tube furnaces and flat-flame burners. The new pressurized swelling data were used to 

correlate the effect of pressure with the chemical structure of the coal. It was found that some of 

the most commonly used bituminous steam coals have very similar pressure factors. 
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CHAPTER 6.  GASIFICATION EXPERIMENTS AND MODELING  

Gasification experiments were initially conducted with Wyodak, Eastern Bituminous A, 

Eastern Bituminous B, and Kentucky #9 coals, which were also used in associated pyrolysis 

studies (see Section 5.2.1). Pressures of 5, 10 and 15 atm were used for these initial experiments 

with ~20 mole % CO2. Gas temperatures peaked at 1700 K to 2000 K at 40 ms or less and then 

decreased. Extended residence times were used for the gasification experiments (hundreds of 

milliseconds) compared to the pyrolysis experiments (tens of milliseconds). Initially, the low 

extents of gasification resulting from low operating temperatures were difficult to measure 

accurately, especially with in-situ pyrolysis. Massive soot contamination further hindered 

accurate determination of the extent of gasification, as described in Section 4.2. A reinjection 

strategy and upgrades to the collection system helped solve these problems. In these reinjection 

experiments the extent of gasification was increased through the use of molybdenum disilicide 

heaters along with higher concentrations of CO2 in the reaction zone (see Section 4.1.3).  

The final version of the HPFFB facility with improved gasification conditions was used 

to study Illinois #6 with the reinjection strategy at pressures of 10 and 15 atm with 40 and 90 mol 

% CO2. The molybdenum disilicide heaters broke down soon after they were put in service, so 

the final gasification studies of Illinois #6 and Kentucky #9 chars were conducted without 

supplemental electric heat. Wyodak coal was subjected to the new gasification conditions 

without reinjection, since soot contamination and char fragmentation were not severe for this 
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subbituminous coal. The high reactivity of the subbituminous Wyodak made rate measurements 

with in-situ pyrolysis practical.  

6.1 First-Order Gasification Model 

A simple gasification model was coded in spreadsheet format. This model is based on a 

char oxidation model developed previously at BYU (Sowa, 2009). The model assumes a first-

order reaction of carbon with CO2 and an effectiveness factor of unity. The reaction rate 

expression for this model is: 

 
SCOrxn

p

Pk
dt
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A ,2

1
−=  

(6.1) 

where Ap is the external surface area of the particle (assumed spherical), krxn is the Arrhenius 

surface reaction rate constant for heterogeneous carbon gasification by CO2, and PCO2,S is the 

partial pressure of CO2 at the particle surface.  

The particle temperature was calculated using a simplified energy balance:  

 
rxnpavgsurrpppgp H

dt
dmTTATThA ∆+−+−= )()(0 44

,σε  (6.2) 

The zero on the left-hand side of the energy balance is a result of the assumption that the particle 

temperature is at steady state with its surroundings at each time step. The first term on the right is 

convective heat transfer and the second term is radiation heat transfer. The last term is heat 

generated in the particle or on its surface due to reaction. The parameter h is the heat transfer 

coefficient calculated by assuming Nu = 2, Tp is the particle temperature (assumed spatially 

uniform), and Tg is the gas temperature in the vicinity of the particle. Tsurr,avg is the temperature 

of the surrounding surfaces averaged over space (with view factors) and gasification residence 

time using the methods described in Appendix F. εp = 0.8 is the emissivity of the char particle 
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(Fletcher, 1989a) and σ is the Stefan-Boltzmann constant. The parameter dm/dt is the rate of 

change of particle mass (negative because the particle is being consumed, calculated from the 

reaction rate and particle external surface area), and ΔHrxn is the enthalpy of reaction (positive for 

endothermic CO2 gasification).  

The particle temperature was calculated from Equation 6.2 using an iterative method at 

each time step with an under-relaxation factor; the particle temperature from the previous time 

step was used in the radiation term, gas properties, and the reaction rate to solve for Tp in the 

convective term. An under-relaxed secant method was implemented to solve for the particle 

temperature in cases where the successive substitution approach led to numerical instabilities. 

Linear correlations of the experimental swelling ratios versus particle location were used to 

specify the change in particle size during gasification. 

The 1st-order kinetic rate expression for CO2 gasification was set equal to the film mass 

transfer rate to calculate the surface partial pressure of CO2, as follows:  
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where hm is the mass transfer coefficient calculated from a Sherwood number Sh = 2, and CCO2,S 

and CCO2,∞ are the concentrations of CO2 at the external particle surface and in the bulk, 

respectively. The parameter ν is a stoichiometric coefficient; for CO2 gasification it has a value 

of  νCO2 = 0.0833 [moles CO2 consumed per gram carbon reacted]. Using the ideal gas law to 

convert concentrations to partial pressures and solving for PCO2,S yields:  
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where Rg is the universal gas constant and PCO2,∞ is the partial pressure of CO2 in the bulk. 

Equation 6.4 was inserted into Equation 6.3 or 6.1 to calculate the gasification rate dm/dt.  

The Arrhenius kinetic parameters were optimized in the spreadsheet. The MS Excel 

Solver was used to minimize the sum of squared errors SSE, defined as:  
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where Xi is the dry, ash-free percent conversion for data point i, n is the total number of data 

points, and the superscripts P and E refer to the predicted and experimental values, respectively. 

Two other statistical measures of fitness were calculated. The relative error was also calculated 

to indicate the average percent deviation of the model from the experimental values. The relative 

error RE is defined as:  
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6.2 Advanced CBK-Based Gasification Models 

A new gasification code named the Char Conversion Kinetics (CCK) model was 

developed. CCK is intended to be a combination of CBK/E (Niksa et al., 2003) and CBK/G (Liu 

and Niksa, 2004), and utilizes the same reaction mechanism (see Section 2.4.4). The CBK/E 

source code was used as a starting point (Niksa et al., 2003). Kinetics, gas transport equations, 

and effectiveness factors for gasification were added. CCK calculates transport of O2, CO2, H2O, 

H2, and CO, with the assumption that any excess mole fraction not accounted for by these 

species is inert and has the properties of N2. It appears that CBK/G did not include the oxidation 

kinetics of CBK/E in the same code; CCK includes the full 8-step mechanism for both oxidation 

and gasification (see Section 2.4.4).  
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6.2.1 Physical Properties 

Transport properties were taken from curve-fits of Chapman-Enskog theory developed at 

Sandia National Laboratories (Mitchell, 1980), with the exception of water. As a polar species, 

water is not well represented by Chapman-Enskog theory. The thermal conductivity of water 

from the DIPPR database (Rowley et al., 2010) was refit to an equation of the same form used 

for the other species in the CCK model. For the diffusivity of water, a corresponding-states 

formulation with a higher temperature dependence was chosen (Bird et al., 2002). The mixture 

thermal conductivity was approximated by weighting the thermal conductivities of individual 

species by their mole fractions, as in previous versions of CBK. For simplicity the transport 

properties of the mixture in the vicinity of the particle were assumed to be adequately 

represented as calculated from the bulk mole fractions and the film temperature. 

Diffusivities of individual species in the gas mixture were calculated as follows 

(Fairbanks and Wilke, 1950; Bird et al., 1960; Mitchell, 1980):  
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where Di,mix is the effective binary diffusivity of species i in the mixture, Di,j is a binary 

diffusivity, and yi and yj are mole fractions. This definition of the mixture diffusivity uses a mole 

fraction in the numerator term. In other formulations a mass fraction has been used in the 

numerator (Kee et al., 1986; Paul, 1997). The different formulations result from different 

combinations of conventions used for velocities and driving forces (mass or molar based) (Kee et 

al., 2003). Equation 6.7 assumes mole fraction driving forces are used to calculate a molar flux 

with respect to the molar average velocity. This mixture diffusivity approach is less rigorous than 

the Maxwell-Stefan approach (Kee et al., 2003). However, it resulted in simpler equations, which 
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reduced the computational burden and simplified implementation in the existing structure of 

CBK.  

The effective diffusivity Deff,i of species i in the porous char is calculated from the 

expression:  
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where εs is the porosity of the carbonaceous core of the particle (Hurt et al., 1998). The 

parameter τ/f is the tortuosity divided by the fraction of the total porosity in the macropores (Sun 

and Hurt, 2000; Liu and Niksa, 2004). The combined diffusivity Di,comb should properly be 

calculated from Equation 2.10. However, in most of the CBK codes and CCK, Knudsen 

diffusion is neglected, which means that any experimentally observed effects of Knudsen 

diffusion (including changes in pressure effects) are lumped into τ/f and/or the rate parameters. 

Thermodynamic properties (heat capacities and heats of reaction) in CCK were 

calculated using coefficients from the Gordon-McBride database (McBride et al., 2002). A 

simplified linear fit is used below 1000 K. As in CBK, coal char was assumed to have the 

properties of graphite. This assumption was checked by comparing heats of combustion 

calculated using the Dulong formula to the heat of combustion of graphite (Green and Perry, 

1984). Three chars derived from bituminous coals and a subbituminous char (Fletcher and 

Hardesty, 1992) were found to have Dulong heats of combustion within 5% of the graphite 

value. For Beulah Zap lignite char the deviation was 13%. Results were similar using a more 

recent formula for the heat of combustion, with a 12% deviation for Beulah Zap (Green and 

Perry, 2008). 
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6.2.2 Calculation Methods 

The particle temperature and reactant surface partial pressures in CCK were determined 

at each time step using a method expanded from the one used in CBK (see Figure 6.1). An 

energy balance was used to solve for the particle temperature in an outer loop. The reactant 

partial pressures at the external surface of the particle were optimized in an inner loop. An under-

relaxation factor was used when the number of iterations was high in the inner loop. 

CCK uses the same expression as CBK for mass transfer of O2 in the boundary layer. 

Equation 2.9 was rearranged to solve for the partial pressure of oxygen at the particle surface:  
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CBK/G used a simpler expression to calculate the surface partial pressure of reacting species 

(Liu and Niksa, 2004):  

 

iD

i
iSi k

qPP
,

,, −= ∞  
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where Pi is the partial pressure of species i at the surface (S) or in the bulk (∞), qi is the net 

depletion flux (due to reaction) of species i, and kD,i is the mass transfer coefficient of species i as 

defined in Equation 2.8. This expression was used in CCK for species other than O2. The species 

H2, CO, and CO2 can be both reactants and products of heterogeneous reactions. For this reason, 

Equation 6.10 uses the net depletion flux qi for each species, which is obtained from the sum of 

all reactions that include species i. The mass transfer rate of CH4 was not calculated in CCK 

because it is a product of an irreversible reaction; the flux of CH4 away from the particle was 

assumed to be equal to its production rate. 
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Inputs: Tg, Pi,∞

Guess Tp, Pi,S, Calculate Tm and all gas properties 

Calculate reaction rates qi from kinetics and overall rate qtot

Calculate new Pi,S from qi and Pi,∞ (Equation 6.10) 

Solve energy balance for dm/dt

Calculate terms in energy balance (Equation 6.11) 

Move Tp guess up 50 K for exothermic or down 50 K for endothermic

Begin outer loop

Calculate Tm and all gas properties 

Calculate reaction rates qi from kinetics and overall rate qtot

Calculate new Pi,S from qi and Pi,∞ (Equation 6.10) 

Calculate terms in energy balance (Equation 6.11) 

Calculate change in Pi,S

Calculate new Pi,S from qi and Pi,∞ (Equation 6.10) 

Begin inner loop

Calculate change in Pi,S, use secant method to estimate next Pi,S

Converged Pi,S? If no, loop back

Calculate reaction rates qi from kinetics and overall rate qtot

Converged Tp? If no, loop back

Calculate difference between dm/dt and qtot from kinetics

Solve energy balance for dm/dt

Calculate difference between dm/dt and qtot from kinetics, use secant method to estimate next Tp

Outputs: Tp, Pi,S, qi, qtot  

Figure 6.1. Algorithm for determining Tp and Pi,S at each time step in CCK. 

 

An energy balance similar to Equation 5.2 was used in the CCK code to determine the 

particle temperature Tp (Sun and Hurt, 2000):  

 ( ) ( ) H
dt
dmTTATTUA

dt
dTcm surrppppgppp ∆−−−−= 44σεθ  (6.11) 
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where U is the overall heat transfer coefficient that accounts for effects of the boundary layer and 

an ash film (if present). The effective temperature of the surrounding surfaces Tsurr at each 

residence time is a required input for CCK and was calculated using the methods described in 

Appendix F. The final approximate expression for the B term in the blowing parameter θ was 

included in previous versions of CBK (see right-hand side of Equation 5.4). This expression 

depends on the assumption of a Nusselt number of 2 and all species fluxes having the same 

direction, i.e. away from the particle. The latter assumption is reasonable for devolatilization, but 

does not hold for heterogeneous reactions. For this reason, the more rigorous formulation for the 

B term from Equation 5.4 (Bird et al., 2002) was used for the CCK blowing parameter. The 

blowing parameter is typically close to unity under gasification conditions because the reaction 

rates are slow. The gas properties used to calculate the mass transfer coefficient and the blowing 

parameter were evaluated at the film temperature Tm.  

6.2.3 Effectiveness Factors and Kinetic Mechanism 

Typographical errors in the relationship between the effectiveness factors and the Thiele 

Moduli were found in the publication associated with CBK/G and were corrected in CCK (Liu 

and Niksa, 2004). The correct relationship is of the form (Sun and Hurt, 2000):  
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where “j” refers to reactant species O2, CO2, and H2O; the effectiveness factor for H2 is assumed 

to be unity. 

The Thiele Moduli for gasification and oxidation reactants in CCK were calculated using 

the following expression: 
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where dp is the particle diameter and ρC is the apparent density of the carbonaceous core. Rj,S is 

the reaction rate of species j at the surface of the carbonaceous core and nj is the effective or 

observed reaction order with respect to the partial pressure of species j. Cj,S is the concentration 

of species j at the surface of the carbonaceous core. Rj,S was calculated for CO2 and H2O using 

the expressions:  
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where  
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The forward rate constants ki (i = 1 to 8) and the reverse rate constants k’i are of 

Arrhenius form and correspond to the steps in the CBK/G reaction mechanism as listed in 

Section 2.4.4. The effective gasification reaction orders in Equation 6.13 were calculated using 

the expressions:  
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The partial pressures in Equations 6.22 and 6.23 should properly be mean partial pressures 

within the porous char particle. In CCK they were approximated as the partial pressures at the 

surface of the carbonaceous core, as in CBK/G. 

The oxidation rates in CCK were calculated as in CBK/E (Niksa et al., 2003). The char 

gasification rates were calculated in a similar manner using the following expressions:  
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The hydrogasification rate (Equation 6.26) was assumed to be 1st-order with no internal 

transport limitations. The qi used in Equations 6.9 and 6.10 are defined by:  
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where fCO2 is the fraction of carbon converted to CO2 through oxidation (some carbon is 

converted to CO). The parameter qtot that is compared to dm/dt from Equation 6.11 to solve for 

the particle temperature (see Figure 6.1) is defined as: 
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(6.31) 

6.2.4 Kinetic Parameters 

Care was taken in the development of CCK to follow the procedures reported for CBK/G 

(Liu and Niksa, 2004) as closely as possible so that the same correlations for rate parameters 

could be used. The rate parameters in CCK have the Arrhenius form:  
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where Ai is the pre-exponential or frequency factor, Ei is the activation energy, Rg is the universal 

gas constant, and Tp is the particle temperature. The pre-exponential factor was calculated by 

applying the annealing and random pore models to the initial value, denoted by Ai,0. Ratios of 

rate constants were used to apply the adjustments made to the rate-limiting reactions 3 and 7 to 

the other reactions. Table 6.1 contains the rate parameter correlations used in CCK.  

A maximum temperature of 1573 K was used in Equation 6.39 at particle temperatures 

above 1573 K, and a minimum temperature of 1073 K was used at particle temperatures below 

1073 K, as in CBK/G (Liu and Niksa, 2004). All other rate equations in Table 6.1 used the 

particle temperature without limitations. 
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Table 6.1. Rate parameter correlations used in the CCK and CBK/G models (Liu and Niksa, 2004)  
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6.2.5 Options and Outputs Included in CCK 

As in CBK/G, a random pore model was included in CCK to account for effects of 

changing surface area during reaction (see Equation 2.11). The CBK/G default value of 4.6 for 

the structural parameter ψ0 was also used in CCK. The surface area reduction factor fRPM from 

Equation 2.11 was multiplied by the same oxidation and gasification pre-exponential factors 

used to implement the annealing mechanism. This method was used because the pre-exponential 

factors used in CBK and CCK include internal surface area (Sun and Hurt, 2000). 

By default, the mode-of-burning parameter α was assigned an average experimental value 

of 0.2 in oxidation versions of CBK (Hurt et al., 1998; Sun and Hurt, 2000; Niksa et al., 2003). 

CBK/G used a theoretically-based value of 0.95 for gasification (Essenhigh, 1994; Liu and 

Niksa, 2004). When conversion vs. density data are not available, the user of CCK should 

determine whether oxidation or gasification is likely to dominate the overall conversion process 

and specify the corresponding α value of 0.2 or 0.95, respectively. This practice allows the 

kinetic parameters from CBK/E and CBK/G to be used. Examination of the Wyodak CO2 

gasification data using the 1st-order model confirmed that α values greater than 0.5 were more 

consistent with the density and diameter data. 

Unlike CBK/G, no option to equilibrate the gas composition was included in CCK. 

However, the outputs for CCK include molar production/consumption rates for each gaseous 

species, which would facilitate species equilibration if CCK is integrated into larger codes. The 

output of CCK also includes a η factor and two χ factors for each gasification reactant (with and 

without the ash layer). The effective orders for each reactant species were also included (see 

Equations 6.22 and 6.23). 
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6.2.6 Nth-Order Gasification Model 

A variant of CCK was developed that uses a simplified nth-order chemistry model. This 

code, designated CCKN, was developed to be similar to CBK8 (Sun and Hurt, 2000), which is 

the most widely used CBK oxidation code. The optional random pore model found in CCK was 

omitted in CCKN. In CCKN, the species O2, H2O, and CO2 each react with carbon via a single 

step with the global rate expression:  
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where nj is the reaction order for O2, H2O, and CO2. This form is consistent with CBK8. The 

term in parentheses is the molar concentration of the gaseous reactant. H2 gasification is 

calculated using the same expression as CCK (see Equation 6.26), with the partial pressure rather 

than the concentration raised to a power.  

The effective diffusivity expression in CBK, CCK and CCKN (see Equation 6.8) requires 

the user to supply a pore structure parameter τ/f, which has been assigned different values in 

different versions of the code. This parameter represents the tortuosity divided by the fraction of 

the total porosity in the feeder pores (macropores), but also absorbs neglected factors, such as 

contributions from Knudsen diffusion. The effect of Knudsen diffusion on the overall reaction 

rate was found to be negligible for char oxidation (Hong et al., 2000a), but may be more 

important for the slower gasification reactions (Roberts et al., 2010).  

The nth-order CBK8 code has successfully modeled combustion behavior for a wide 

variety of coals using a value of 6 for τ/f (Sun and Hurt, 2000). Codes with more sophisticated 

chemical mechanisms (CBK/E) have used a value of 12 for τ/f  (Niksa et al., 2003; Hurt, 2010). 

The value of τ/f was changed in the development of CBK/E to allow the correct initial rate to be 
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predicted. The practice used to specify τ/f in CBK/G was not specified in detail, although the 

authors imply that experimental data was used to specify or scale τ/f (Liu and Niksa, 2004). 

However, specifying τ/f with data seems rather impractical in consideration of the number of 

extra measurements required, the number of adjustable kinetic parameters in the CCK models, 

and the number of physical phenomena that are lumped into τ/f. Additionally, the HPFFB chars 

were collected in small quantities that limited the practicality of surface area measurements. To 

be consistent with the previous CBK oxidation models, a value of 6 for τ/f was used when fitting 

data with CCKN and a value of 12 was used for CCK.  

6.3 CO2 Gasification Data with 1st-Order Model 

The CO2 gasification data from the HPFFB are presented with the 1st-order model in 

Figure 6.2. The experimental data are also tabulated in Appendix I, and the experimental 

conditions are presented in Appendix G. Wyodak and early bituminous coal data with in-situ 

pyrolysis are included. The more recent Illinois #6 bituminous coal gasification data and some of 

the Kentucky #9 data were obtained using the char reinjection strategy and CO2 partial pressures 

higher than 4 atm. In the latter experiments, greater time and care was taken to measure the 

extents of reaction directly and compare them to the values obtained using the ash tracer 

technique. The char reinjection technique allowed higher extents of reaction to be measured for 

the two experiments with Kentucky #9 bituminous coal compared to the previous experiments 

with this coal using in-situ pyrolysis (Figure 6.2).  
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Figure 6.2. Parity plot of HPFFB gasification data with 1st-order model.  

 

The Illinois #6 gasification data included only reinjection experiments, and some of these 

were conducted using the molybdenum disilicide heaters to maintain high gas temperatures for 

longer residence times. The effects of heaters on gas and particle temperatures are shown in 

Figure 6.3 for a 10 atm gas condition with 41 mole % post-flame CO2 with reinjected Illinois #6 

char. The higher apparent initial gas temperature for the case without heaters in Figure 6.3 is 

attributable to radial variations in the thermocouple position near the burner surface. The energy 

balance with a transient term used in CCK (Equation 6.11) would predict a more gradual rise in 

particle temperature. Another typical gas temperature profile with Nichrome wire heaters is 

shown in Appendix F. The Illinois #6 data in Figure 6.2 clearly show that the reinjection strategy 

facilitated collection of high-temperature gasification data with a wider range of conversion 

while reducing the experimental noise attributable to variations in volatiles yield and 
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contamination by soot. Reinjection was not attempted with Eastern Bituminous A and B because 

the available supplies were used up in the earlier pyrolysis and gasification studies.  

 

 

Figure 6.3. Comparison of gas and particle temperature profiles for Illinois #6 char gasification conditions. 

 

Two groups of Wyodak gasification data are presented in Figure 6.2. The solid circles are 

from earlier experiments with less than 4 atm CO2 in the HPFFB. After these first experiments, 

insufficient Wyodak coal remained in the 45-75 µm size range to continue experiments. 

Additional Wyodak coal was available from a larger size fraction, which was reground and 

sieved to produce more of the 45-75 µm size range. The mass mean diameter for this resized 

Wyodak was 10 µm smaller than the size measured with the original supply of Wyodak coal, and 

the density was lower (see Table 4.1). The size distributions measured in 2010 and 2011 for the 

Wyodak had odd shapes that suggested the coal particles clumped together in the Coulter 

Counter. The portions of the two size distributions with more reasonable shapes were spliced and 

rescaled to produce a single distribution with a mass mean diameter of 64 µm. 
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The open circles in Figure 6.2 correspond to experiments conducted at a later period with 

the resized Wyodak coal using more than 4 atm CO2. These experiments were conducted during 

a transitional period when the HPFFB did not have operational heaters. Due to rapid decreases in 

gas temperature with increasing residence time (see Figure 6.3) and the high centerline particle 

velocities (see Figure 4.11), the 2011 Wyodak experiments may have had more random variation 

in particle residence times compared to experiments that used heaters. The crossed circles 

represent a fit of all the Wyodak data together. The 1st-order model converged faster and yielded 

a much better fit when the Wyodak gasification data were optimized as two separate series.  

A representative fit of Wyodak 2010 data from two gas conditions is shown in Figure 6.4. 

Gasification rates were quantified by collecting chars at low residence times (corresponding to 

distances of 0.02 to 0.05 m above the burner in Figure 6.3) and also at higher residence times. 

The low-residence time data were used as the initial conditions and the activation energy and 

pre-exponential factors were adjusted until the best fit of the high-residence time data were 

obtained. This approach allowed the full pyrolysis yield to be measured and prevented 

uncertainties in the low-residence time particle temperature histories from influencing the model 

predictions.  

The experimentally measured extents of gasification in Figure 6.4 represent integrated 

gasification rates. The best possible kinetic parameters can be obtained from this experimental 

technique when the temperatures are close to isothermal for a given experiment. However, the 

temperature was not isothermal in the HPFFB (see Figure 6.3), which made traditional statistical 

analysis of the joint confidence region of the derived rate parameters (Draper and Smith, 1998; 

Seber and Wild, 2003) difficult to implement in a meaningful way. When excessively long 

residence times are used with a decaying temperature profile, the temperature where gasification 
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rates cease to be significant becomes ambiguous and the number of combinations of Arrhenius 

parameters that can fit the data within a given confidence interval becomes very large. To help 

compensate for the drawbacks inherent in this experimental technique, care was taken to avoid 

using excessively long residence times at low temperatures in the HPFFB experiments so that the 

measurements of integrated gasification rates did not include long periods of insignificant rates 

(see nonzero slopes of lines in Figure 6.4).  

 

 

Figure 6.4. 1st-order fit of CO2 gasification data with Wyodak 2010 subjected to different gas conditions. 

 

The cost of doing replicates for every condition with every coal was prohibitive. Due to 

its high reactivity and ease of feeding, more replicates were carried out with the Wyodak 2010 

coal than with any other coal in this study. A total of 6 experiments were carried out in duplicate 

for the Wyodak 2010 coal, and 3 of these conditions are shown in Figure 6.4. The coal 
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conversion varied by 0.3% to 8.7% for the 6 replicated cases. The average experimental 

repeatability for the Wyodak 2010 data was 3.7% of the measured dry,ash-free coal conversion. 

Variation of the same magnitude should be representative of the entire suite of coals. 

The CPD model (Fletcher et al., 1992; Genetti et al., 1999) was used to estimate 

residence times required for full pyrolysis. The gas-quenched probe was set to a minimum 

collection height that exceeded the theoretical distance needed for full pyrolysis by at least 10%, 

and often more than 50%. The experimental volatiles yield at the low residence time and was 

sometimes lower than the ASTM volatiles yield by up to ~4% (absolute, daf), but lower volatiles 

yields are to be expected at elevated pressures. Additionally, the ash tracer technique used for 

most of the early work has the tendency to underestimate the mass release due to vaporization of 

the ash. For example, the Kentucky #9 had 46% (daf) ASTM volatile matter, and typically had a 

dry, ash-free volatiles yield of 42% in the HPFFB at 5 atm and 15 atm with collection heights of 

0.75 inches and peak gas temperatures above 1700 K. When chars were made for reinjection in 

an environment with similar temperatures and 2 mole % O2, with a collection height of 1.5 

inches, the dry, ash-free volatiles yield only increased to 45% for the Kentucky #9 coal. These 

results and similar results for the other coals in this study suggest that the minimum collection 

heights chosen were sufficient to allow the pyrolysis reactions to run to completion. 

The 1st-order model fit most of the gasification data fairly well, especially for the coals 

for which higher levels of conversion were measured (see Figures 6.2 and 6.4). This observation 

is consistent with the three-zone theory (Figure 2.6) and with previous intrinsic gasification 

studies (Turkdogan and Vinters, 1970). Under Zone I conditions, Turkdogan and Vinters 

observed 1st-order behavior for CO2 gasification with a fixed partial pressure of CO, but a 

reaction order of 0.5 was observed in the absence of CO. At temperatures corresponding to Zone 
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II, apparent reaction orders of n = (m+1)/2 are typically observed, where n is the observed order 

and m is the intrinsic order that would be observed at temperatures in Zone I (see Figure 2.6). 

The variation of the CO2 partial pressure in these experiments was large compared to the 

variation of the CO partial pressure, which was present in concentrations of ~10% (Appendix G). 

Under ideal Zone II conditions where the observation of Turkdogan and Vinters regarding the 

effect of CO holds true, 1st-order behavior would be expected.  

The best-fit kinetic parameters obtained for different particle sizes and coals are shown in 

Table 6.2. The mass mean particle size was used in the fitting procedure. The rate parameters 

were also optimized using the maximum and minimum particle sizes from the size distribution to 

show the magnitude of the effect of uncertainty in particle size on apparent kinetics. The particle 

diameter influenced the rates through transport effects (see Figure 5.1). Additionally, the particle 

diameter determined the total mass available for reaction in the model. The kinetics optimized 

with the mass mean particle sizes in Table 6.2 are appropriate for use in models of gasification 

systems where the initial coal particle size and the swelling ratio are well characterized. The 

limiting cases of particle size in Table 6.2 were calculated for illustrative purposes and were not 

intended for use in modeling. 

In some cases the relative error was strongly influenced by just a few data points, 

especially when a char basis was used and the experimental conversion was very low. Table 6.2 

lists the relative error and the sum of squared errors on the experimental basis (usually a coal 

basis) and on a char basis. The relative error and the sum of squared errors were recalculated on 

a char basis without the possible outlier points. No attempt was made to refit the model to the 

remaining data. The points that made the largest contributions to relative error are circled in 

Figure 6.2. These points all correspond to conversions below 20% on a char basis, which means 
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the measurements were sensitive to experimental noise. The Kentucky #9 and Wyodak 2011 

series had the largest decreases in the relative error when 1 point was omitted (Table 6.2). The 

very high sum of squared error for the combined Wyodak series and the large change in the 

squared error with the omission of just a few points indicates that it is more appropriate to fit the 

Wyodak as two independent series. 

There are multiple reasons that could explain why the attempt to fit the Wyodak data with 

a single set of kinetic parameters was unsuccessful. First, it is possible that the two Wyodak 

samples had enough chemical dissimilarity to produce differences in the measured reactivities. It 

seems likely that the two samples of Wyodak experienced different extents of low-temperature 

oxidation over a storage period of ~10 years. Unfortunately, it was not possible to verify the 

difference using techniques more advanced than the ultimate and proximate analyses (see Table 

4.1) because the supply of Wyodak 2010 was used up by the time the difference in reactivities 

was observed. Second, the extended range of partial pressures used may have been too large to 

be accurately modeled with 1st-order kinetics. This may be an indication of the onset of CO2 

saturation on the char surface, similar to the effect shown in Figure 2.7. If this is the case, a more 

sophisticated kinetic mechanism would be required to model the data over the whole range of 

partial pressures. Third, if the gas flow in the reaction zone had large temperature gradients in the 

radial direction, the true distribution of particle residence times could have a mean value that 

differed significantly from estimates based on a single optical velocity and the centerline 

temperature. This would be more likely when heaters were not in use, which was the case for the 

2011 data.  
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Table 6.2. 1st-order CO2 gasification kinetic parameters 

Coal Wyodak 2010 Wyodak 2011 All Wyodak 
Pyrolysis In-situ In-situ In-situ 

Min/Mass Mean/Max Size (µm) 45/64/77 45/64/77 45/64/77 
Points fitted 16 7 24 

Mass Mean Size Fit 
A (g/cm2/s/atm) 67.86 1.509 17044 

E (kJ/mol) 137.0 110.8 213.7 
Relative Error (experimental basis) 0.99% 2.65% 2.63% 

Relative Error (char basis) 5.14% 21.3% 19.9% 
Relative Error (char basis, w/o largest 

contributors to Relative Error) 
N/A 13.0%  

(-1 point) 
14.8%, 8.22% 

(-1, -3 points from 2011) 
SSE (experimental basis) 103.3 145.1 1774.0 

SSE (char basis) 352.2 802.0 8488.8 
SSE (char basis, w/o largest 

contributors to Relative Error) 
N/A 615.4 

(-1 point) 
7194.0, 3926.5 

(-1, -3 points from 2011) 
Minimum Size Fit 

A (g/cm2/s/atm) 4.581 0.551 8.662 
E (kJ/mol) 112.7 106.4 132.2 

SSE (experimental basis) 279.8 143.9 2682.1 
Maximum Size Fit 

A (g/cm2/s/atm) 138.2 3.259 1354000 
E (kJ/mol) 139.5 115.0 256.8 

SSE (experimental basis) 76.9 146.5 1188.4 
 

Coal EBA* EBB* Illinois #6 Kentucky #9 
Pyrolysis In-situ In-situ Reinjection In-situ and reinjection 

Min/Nominal/Max Size (µm) 53/60/65 53/60/65 75/90.5/106 45/58/75 (coal), 90.5 (char) 
Points fitted 5 8 8 9 coal + 2 char 

Mass Mean Size Fit 
A (g/cm2/s/atm) 0.6665 0.02941 0.8876 0.003578 

E (kJ/mol) 124.4 73.46 121.3 58.94 
Relative Error (experimental basis) 2.41% 2.49% 2.40% 2.11% 

Relative Error (char basis) 31.0% 20.4% 2.40% 27.9% 
Relative Error (char basis, w/o largest 

contributors to Relative Error) 
28.0 

(-1 point) 
15.8 

(-1 point) 
N/A 10.8% 

(-1 coal point) 
SSE (experimental basis) 42.3 104.2 83.4 101.5 

SSE (char basis) 169.2 297.4 83.4 184.2 
SSE (char basis, w/o largest 

contributors to Relative Error) 
138.8 

(-1 point) 
293.6  

(-1 point) 
N/A 135.0 

(-1 coal point) 
Minimum Size Fit 

A (g/cm2/s/atm) 0.4047 0.02404 0.7781 0.0003261 
E (kJ/mol) 120.5 72.95 123.2 33.02 

SSE (experimental basis) 42.4 102.4 105.9 102.2 
Maximum Size Fit 

A (g/cm2/s/atm) 0.9750 0.03351 0.9525 0.02923 
E (kJ/mol) 127.6 73.75 119.0 82.23 

SSE (experimental basis) 42.2 105.4 70.0 115.8 
*Eastern Bituminous A and B 
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A test of the Wyodak 2011 coal at a 2010 experimental condition with a CO2 partial 

pressure of 3.15 atm yielded 20% char conversion. The 2011 model parameters were used to 

predict 22% char conversion for the Wyodak 2011 coal at this condition, which is much closer 

than the 65% char conversion predicted with the model parameters that were fit to the 2010 data. 

The 2010 model prediction deviated 226% from the test point compared to an average deviation 

of 16% for all of the 2010 data. The 2011 prediction of the test condition deviated 8% from the 

experimental value compared to an average deviation of 41% for all of the 2011 data. When the 

same experiment was performed previously with the 2010 coal, a char conversion of 28% was 

measured, which deviated from the 2010 model by 10%. The better agreement of the test 

condition with the 2011 model suggests that the different coal sample was primarily responsible 

for the different observed rate parameters. However, the higher overall deviation of the 1st-order 

model from the 2011 experiments with more than 4 atm CO2 suggests that surface saturation 

effects may be important.  

Figure 6.5 shows χ factors (as defined in Equation 2.4) for the CO2 gasification data. A 

logarithmic scale was used to allow the different coals to be distinguished. Steam gasification 

data are also presented in Figure 6.5, corresponding to early attempts to gasify Wyodak coal (see 

Appendix J). The χ factors all had values below 0.3, which indicates that the HPFFB did not 

produce gasification behavior near the film-diffusion limit (Zone III). The χ factors increased 

slightly with increasing pressure. The small χ factors in Figure 6.5 suggest that Zone I behavior 

may have prevailed for bituminous coals at the particle temperatures in the HPFFB. The Wyodak 

coal exhibited decreases in both particle size and apparent density (see Appendix I), which is 

indicative of Zone II behavior. The size and density data for the bituminous coals were too 

sparse and noisy to give a strong indication of Zone I or Zone II behavior due to the low 
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experimental conversions and the very low densities of the cenospherical particles. The 

effectiveness factors in CCK and CCKN would be better indicators of whether the CO2 

gasification data from the HPFFB correspond to Zone II or Zone I conditions. 

 

 

Figure 6.5. CO2 and H2O gasification χ-factors versus particle temperature from 1st-order model of HPFFB data. 

 

6.3.1 Comparison of 1st-Order Rate Parameters to Literature 

Figure 6.6 shows a comparison of the 1st-order CO2 rate parameters from Table 6.2 (mass 

mean size) to rate parameters obtained using an atmospheric drop-tube furnace (Goetz et al., 

1982). The range of gas temperatures used by Goetz is indicated with vertical lines on the plot. 

The Goetz particle temperatures were probably slightly lower than the gas temperatures due to 

endothermic gasification reactions and radiation to cold surfaces such as the collection probe. 
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The transitions from dashed to solid lines in Figure 6.6 indicate the particle temperature limits 

predicted by the 1st-order model for the HPFFB data. These particle temperature limits are 

averages over the temperature range where the optimized 1st-order model predicted the 

occurrence of the initial and final 1% daf char conversion. As such, they are somewhat 

conservative compared to the maximum and minimum particle temperatures. The complete 

temperature range of 1000 to 1800 K is shown in Figure 6.5. For the lower temperature limit, 

differences of up to 200 K for the last 1% conversion were not uncommon. The first 1% 

conversion at the highest particle temperatures occurred over a much narrower temperature 

difference of 1 to 30 K.  

The temperature limits of the HPFFB data in Figure 6.6 indicate that the maximum 

particle temperatures were similar to the maximum gas temperatures of Goetz et al. (1982), and 

the minimum particle temperatures where gasification was measured were 100 K to 250 K lower 

than the lowest Goetz gas temperature. It is noteworthy that the maximum particle temperatures 

in the HPFFB were similar to the maximum Goetz gas temperatures, because heat loss is so 

pronounced in facilities operating at elevated pressures (Monson, 1992; Zeng, 2005). The higher 

partial pressures of CO2 used in the HPFFB allowed conversion to be measured at low 

temperatures compared to the atmospheric data of Goetz. It is important to measure gasification 

at low temperatures as well as high temperatures to obtain the best possible activation energies 

and to determine at what temperatures gasification rates become insignificant.  

The slopes of the lines in Figure 6.6 represent the apparent activation energies in Zone II. 

The Goetz activation energies range from 165 kJ/mol (39.5 kcal/mol) for Texas lignite to 236 

kJ/mol (56.4 kcal/mol) for Illinois #6. The HPFFB activation energies are all lower than those of 

Goetz et al. (1982) for coals of similar ranks (see Table 6.2). The low activation energies may be 
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due to the combined effects of the high particle heating rates and elevated pyrolysis pressures on 

the physical and chemical structures of the char. In terms of the three-zone theory (see Figure 

2.6), the low activation energies may be indicative of Zone II behavior, where the activation 

energy is typically ~½ the value measured under intrinsic kinetic conditions (Zone I).  

 

 

 

Figure 6.6. HPFFB 1st-order CO2 gasification rate parameters for Wyodak subbituminous coal (top) and 4 

bituminous coals (bottom) compared to rates of Goetz et al. (1982). 
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The Wyodak rate parameters from Figure 6.6 are shown again with particle size error 

bars in Figure 6.7. These are not statistical error bars; the bars are shown to indicate the influence 

of errors in the measured particle size distribution on the optimal kinetic parameters. The particle 

size error bars represent the optimized rate parameters that result from assuming that the particle 

size corresponds to the maximum and minimum sieve sizes (see Table 6.2). If the measured mass 

mean diameter is within a few µm of the true value, the kinetic parameters represented by the 

solid lines in Figure 6.7 should adequately represent CO2 gasification behavior for any 

pulverized coal particles of the same type at similar particle temperatures. However, as particles 

increase in size beyond 150 - 200 µm, intra-particle temperature gradients become important and 

models that assume a spatially uniform particle temperature cease to be applicable.  

 

 

Figure 6.7. CO2 gasification rates for Wyodak with particle size error bars and comparison to literature. 
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The particle size error bars for the fit of all of the Wyodak data together are very large 

compared to the separated series, especially at high temperatures. This is consistent with the 

different fits of the data shown in Figure 6.2 and provides further evidence in favor of fitting the 

data as two series. The fit of all the Wyodak data agrees with the 2010 rates at the high end of the 

experimental temperature range and matches the 2011 rates near 1300 K. This means that more 

of the conversion occurred at high temperatures for the 2010 data. The high conversions at 

higher average temperatures were achieved in 2010 through the use of Nichrome wire heaters, 

which helped limit heat loss in a manner similar to the more powerful molybdenum disilicide 

heaters shown in Figure 6.3. High conversions were achieved at lower temperatures in 2011 

through the use of higher partial pressures of CO2. 

Since the 2010 parameters include a better fit of more total measurements and more 

gasification at high temperatures, the Wyodak 2010 kinetics are more likely to be representative 

of subbituminous coals. The 2010 parameters also predict rate constants that are very consistent 

with the subbituminous rates of Goetz et al. (1982) and do not intersect the bituminous rates of 

Goetz at realistic gasification temperatures. It is thought that differences in the physical structure 

of chars produce most observed differences in high-temperature reactivity through complex 

transport effects (Roberts et al., 2003). Since the physical structures of subbituminous chars are 

unlikely to change much when the heating rate and pyrolysis pressure are changed, it makes 

sense that the observed rates for subbituminous coal in the HPFFB would be similar to those in 

the atmospheric drop-tube furnace of Goetz et al. (1982). Greater differences would be expected 

for bituminous coal gasification rates obtained from atmospheric drop-tube furnaces and 

pressurized flat-flame burners because of the effects of particle heating rate and pressure on the 

particle size and physical structure of char after pyrolysis. The comparison of the bituminous 
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CO2 gasification rates in the HPFFB to those of Goetz et al. (1982) shows that the differences in 

activation energy can be significant (see Figure 6.8). The bituminous gasification rates near 1700 

K yield the most reasonable trends of reactivity with coal rank since gasification is easier to 

measure accurately at higher temperatures (see Figures 6.4 and 6.8).  

The Eastern Bituminous B (EBB) gasification rates in Figure 6.8 have almost negligible 

dependence on particle size and temperature compared to all the other coals. The small error bars 

are due in part to the narrow size cut used for the EBB coal (see Table 4.1). The high carbon 

content of this coal (83%, Table 4.1) indicates that it probably has the highest rank in this suite of 

coals, and the trends of the Goetz data suggest that it probably also has the lowest reactivity. It is 

likely that the sparse EBB data were corrupted by excessive soot contamination at long residence 

times (see Figure 4.8). It is also possible that the measured swelling ratios used in the model 

were influenced by soot and/or fragmentation in the char collection system (see Figure 4.7).  

 

 

Figure 6.8. CO2 gasification rates for bituminous coals with particle size error bars and comparison to literature. 
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The Kentucky #9 activation energy also appears to be suspiciously low (see Figure 6.8). 

However, the Kentucky #9 rate parameters determined from the low-CO2 experiments changed 

very little when the 2 reinjection experiments with high CO2 were added, and the fit was 

reasonable (Figure 6.2). The Kentucky #9 data include fewer measurements with heaters 

compared to the Wyodak and Illinois #6. For the reinjection experiments at 15 atm with ~90% 

CO2, the model predicted that ~25% of the total gasification occurred below particle 

temperatures of 1250 K, and another 25% occurred from 1500 K to the maximum of 1580 K. At 

the 10 atm reinjection condition, ~33% of the gasification occurred below 1275 K, and another 

33% occurred from 1400 K to the maximum of 1520 K. These results suggest that the Kentucky 

#9 rates should be quite reliable at temperatures of about 1250 K to 1450 K, which is about the 

middle third of the inverse temperature range in Figure 6.8.  

It seems odd that so many bituminous coal gasification rates would be identical at ~1400 

K (see Figure 6.8). However, the Kentucky #9, Illinois #6, and Eastern Bituminous A (EBA) all 

have carbon content of 77% to 79% (see Table 4.1); it appears that they are fairly similar in rank. 

The NMR parameters listed in Table 4.1 are also similar for these three coals. The similarity of 

the bituminous rates to each other and to the rates of Goetz et al. (1982) suggests high pressure 

and high heating rates affect CO2 gasification rates most strongly through transport effects 

relating to the particle size developed during pyrolysis. Char particle size effects were accounted 

for in the 1st-order model and also in the work of Goetz through use of the experimental swelling 

ratios. It appears that differences in other morphological features and chemical characteristics of 

the chars weakly influenced gasification rates under the conditions of this study. 

The 1st-order model produced a good fit to the Illinois #6 reinjection data over a wide 

range of conversions (see Figure 6.2). Sieving the Illinois #6 char to 75-106 µm before 
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reinjection had the desired effect of producing small error bars on the derived rates, especially at 

high temperatures. The reinjection strategy appears to be the best method for obtaining 

gasification kinetics from bituminous coals in the HPFFB. As the highest quality fit of 

bituminous data, the Illinois #6 probably has the most representative activation energy for 

bituminous coals. However, some of the variation in apparent activation energies for the 

bituminous coals may result from differences the physical particle structures that were produced 

during pyrolysis. 

The maximum particle temperature for the Illinois #6 was slightly lower than the other 

coals due to differences in experimental procedures that were implemented when the reinjection 

strategy was used. In all of the experiments in this study, conversion was measured at high and 

low residence times, as shown in Figure 6.4. The consistency of particle entrainment was 

visually checked through the view port (see Figure 4.1) on a regular basis as a means of quality 

control. The absence of soot in the reinjection experiments resulted in a dimmer particle streak 

that was more difficult to observe. The burner was lowered by 1.25 inches to move the most 

luminous portion of the particle streak into a better position for viewing. This increased the 

collection height and resulted in a longer minimum residence time for the reinjection 

experiments compared to the experiments with in-situ pyrolysis. The highest temperatures 

occurred near the burner (see Figure 6.3) and the model was only used to fit the differences 

between the high and low residence times (see Figure 6.4). Therefore, increasing the minimum 

residence time for the reinjection experiments had the effect of excluding gasification at the 

highest experimental particle temperatures from the regression of kinetic parameters.  
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6.3.2 Correlation of 1st-Order Model with Coal Rank 

Char reactivity was correlated with coal rank using the results of the 1st-order model. 

Various measures of coal rank, including elemental composition and NMR parameters, were 

compared to the Arrhenius rate parameters of all the coals at the two selected temperatures. No 

reasonable correlation of activation energy with coal rank was found. Since the Kentucky #9 and 

EBB coals had suspiciously low activation energies, they were omitted from the correlation. The 

combined Wyodak series was also omitted from the rank correlation.  The pre-exponential factor 

was re-optimized for all of the coals using a mean activation energy of 123 kJ/mol.  

Carbon and/or oxygen content in the parent coal are commonly used to correlate char 

combustion and gasification reactivities (Hurt and Mitchell, 1992; Hurt et al., 1998) because they 

are convenient to measure. However, char gasification reactivities should correlate better with 

char properties because of the changes in chemical and physical properties that occur during 

pyrolysis. For the remaining 4 coals (counting Wyodak as 2 coals), the best correlation of the 

pre-exponential factor with elemental composition of the coal was with C/O (daf mass ratio) and 

the best correlation with NMR parameters was with MW-Mδ(σ+1) (see Figure 6.9). This group 

of NMR parameters represents the average mass of an aromatic cluster without the aliphatic 

attachments that are present in the coal. As such, MW-Mδ(σ+1) can be thought of as an estimated 

char structural parameter, since aliphatic material is eliminated as light gases during pyrolysis 

and much of the aromatic material in the coal becomes integrated into the char. As in the coal 

swelling model developed in this work (see Section 5.4), the NMR parameters used to correlate 

CO2 gasification rate parameters were estimated from correlations (Genetti et al., 1999) 

developed from ultimate and proximate analysis for the CPD model (Fletcher et al., 1992). In 

other words, readily available coal properties were used to estimate coal NMR parameters 
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(which are much more expensive to measure), and then the NMR parameters were combined to 

estimate a property of the char that correlates well with heterogeneous reaction behavior. The 

correlations used to estimate NMR parameters are reproduced in Appendix L. 

 

  

 (a) E with C/O (b) E with Char Parameter 

  

 (c) A with C/O (d) A with Char Parameter 

Figure 6.9. Correlations of kinetic parameters with coal rank for 1st-order CO2 gasification model. 

 

The parameter MW-Mδ(σ+1) is a measure of the average size of an aromatic cluster in 

the char without attachments. Small fractions of the total number of aromatic carbon atoms occur 
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on the cluster edges when the cluster size is large. The intrinsic reactivity and hence the apparent 

reactivity should correlate well with the fraction of carbon atoms found in these edge structures 

because they are most accessible to gaseous reactants. There is no comparable mechanistic link 

between the C/O ratio in the coal and the CO2 reactivity of the char, although C/O is often used 

as a reasonable measure of coal rank. 

The correlations for the 1st-order rate parameters are presented in Table 6.3. The symbol 

CharAr in Table 6.3 is shorthand for MW-Mδ(σ+1), or the aromatic cluster mass of the char. The 

units for pre-exponential factors are listed in Table 6.2 and in the captions of Figure 6.9. The R2 

values in Table 6.3 correspond to the fits shown in Figure 6.9, and show that the CharAr rank 

parameter yields a better fit of the rate parameters compared to C/O. The term SSER in Table 6.3 

is a percent change in SSE with respect to the optimum, averaged over all of the coals that were 

correlated. It is defined by:  
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where the nCoals is the number of coals used in the correlation. The subscript “base” refers to the 

experimental basis SSE values from an unconstrained optimization of the kinetic parameters 

using the mass mean particle size. The subscript “fit” refers to SSE values obtained when the 

correlations in Table 6.3 were used in the 1st-order model.  

The SSER values in Table 6.3 for the activation energy E correspond to the incremental 

percent increases in SSE when a fixed E of 123 kJ/mol was used instead of the optimal 

parameters. The low SSER values for E indicate that fixing the activation energy does not 

seriously hinder the 1st-order model from achieving a good fit of the HPFFB data, except for 

Kentucky #9 and EBB.  
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Table 6.3. Coal rank correlations for CO2 gasification rate parameters in the 1st-order model 

Correlation R2 SSER 
4 Coals 

SSER with 
Kentucky #9 

(5 coals) 

SSER 
with EBB 
(5 coals) 

SSER 
6 Coals 

mol
kJE 123=  N/A 1.74% 9.46% 7.82% 13.23% 

[ ] ( ) 6505.3/51207.0ln / +−= OCA OC  0.70 1649% 1364% 1369% 1178% 
[ ] ( ) 3031.8039337.0ln +−= ArChar CharA

Ar
 0.98 323% 279% 283% 253% 

 

The SSER values in Table 6.3 for the 2 pre-exponential factor correlations indicate that 

the use of a correlation with the 1st-order model causes the fit to depart considerably from the 

optimum. However, the fit with CharAr = MW-Mδ(σ+1) is far better than with C/O. The 

correlations were only developed for the two Wyodak series, Illinois #6, and EBA, but the 

CharAr correlation also performs well for Kentucky #9 and to a lesser extent EBB. The superior 

reactivity versus rank trend of MW-Mδ(σ+1) compared to C/O is confirmed by inspection of 

parts c and d of Figure 6.9.   

The 1st-order model with the CharAr = MW-Mδ(σ+1) rank correlation is compared to the 

HPFFB data in Figure 6.10. While the fit of the omitted EBB coal in Figure 6.10 is far from 

ideal, the rest of the coals (including Kentucky #9) still tend to follow the 45-degree line. The 

Illinois #6 deviates the most from the optimal fit. The SSER value for just the two Wyodak coals 

and the EBA is only 7.7%, and SSER is only 31.2% for the same coals plus Kentucky #9. It 

appears the correlation with CharAr in Table 6.3 can be used to make reasonable estimates of 

CO2 gasification rates when data for a coal of interest are not available. The correlation 

performed best for lower coal ranks, but more data for the highest ranks of coals are probably 

needed to evaluate or improve the correlation. In any case, it appears that MW-Mδ(σ+1) is a very 

useful index of CO2 gasification reactivity. 
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Figure 6.10. Fit of HPFFB data with 1st-order model using E = 123 kJ/mol and A from correlation with CharAr. 

 

6.4 CO2 Gasification Data with the CCKN Model 

The nth-order Char Conversion Kinetics model (CCKN) was used to fit the HPFFB 

gasification data. The CCKN model was modified from the stand-alone version to interface with 

OptdesX, an optimization software package (Parkinson and Balling, 2002). The sum of squared 

errors SSE (Equation 6.1) was minimized using the generalized reduced gradient (GRG) 

algorithm, which is the same algorithm used in the MS Excel Solver with the 1st-order model.  

The inputs for CCKN included the particle size distributions measured in the Coulter 

Counter (see Appendix G), which typically included 15 size bins for 45-75 µm Wyodak coal. For 

the re-injected Illinois #6 and Kentucky #9 chars, the swelling ratio determined from the 

pyrolysis experiments was applied to the whole distribution of coal particle sizes. Because the 

reinjected chars were sieved after pyrolysis, this procedure resulted in 5 particle size bins for the 
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10 atm Illinois #6 reinjection experiments. The use of the full particle size distribution was found 

to be important to obtaining good results in previous versions of CBK (Maloney et al., 2005).  

The partial pressures of CO, H2O, and H2 were neglected in the optimization of rate 

parameters because CCKN has no CO inhibition mechanism and the concentrations of the other 

species were low. The pre-exponential factor, activation energy, and reaction order for CO2 

gasification were varied to obtain the best fit of the data. The resulting kinetic parameters and 

statistics are presented in Table 6.4. Features of the CCKN model such as the thermal annealing 

sub-model strongly influence the optimal rate parameters. Therefore, the rate parameters in Table 

6.4 are only suitable for application in models that include all of the features of CCKN. A 

parametric study of some of these specialized features that CCK and CCKN have in common is 

presented in Section 6.5. 

 

Table 6.4. CO2 gasification kinetic parameters for the CCKN model 

Coal Wyodak 2010 Wyodak 2011 All Wyodak 
Pyrolysis In-situ In-situ In-situ 

Points fitted 16 7 24 
A [s-1 (mol/m3)-n] 6.497×106 7.490×106 1.670×106 

E [kcal/mol] 33.54 30.01 42.56 
Reaction order n 0.4960 0.7466 0.1448 

Relative Error (experimental basis) 1.72% 2.61% 1.90% 
Relative Error (char basis) 12.6% 24.2% 15.6% 

Relative Error (char basis, w/o largest 
contributors to Relative Error) 

8.53% 
(-1 point) 

9.12% 
(-1 point) 

12.0%, 8.29% 
(-1, -3 points, 2/3 from 2011) 

SSE (experimental basis) 287.8 139.5 866.5 
SSE (char basis) 987.7 817.8 4053.8 

SSE (char basis, w/o largest 
contributors to Relative Error) 

864.5 
(-1 point) 

522.8 
(-1 point) 

3333.7, 2379.7 
(-1, -3 points, 2/3 from 2011) 

Parameters with fixed reaction order of n = 0.5 
A [s-1 (mol/m3)-n], n=0.5 6.616×106 4.327×106 4.646×106 

E [kcal/mol], n=0.5 33.45 36.11 33.57 
Relative Error (experimental basis) 1.72% 2.74% 2.08% 

Relative Error (char basis) 12.6% 24.8% 16.6% 
SSE (experimental basis) 287.9 166.2 1102.1 

SSE (char basis) 988.2 1363.5 4641.4 
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Table 6.4 (continued) 

Coal Kentucky #9 Illinois #6 EBA* EBB* 

Pyrolysis In-situ and 
reinjection Reinjection In-situ In-situ 

Points fitted 9 coal + 2 char 8 5 8 
A [s-1 (mol/m3)-n] 6.300×105 7.378×106 1.118×105 8.150×102 

E [kcal/mol] 32.72 37.58 30.12 12.99 
Reaction order n 0.5188 0.5016 0.4767 0.4997 

Relative Error (experimental basis) 2.29% 4.77% 1.28% 2.03% 
Relative Error (char basis) 44.6% 4.77% 18.06% 36.5% 

Relative Error (char basis, w/o largest 
contributors to Relative Error) 

13.3%, 8.7% 
(-1, -2 coal points) N/A N/A 13.4% 

(-1 point) 
SSE (experimental basis) 121.0 307.3 11.3 63.9 

SSE (char basis) 263.3 307.3 43.2 181.0 
SSE (char basis, w/o largest 

contributors to Relative Error) 
130.9, 72.6 

(-1, -2 coal points) N/A N/A 161.0 
(-1 point) 

Parameters with fixed reaction order of n = 0.5 
A [s-1 (mol/m3)-n], n=0.5 6.350×105 7.145×106 2.968×105 8.163×102 

E [kcal/mol], n=0.5 33.27 37.53 32.52 12.97 
Relative Error (experimental basis) 2.33% 4.78% 1.30% 2.03% 

Relative Error (char basis) 44.6% 4.78% 17.2% 36.1% 
SSE (experimental basis) 126.5 308.0 11.8 64.0 

SSE (char basis) 281.1 308.0 45.65 181.5 
*Eastern Bituminous A and B 

 

The fit of the HPFFB data with CCKN shown in Figure 6.11 was better for the EBB coal, 

the EBA coal, and the combined Wyodak series than it was in the simple 1st-order model (see 

Figure 6.2). The fit was also very good for the other coals. The EBB activation energy was lower 

than the other coals (see Table 6.4), as in the 1st-order model (see Table 6.2). The unrealistic 

activation energies in both models suggest that the EBB data set was not extensive enough in 

terms of temperature and perhaps CO2 partial pressure for kinetic modeling, and the conversions 

obtained were low enough to be strongly influenced by experimental noise. It is likely that the 

kinetic parameters obtained for EBB were biased towards excessively low rates because soot 

agglomerates collected with the char became larger and more numerous with increasing 

residence time. Soot contamination was a more severe problem for this high-rank bituminous 

coal with in-situ pyrolysis than for any other coal in this study.  
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(a) CCKN fit with variable CO2 reaction order 

 

 

(b) CCKN fit with fixed CO2 reaction order of n = 0.5 

Figure 6.11. Parity plot of HPFFB gasification data with optimized CCKN model predictions. 
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The points that made the largest contributions to the relative error values listed in Table 

6.4 occurred at experimental char conversions below 20% (see circled points in top half of 

Figure 6.11). This means that the conversion on a coal basis was on the order of 10% or less 

beyond full pyrolysis, where experimental noise makes accurate measurement of mass release 

difficult. 

The reaction order for the combined Wyodak series was 0.14. CO2-char reaction orders 

near 0.5 are more typical of the coals in this study and previous studies, although reaction orders 

between 0.1 and 1.0 have been reported (Roberts et al., 2010). The very low combined Wyodak 

reaction order suggests that the two Wyodak series should be treated as different coals. Similar 

fits were obtained for most of the HPFFB data when the reaction order was fixed at a value of 

0.5 (see Figure 6.11 and Table 6.4). The largest increases in SSE occurring for Wyodak 2011 and 

the combined Wyodak series, which had reaction orders that deviated the most from 0.5.  

The effectiveness factors that were predicted by CCKN indicate that the HPFFB 

experimental conditions used in this study corresponded to the transition between Zone II and 

Zone I gasification behavior. The Wyodak 2010 had effectiveness factors below 0.9 at 

temperatures as low as 1350 K, indicating Zone II behavior. The effectiveness factors for the 

bituminous coals were very close to 1 at particle temperatures below 1500 K, indicating Zone I 

behavior. However, the bituminous coal effectiveness factors decreased at higher temperatures, 

indicating the onset of Zone II behavior (see Appendix K for effectiveness factor graphs). 

Overall, it appears that the fit with the CCKN model is slightly skewed. CCKN over-

predicted the low conversions and under-predict the high conversions, with the best fit occurring 

near the midpoint of the experimental conversion for each coal. Some of this skewed behavior 

may be due to outlier data points, but it seems odd that it would occur for nearly every coal. 
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Outliers do not seem as likely for the Wyodak 2010 and Illinois #6 series, especially in 

consideration of the lack of skew in the fit with the 1st-order model (see Figure 6.2). The effect of 

non-kinetic CCK and CCKN model parameters on predicted rates are discussed in Section 6.5, 

including possible sources of the slight skew observed in Figure 6.11. 

6.4.1 Correlation of CCKN Model with Coal Rank 

The CCKN rate parameters with a fixed CO2 reaction order of 0.5 (see Table 6.4) were 

correlated with coal rank in a manner similar to the 1st-order model (See Section 6.3.2). 

Arrhenius parameters are difficult to correlate independent of each other. Statistically small 

changes in activation energy require large compensating changes in the pre-exponential factor 

when fitting a given set of measured reaction rates. An autocorrelation approach used in previous 

combustion kinetics studies (Essenhigh and Misra, 1990; Hurt and Mitchell, 1992) was applied 

to fit the CO2 gasification data from coals in the HPFFB.  

Of the two Arrhenius parameters, the apparent temperature dependence expressed as the 

activation energy has the most physical meaning; it is a combination of the temperature 

dependence of the intrinsic reaction kinetics and the various transport processes that contribute to 

the overall rate. Therefore, in the autocorrelation approach, the activation energy is first fit to 

some measure of coal rank or char properties. Next, new pre-exponential factors must be 

optimized from the available experimental data using the correlated values of the pre-exponential 

factor. This is necessary to insure that the correlated parameters yield reasonable fits of the data 

(though often not the best possible fit). Finally, the pre-exponential factor is correlated with both 

the correlated activation energy and coal rank, using the following form:  
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 ( )rankfE 1=  
(6.48) 

 ( ) ( )
refgTR

ErankfA += 2ln  
(6.49) 

where E is the correlated activation energy, A is the correlated pre-exponential factor, Rg is the 

universal gas constant, and Tref is a reference temperature, typically at or near the midpoint of the 

experimental particle temperature range (Essenhigh and Misra, 1990; Hurt and Mitchell, 1992). 

For this study, a temperature of 1450 K was selected for Tref. The functions f1 and f2 are functions 

of a selected measure of coal rank. The observed reactivity is related to the chemical structure of 

the char as well as char morphology, including size, internal voids, and pore structure, which all 

vary with coal rank.  

As in the 1st-order rank correlation, EBB and the combined Wyodak series were omitted 

from the CCKN rank correlations. However, Kentucky #9 was included because it exhibited 

better trends in the CCKN model (see Figure 6.12). The CCKN Arrhenius parameters were 

compared to many measures of coal rank. As with the 1st-order model, the best correlations were 

found with C/O and CharAr = MW-Mδ(σ+1). A linear form was used for C/O and a quadratic 

form was chosen for MW-Mδ(σ+1), as shown in Figure 6.12. 

The correlations that correspond to Figure 6.12 are presented in Table 6.5. The R2 values 

for the activation energy indicate that the quadratic fit with CharAr = MW-Mδ(σ+1) in part b of 

Figure 6.12 is much better than the linear C/O fit shown in part a of Figure 6.12. It appears that 

the parameter CharAr = MW-Mδ(σ+1) yields a more meaningful rank order for gasification 

reactivity. The R2 values for the pre-exponential factor correlations in Table 6.5 are essentially 

unity for both measures of coal rank (compare to parts c and d of Figure 6.12). This result 

indicates the success of the autocorrelation approach.  
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 (a) E with C/O (b) E with Char Parameter 

  

 (c) A with C/O (d) A with Char Parameter 

Figure 6.12. Correlations of kinetic parameters with coal rank for CCKN gasification model. 

 

The partial SSER values for E in Table 6.5 were calculated using Equation 6.47 with 

SSEbase obtained from the optimal E and A values (from Table 6.4, see also the (■) points for E in 

parts a and b of Figure 6.12). The partial  SSER values for E  used SSEfit from the correlated E 

values (green lines in parts a and b of Figure 6.12) and the corresponding re-optimized A values 

(shown as (■) points in parts c and d of Figure 6.12).  
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Table 6.5. Coal rank correlations for CO2 gasification parameters in the CCKN model with Tref = 1450 K 

Correlation R2 Partial SSER Full SSER 

( )
mol
calOCE OC 36482/3.348/ +−=  0.15 10.9% 

146% 
[ ] ( )

refg

OC
OC TR

EOCA /
/ 0.3221/776.95ln +−=  1.00 128% 

mol
calCharCharE ArArCharAr

139880.573622.1 2 −+−=  0.61 9% 

115% 
[ ]

refg

Char
ArArChar TR

E
CharCharA Ar

Ar
++−= 0.2924876.7021101.0ln 2  1.00 99% 

 

The partial SSER values for A in Table 6.5 were calculated with SSEbase obtained from the 

best fit with correlated E values (green lines in parts a and b of Figure 6.12) and SSEfit was 

obtained from correlated values of both A and E (all green lines in Figure 6.12). The full SSER is 

the percent change in SSE with respect to the best-fit SSEbase values listed inTable 6.4. SSEfit was 

calculated using the correlated values of both A and E (green lines in Figure 6.9). 

The large partial SSER values for A compared to the partial SSER values for E indicate 

that the correlations for the pre-exponential factor made the largest contributions to the deviation 

of model predictions from experimental values. The full SSER values in Table 6.5 show that the 

fit of the experimental data with the CharAr correlation is better compared to the C/O correlation. 

The magnitudes of the full SSER values indicate that the C/O correlation performed considerably 

better for CCKN compared to the 1st-order model (compare Table 6.5 to Table 6.3). The CCKN fit 

with the CharAr correlation is shown in Figure 6.13. Figure 6.13 shows that the correlation 

increased the predicted conversion for most of the coals with respect to the optimal n = 0.5 fit 

shown in part b of Figure 6.12. The CharAr correlation yielded lower conversion for Illinois #6 

and EBB (which was excluded from the correlation). The overall fit using the CharAr correlation 

is very good, and the fit of the Illinois #6 data in particular is much better than the best 
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correlation with the 1st-order model (see Figure 6.10). It appears that the use of a model with a 

reaction order of 0.5 and advanced features such as effectiveness factors made better correlations 

with coal rank possible compared to the 1st-order model. 

 

 

Figure 6.13. Parity plot of HPFFB CO2 gasification data with CCKN predictions using CharAr kinetic correlation. 

 

6.5 CCK Parametric Studies 

In the attempts to fit the HPFFB data using the CCK model, a slight skew similar to the 

CCKN fit was observed. This indicates that the skew observed in Figure 6.11 was probably 

caused by features of the models other than the kinetic mechanism. Therefore, a series of 

calculations were performed to establish the effect of different parameters on CCK predictions.  

A 15 atm gas condition was used with the Wyodak 2010 properties and kinetic 

parameters. For simplicity, a single particle size of 64 microns was used. The pre-exponential 
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factor A7,0 was assigned an initial value of 7.833×108 s-1, the activation energy E7 was set to 35 

kcal/mol, and the built-in correlations were used to predict the other parameters from the coal 

composition (see Section 6.2.4). The gas temperature was set to a constant value of 1700 K and 

the temperature of the surroundings was set to a constant value of 1000 K. Residence times of up 

to 240 ms were calculated because this was typical for many of the experiments in this study. 

Figure 6.14 shows the predicted conversion profile with changes in the gas composition. As 

expected, the trace amount of H2 had no significant effect on the gasification rate. CO at the base 

concentration of 1.13 atm partial pressure had little effect on conversion. H2O at 0.1 atm 

increased the conversion at 150 ms slightly more than 2.26 atm CO decreased the conversion at 

the same residence time.  

 

 

Figure 6.14. Effect of gas composition on conversion of Wyodak char at Tg = 1500 K, P = 15 atm, Tsurr = 1000 K. 
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The effects of the random pore model, the mode of conversion, and the tortuosity 

parameter are shown in Figure 6.15. The base cases for Figures 6.12 and 6.13 are identical. The 

parameters ψ0, τ/f, and α affect the shape of the conversion profile in similar ways. It appears 

that a higher value of τ/f or a lower value of ψ0 or α in combination with a higher value of A7,0 

could be used to remove the slight skew from the fit shown in Figure 6.19. A higher value of τ/f 

corresponds to macropores with higher tortuosity or a lower fraction of the total porosity in the 

macropores. It may also correspond to conditions where Knudsen diffusion has a strong 

influence on the rate. A lower value of α would be consistent with experimental combustion 

measurements that were used in CBK8 and CBK/E, but more conversion probably happens on 

the interior of the particle for slow gasification reactions compared to fast oxidation reactions.  

 

 

Figure 6.15. Effect of ψ0, τ/f, and α on Wyodak 2010 char conversion at Tg = 1500 K, P = 15 atm, Tsurr = 1000 K. 
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A lower value of ψ0 would indicate that the influence of gasification-induced changes in 

the pore structure on the observed rate is small. It seems that the most straightforward way to 

improve the fit of high-temperature pulverized coal gasification data would be to turn the random 

pore model off (ψ0 = 0), choose an appropriate value for α, and use both A7,0 and τ/f as fitting 

parameters. If needed, the kinetic parameter E7 could also be adjusted (Liu and Niksa, 2004). 

Ideally, universal values of τ/f and α should be determined for CCK as has been done in previous 

versions of CBK (Sun and Hurt, 2000). 

There is evidence that Knudsen diffusion may be more important for gasification 

(Roberts et al., 2010) compared to combustion (Hong et al., 2000a) because the reactions are 

slower, which ought to allow reactants to penetrate deeper into the micropores. Since CCK does 

not include Knudsen diffusion or explicit pore structural information, any effects of these 

phenomena are lumped into the parameter τ/f (Sun and Hurt, 2000). If more detailed models of 

mass transport behavior in porous chars are desired, future versions of CCK could be modified to 

be consistent with the more explicit formulation for effective diffusivity used in HP-CBK (Hong 

et al., 2000a) (see Section 2.4.4). 

The Wyodak 2010 and the Illinois #6 gasification data were fit by varying A7,0 and E7, 

with τ/f  at its CBK/E default value of 12 (see ▲ and ⊕ series in Figure 6.16) . The random pore 

model was disabled and α was set to the CBK default value of 0.2. Then the data were refit while 

varying τ/f as well (▼ and  ● series in Figure 6.16). A base case with a fixed E7 of 35 kcal/mol 

(open upright triangle and open circle series in Figure 6.16) and another case with no annealing 

(open sideways triangles in Figure 6.16) were also optimized.  

  



179 

 

 

Figure 6.16. CO2 gasification for Illinois #6 (top) and Wyodak (bottom) with different variable parameters. 
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The comparison of the fits is shown in Figure 6.16. Alternate fits with α assigned a value 

of 0.95 yielded insignificant differences and are not shown. The fits with a single adjustable 

parameter are quite comparable to the fit with 2 adjustable parameters for both coals. This 

suggests that enough rank dependence is already built into the activation energies other than E7 

to render the use of more than one adjustable kinetic parameter superfluous, especially with 

respect to the limited size of this data set. The model with no annealing had a more accurate fit 

without skew. However, the spread of the model predictions at similar levels of conversion 

increased on average, suggesting that the annealing model helps increase precision. The SSE for 

Wyodak decreased when annealing was removed, but SSE for Illinois #6 increased. It seems 

likely that annealing of the char occurred in the HPFFB gasification experiments, but the CBK 

annealing model used in this study over-predicted the rate of thermal deactivation. 

Optimization with variable τ/f in Figure 6.16 resulted in a fit with reduced skew and τ/f 

values of 161 for Wyodak and 908 for Illinois #6 (▼ and ●). These τ/f values exceed the 

combustion default value by about 1 order of magnitude for the subbituminous coal and 2 orders 

of magnitude for the bituminous coal. It seems unreasonable that the values of tortuosity and 

macroporosity would differ much from the flat-flame burner coal chars used to develop the CBK 

kinetic correlations (Hurt et al., 1998; Sun and Hurt, 2000). This suggests that Knudsen diffusion 

reduced the combined diffusivity Di,comb in Equation 2.10 to ~10% of the molecular diffusivity 

for the subbituminous coal and ~1% for bituminous coal. 

The combined diffusivity of CO2 in N2 as a function of pressure and pore diameter at 

1500 K is plotted in Figure 6.17. The Knudsen diffusivities were calculated from:  

 

gas
poreK M

TdD 4850=  
(6.50) 
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where DK is in cm2/s, dpore is the pore diameter in cm, T is the temperature in K, and Mgas is the 

molecular weight of the diffusing gas molecules in g/mol. The combined diffusivities in Figure 

6.17 were calculated using Equation 2.10 and were then normalized by the molecular diffusivity. 

At pressures of 10 atm to 15 atm used in HPFFB, the combined diffusivity reaches a value equal 

to 10% of the molecular diffusivity in pores having diameters of ~10 nm. The combined 

diffusivities would be equal to 1% of the molecular diffusivity in pores with diameters of ~5 nm.  

 

 

Figure 6.17. Combined diffusivity compared to molecular diffusivity as a function of pore diameter and pressure. 

 

Surface areas were measured for some of the Wyodak 2011 chars and the Illinois #6 and 

Kentucky #9 chars that were used for the final reinjection gasification studies (see Section 4.6.3). 

The surface areas and pore diameters weighted by volume are presented in Table 6.6 for these 

freshly pyrolyzed chars. The bituminous chars used for reinjection were sieved prior to analysis. 

The average micropore diameters are all about 1.15 nm, which is easily small enough to account 

for the large size of the fitted τ/f parameters. These pore sizes for chars formed at ~105 K/s and 

10 and 15 atm are slightly smaller than the sizes of 1.5 nm to 3.0 nm reported for Australian 
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bituminous chars formed in a pressurized entrained-flow reactor at ~2×104 K/s and 10 to 20 atm 

(Roberts et al., 2010). 

 

Table 6.6. Surface areas and pore diameters from adsorption measurements of HPFFB chars 

Char BET N2 
Surface Area (m2/g) 

Mesopore 
Diameter (nm) 

CO2 
 Surface Area (m2/g) 

Micropore 
Diameter (nm) 

Wyodak 2011 
10 atm 370.6 +/- 8.9 116.8 +/- 4.5 

41.6% BET Volume 396.1 1.13 

Wyodak 2011 
15 atm 393.3 +/- 9.6 111.7 +/- 4.3  

40.4% BET Volume 414.6 1.13 

Illinois #6 
10 atm, 75-106 µm 89.3 +/- 2.2 81.3 +/- 3.1 

86.2% BET Volume 272.8 1.16 

Illinois #6 
15 atm, 75-106 µm 106.2 +/- 2.5 89.3 +/- 3.4 

74.3% BET Volume 281.9 1.16 

Kentucky #9 
10 atm, 75-106 µm 79.8 +/- 1.8 84.9 +/- 3.3 

78.8 % BET Volume 260.3 1.15 

Kentucky #9 
15 atm, 75-106 µm 55.9 +/- 1.2 106.1 +/- 3.7 

84.7% BET Volume 246.2 1.16 

 

The Wyodak chars had BET surface areas that were about 4 times the values obtained for 

bituminous coals. Similar high values of surface area were measured for Blue #1 char (which is 

borderline in rank between subbituminous and hvc bituminous) produced at atmospheric 

pressure, 1250 K, and a heating rate of 2×104 K/s (Fletcher and Hardesty, 1992). The BET 

surface areas of the bituminous coals ranged from 55 to 106 m2/g, which is similar to values 

obtained for bituminous coals at atmospheric pressure and heating rates of ~5.8×104 K/s 

(Mitchell et al., 1992) and also for bituminous coals in the previous version of the HPFFB at 

~105 K/s (Zeng, 2005).  

The high subbituminous surface areas were caused by the fact that the Wyodak did not 

develop a highly fluid metaplast during pyrolysis as bituminous coals do. Rather, the original 

pore structure of the Wyodak coal was retained and expanded during pyrolysis. This resulted in a 

very broad distribution of pore sizes compared to the bituminous chars. The lower volume 
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percent in the mean pore size for the Wyodak indicates that the N2 adsorption measurement 

included considerable surface area in pores smaller than the mean. The extra mesopore (BET) 

surface area available for reaction in the Wyodak helps explain why the fitted τ/f parameter was 

nearly an order of magnitude smaller for Wyodak compared to Illinois #6. In other words, a 

larger fraction of the CO2 reacted on mesopore surfaces in the Wyodak before it could reach the 

micropores compared to the bituminous coals. The bituminous coals filled in their original pore 

structure as the metaplast became fluid during pyrolysis. Entirely new structures were formed in 

the bituminous chars, including very large internal voids. The formation of cenospherical shells 

limited the length of macropores and mesopores that could form.  

The slightly skewed fit with the CCK codes could be explained if the annealing 

mechanism over-predicts the decrease in rate for gasification conditions, as shown in Figure 

6.16. The effect of the CCK annealing mechanism on the rate and particle temperature is shown 

in Figure 6.18 along with a comparison to an alternate annealing mechanism (Zolin et al., 2001). 

Aside from the rapid decrease in the first 1 or 2 times steps, the CCK annealing mechanism 

probably does not change the annealing factor enough to cause much of the skew observed in the 

fits of the HPFFB data. The calculation conditions in Figure 6.18 correspond to the base case in 

Figure 6.14, but the pre-exponential factor A7,0 was reduced to 5.5×107 (s-1) with the Zolin case to 

obtain a reasonable match of the rates and particle temperatures at residence times greater than 

100 ms. The mechanism of Zolin et al. (2001) does not decrease as much on the first time step, 

but thereafter yields lower predicted particle temperatures and faster decreases in reactivity. This 

implies that the Zolin mechanism would make the skewed fit of the gasification data worse. No 

attempt was made to alter or replace the annealing mechanism in these initial versions of CCK 

because it was considered desirable to maintain similarity with the CBK codes so that the 
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previously published correlations for oxidation and gasification kinetic parameters could be used 

(Niksa et al., 2003; Liu and Niksa, 2004).  

 

 

Figure 6.18. Effect of annealing mechanisms on rate and temperature at Tg = 1500 K, P = 15 atm, Tsurr = 1000 K. 

 

Other investigators have suggested that the CBK ash inhibition mechanism initially over-

predicts the magnitude of ash inhibition (Cloke et al., 2003). Although occasional mineral grains 

were observed as bright spots in SEM images of the coal chars in this study, nothing resembling 

a coherent ash film was observed on any of the particles at the levels of conversion in this study. 

The ash inhibition mechanism in CBK and CCK does not have user-adjustable parameters and is 

not found in a subroutine that could be easily isolated, so the magnitude of this effect in the 

model was not quantified in this study.  
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6.6 CO2 Gasification Data with the CCK Model 

CCK was used to fit the HPFFB gasification data using the same procedures that were 

used with CCKN. The partial pressures of CO, H2O, and H2 from the reaction zone in HPFFB 

were included in the CCK inputs for each case. Since it was found that adjusting the activation 

energy and the pre-exponential factor together did not significantly improve the fit of the two 

best data sets, only the pre-exponential factor A7,0, was adjusted. The activation energy was 

assigned a value of 35 kcal/mol for all coals. 

CBK/G included a rough correlation for A7,0 (Liu and Niksa, 2004):  

 64.01.0)(log 0,710 −= dafCA  
(6.51) 

Attempts to fit A7,0 to the HPFFB data while using the default correlation for E7 (see Equation 

6.40) yielded values of A7,0 that were 1 to 2 orders of magnitude higher than the values obtained 

from Equation 6.51. This indicates that there are differences between the CCK and CBK/G 

models or the parameters they use. The nature of the difference could not be determined with 

certainty because the CBK/G source code is not available, and the description of the code was 

limited (Liu and Niksa, 2004). Another possibility is that the HPFFB produced chars with 

physical structures that were significantly different from those used to fit Equation 6.51.  

The kinetic parameters obtained from the optimization procedure are listed in Table 6.7. 

It is important to remember that the CBK and CCK codes have annealing and ash inhibition 

models that also strongly influence the predicted rates. This means that the parameters in Table 

6.7 are unsuitable for use in other gasification codes, even if the basic kinetic mechanism is the 

same as the one used in CCK. 
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Table 6.7. Optimized CO2 gasification A7,0 with the CCK model using E7 = 35 kcal/mol, ψ0 = 0, and τ/f = 12 

Coal Wyodak 
2010 

Wyodak 
2011 

All Wyodak 

Pyrolysis In-situ In-situ In-situ 
Points fitted 16 7 24 

Fitted A7,0 (s-1) 8.659×108 3.462×108 6.461×108 
Relative Error (experimental basis) 1.77% 2.85% 1.80% 

Relative Error (char basis) 13.8% 25.2% 14.7% 
Relative Error (char basis, w/o largest 

contributors to Relative Error) 
9.36% 

(-1 point) 
15.9% 

(-1 point) 
10.6%, 7.22% 

(-1, -3 points, 2/3 from 2011) 
SSE (experimental basis) 281.8 184.4 783.4 

SSE (char basis) 961.5 1547.1 3369.3 
SSE (char basis, w/o largest contributors 

to Relative Error) 
814.6 

(-1 point) 
1294.3 

(-1 point) 
2622.1, 1852.2 

(-1, -3 points, 2/3 from 2011) 
 

Coal EBA* EBB* Illinois #6 Kentucky #9 
Pyrolysis In-situ In-situ Reinjection In-situ and 

reinjection 
Points fitted 5 8 8 9 coal + 2 char 

Fitted A7,0 (s-1) 6.488×107 6.914×107 3.943×108 1.200×108 
Relative Error (experimental basis) 1.47% 3.57% 5.53% 3.12% 

Relative Error (char basis) 20.5% 69.2% 5.53% 54.1% 
Relative Error (char basis, w/o largest 

contributors to Relative Error) 
N/A 21.3% 

(-1 point) 
N/A 21.9%, 8.67% 

(-1, -3 coal points) 
SSE (experimental basis) 13.7 198.8 435.4 229.1 

SSE (char basis) 48.0 563.2 435.4 491.1 
SSE (char basis, w/o largest contributors 

to Relative Error) 
N/A 489.0 

(-1 point) 
N/A 309.4, 144.8 

(-1, -3 coal points) 
 *Eastern Bituminous A and B 

 

The CCK fit of the HPFFB gasification data shown in Figure 6.19 exhibits a slight skew 

similar to that found for CCK in Figure 6.11. The fit with CCKN appears to be slightly better 

than CCK, especially for Kentucky #9 and Eastern Bituminous B (EBB), which were the two 

least reactive coals. This is most likely due to the fact that 3 rate parameters were adjusted in an 

empirical nth-order mechanism compared to 1 parameter in CCK. The points that contributed 

most to the high relative errors for CCK in Table 6.7 are circled in Figure 6.19, and are mostly 

the same low-conversion points that caused high relative errors in the other two models. 
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Figure 6.19. Parity plot of HPFFB gasification data with optimized CCK model predictions. 

 

The CCK model fit the Wyodak 2010 series slightly better than CCKN (compare Figures 

6.17 and 6.19 and also Tables 6.4 and 6.7). The CCK model fit the combined Wyodak series 

better than both CCKN and the first order model (see Figures 6.2 and 6.11). These results are 

encouraging, especially considering that the number of adjusted parameters decreased from 3 to 

1. The fit of the Wyodak 2010 data was still better as an independent series at char conversions 

below 20% compared to the combined Wyodak series (Figure 6.19). However, the CCK model 

predicted conversions for three of the Wyodak 2011 experiments that were closer to the 

experimental values (above 40% experimental char conversion) using the parameters from the fit 

of all the Wyodak data compared to the parameters from the 2011 series alone.  

The CCK model produced a poor fit of the Eastern Bituminous B coal (Figure 6.19, 

Table 6.7). This result with the most mechanistically advanced model used in this study provides 
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further evidence for the lower quality of the EBB data, which had low conversions and soot 

contamination, in addition to the unrealistically low activation energies of 13 to 17 kcal/mol 

derived for EBB with the other two models.  

6.6.1 Correlation of CCK Model with Coal Rank 

The kinetic parameter A7,0 was compared to various measures of chemical structure for 

the same coals that were correlated with CCKN (see Section 6.4.1). As with the 1st-order model 

and CCKN, the best correlation for CCK was found with C/O and the char structural parameter 

MW-Mδ(σ+1) (see Figure 6.20 and Section 6.3.2). A quadratic correlation with CharAr = MW-

Mδ(σ+1) was found to yield a fit that was more consistent with the higher-quality Illinois #6 data 

(compare parts b and c of Figure 6.20).  

The correlations for the rate parameter A7,0 are presented in Table 6.8. The magnitudes of 

the SSER values for correlations 1 and 3 in Table 6.8 are lower than those in Table 6.3, 

indicating that the more advanced mechanism and the single adjusted parameter used in CCK 

allowed for a better correlation with rank. Part of this improved fit may be due to the fact that the 

activation energies in the CCK model are scaled with E7, which was previously correlated with 

the carbon content of the coal (Liu and Niksa, 2004). The right-hand column of Table 6.8 

indicates that the quadratic correlation with CharAr = MW-Mδ(σ+1) produces the best fit of the 

higher quality Illinois #6 data, and the C/O correlation predict conversion for Illinois #6 better 

than the linear CharAr = MW-Mδ(σ+1) correlation. Both of the CharAr correlations produce better 

fits of the Wyodak series than the C/O correlation. Therefore, the quadratic CharAr = MW-

Mδ(σ+1) is recommended because it produces the best fit of the highest quality data in this study 

(Illinois #6 and Wyodak 2010). The fit with this correlation is shown in (Figure 6.21).  
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 (a) Linear A7.0 with C/O (b) Linear A7.0 with Char Parameter 

 

(c) Quadratic A7.0 with Char Parameter 

Figure 6.20. Correlations of kinetic parameter A7,0 with coal composition and NMR parameters. 

 

 

Table 6.8. Correlations for A7,0  with coal rank for CO2 gasification with the CCK model 

 Correlation R2 SSER 
SSER 

Illinois #6 
only 

1. [ ] ( ) 33.21/3672ln 0,7 +−= OCA  0.71 102% 283% 
2. [ ] 08.2402500.0ln 0,7 +−= ArCharA  0.79 90% 360% 

3. [ ] 44.1507652.00002863.0ln 2
0,7 ++−= ArAr CharCharA  0.87 54% 235% 
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Of the three models, the CCKN rank correlations with the CharAr = MW-Mδ(σ+1) 

parameter appear to yield the best overall predictions of CO2-char reactivities when compared to 

the HPFFB data (compare Figures 6.10, 6.13, and 6.21). Revision of the rank correlations from 

CBK/G (Liu and Niksa, 2004) listed in Table 6.1 through optimization with highly detailed 

gasification data would probably allow CCK to yield rank correlations superior to CCKN. 

However, it is also possible that the chars produced at ~105 K/s in the HPFFB have different 

reactivities compared to the chars used to produce the correlations in Table 6.1 for CBK/G. 

 

 

Figure 6.21. Parity plot of HPFFB gasification data with CCK predictions from quadratic CharAr kinetic correlation. 

 

6.7 Summary and Conclusions  

CO2 gasification was measured for 4 bituminous coals and a subbituminous coal (in two 

experimental series) at pressures of up to 15 atm with maximum particle heating rates of ~105 
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K/s. In-situ pyrolysis was found to be successful for subbituminous coals, but a reinjection 

strategy was found to be the most effective way to obtain good bituminous coal gasification 

kinetics at high temperatures without the influence of soot contamination. The reinjected chars 

were sieved to reduce the effects of the particle size distribution on the apparent kinetics. This 

reinjection strategy was implemented for the Illinois #6 experiments, yielding higher quality 

gasification data compared to the other bituminous coals that had few if any reinjection 

measurements. 

 Three models were developed and implemented to help interpret the data. A simple 1st-

order model was used to obtain a reasonable fit of most of the data. The two series of Wyodak 

coal were difficult to fit together, probably due to the different sources of the coal. Better fits of 

the combined Wyodak series were obtained with the other two models (CCK and CCKN), which 

suggests that surface saturation effects may have caused deviations from 1st-order behavior. The 

Wyodak 2010 series gave the most reasonable fit for all three of the models.  

The 1st-order activation energies were lower than previously reported values. The lower 

activation energies suggest Zone II behavior prevailed in the HPFFB. This may indicate that the 

observed reaction rates were influenced by the physical structure of the chars that were 

developed during pyrolysis at high heating rates and elevated pressures. The optimal kinetic 

parameters were sensitive to the measured particle size. The high extent of overlap in the 1st-

order rate constants from this study with previously reported rate constants suggests that the 

strongest effect of high pressures and heating rates on gasification rates occurs as a result of the 

particle diameter developed during pyrolysis, at least for the particle temperatures that occurred 

in this study. 
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Eastern Bituminous B (EBB) had a very low activation energy in the 1st-order model 

compared to the other coals. The fit of this coal was very poor in the most mechanistic model 

(CCK). The best-fit activation energy in CCKN was also unrealistically low for EBB. These 

results suggest that either this high-rank coal did not reach high enough temperatures and 

residence times to yield data appropriate for kinetic analysis, or else the soot contamination was 

severe enough to interfere with mass release measurements. The Kentucky #9 also had a low 

activation energy in the 1st-order model, but the rate parameters were reasonable in the other two 

models. 

The two advanced gasification models were based on the CBK oxidation models. The fit 

of the CO2 gasification data with these models (CCK and CCKN) showed some skew. This skew 

suggests that some of the non-kinetic model parameters ought to be adjusted so that the rate does 

not decrease as fast with increasing conversion. Parametric studies of model parameters indicate 

that the rates of thermal deactivation were probably over-predicted. The parametric studies also 

suggest that Knudsen diffusion is probably more important for gasification compared to 

combustion. Notwithstanding the slight skew, the fit of the data with the advanced models was 

generally quite good. Fits of the data with CCK and CCKN were mostly comparable to each 

other. Differences in the fit for some of the coals were attributable to the quality of the data, the 

number of adjustable parameters, and the balance between theoretical and empirical forms in the 

kinetic mechanisms.  

The HPFFB gasification data were found to yield rates far below the film-diffusion limit. 

There were indications of the influence of both intrinsic kinetics and diffusion through pores on 

the overall rate. It appears that Knudsen diffusion may make significant contributions to the 

observed rate. A random pore model was found to have little effect on the rates predicted by 
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CCK. CCK predicted that the concentrations of CO present in the HPFFB should have little 

impact on the observed rates at the temperatures and residence times typical in this study. 

Correlations of kinetic parameters with coal rank were made for all three models. 

Reactivities generally decreased with increasing rank. C/O in the coal and the NMR parameter 

group MW-Mδ(σ+1) were used as indices of rank. MW-Mδ(σ+1) represents an estimate of the 

aromatic cluster mass in the char, and yielded better reactivity correlations than the more 

traditional C/O in all cases. The performance of C/O as a reactivity rank index was least 

comparable to MW-Mδ(σ+1) with the simple 1st-order model. Rank correlations for the CCKN 

kinetic parameters yielded the best overall fits of the HPFFB data. However, the CCK rank 

correlations yielded predicted gasification rates that were more consistent with the optimal fit for 

the same model. Therefore, optimization of additional parameters in CCK would likely yield 

rank correlations superior to CCKN. 
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CHAPTER 7.  SUMMARY AND CONCLUSIONS 

Coal pyrolysis and CO2 gasification studies were conducted at maximum particle heating 

rates of ~105 K/s, pressures of up to 15 atm, and gas temperatures of up to 2000 K. Particle 

temperatures as high as 1800 K occurred in the CO2 gasification experiments. CO2 

concentrations of 20 to 90 mole % were used with residence times of up to 690 ms. The High 

Pressure Flat-Flame Burner (HPFFB) was completely redesigned and rebuilt to enable these 

studies to occur. The new design included a smaller burner (1-inch diameter compared to 2 

inches previously) in an up-flow configuration with a CO flame. The modular design enabled 

residence times of up to 800 ms with one vessel section and possibly up to 1600 ms if the 

extension section was used. Residence times were determined using optical particle velocities 

that were measured through a view port located ~1 inch above the burner. Gas temperature 

measurements were used to scale the particle velocity at locations downstream from the 

measured velocity and a momentum balance was used to estimate the particle velocity profile 

closer to the burner.  

Very large soot agglomerates were formed from coal tar at the high gas temperatures and 

elevated pressures used in this study. These large soot agglomerates made accurate measurement 

of gasification rates more difficult for bituminous coals, because aerodynamic methods did not 

effectively separate the soot agglomerates from the char. Soot agglomerates of such large sizes 

are expected to strongly affect radiation heat transfer and carbon conversion in gasifiers. The 
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best gasification data for bituminous coals were obtained by pyrolyzing the coals in an oxidizer-

rich flame at short residence times. The recovered char was then reinjected in fuel-rich flames 

with high CO2 content to measure gasification rates. 

7.1 Coal Swelling During Pyrolysis at High Heating Rates 

Pyrolysis experiments conducted in two atmospheric pressure facilities using Eastern 

Bituminous A confirmed the strong dependence of swelling on heating rate at heating rates of 

104 K/s to 105 K/s that had previously been observed with another bituminous coal in a different 

facility. These data clearly show that swelling ratios measured in drop-tube furnaces at heating 

rates of  ~104 K/s should not be applied to utility boilers and gasifiers that operate at heating 

rates of  ~106 K/s. A new nomenclature for heating rate regimes with increasing and decreasing 

swelling behavior was introduced. 

Pyrolysis experiments were conducted in the HPFFB to measure swelling ratios as a 

function of pressure (up to 15 atm) and coal type at heating rates of ~105 K/s. The swelling ratios 

from these experiments were much lower than swelling ratios measured for similar coals at 

heating rates of ~104 K/s. This demonstrated that the effect of heating rate on swelling is also 

very important at elevated pressures. The maximum swelling ratios were observed at pressures 

near 10 atm. There are some indications that continued increases in swelling that have been 

observed at higher pressures may be attributable to decreases in the heating rates at increasing 

pressures.  

Existing empirical and mechanistic swelling models did not accurately describe the 

observed changes in particle size as a function of heating rate, pressure and coal rank. Therefore, 

a new empirical swelling model was developed. A simple form was specified for the new 

swelling model that explicitly accounts for heating rate, pressure and coal rank. The swelling 



197 

model requires inputs of the coal ultimate and proximate analyses, the pyrolysis pressure, and the 

maximum derivative of particle temperature with respect to time, which can be calculated from a 

transient energy balance that includes convection, reaction, and radiation terms. Parameters in 

the swelling model were optimized using atmospheric pyrolysis data from Sandia National 

Laboratories. Rank effects were correlated using NMR structural parameters that were estimated 

from correlations that were previously developed for use with the CPD devolatilization model. 

At atmospheric pressure the new swelling model accurately predicted the swelling ratio for a 

wide variety of coals for which accurate estimates of the maximum particle heating rates were 

available. 

The HPFFB pyrolysis data were used to optimize parameters related to the effect of 

pressure on swelling. Although the effect of pressure was only calibrated at pressures of 15 atm 

and below, the model predictions seemed reasonable when compared to mechanistic models and 

the limited data that were available at higher pressures. The complete swelling model was found 

to be capable of predicting the observed differences between swelling ratios measured in 

pressurized facilities that operated at heating rates of 104 K/s and 105 K/s.  

7.2 Experimental Studies and Modeling of CO2-Char Gasification 

Char gasification by CO2 was investigated for a subbituminous coal and 4 bituminous 

coals at pressures of up to 15 atm in the HPFFB. The quality of the bituminous coal gasification 

data improved as the research progressed and changes were made to eliminate soot 

contamination and fragmentation of char particles in the aerodynamic char collection system. 

The two highest quality series of data were Wyodak 2010 with in-situ pyrolysis and and Illinois 

#6 with reinjection of char. 
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The gasification data were interpreted through the use of three models with different 

levels of sophistication. The data were found to yield rates that were far below the film-diffusion 

limit, indicating that the optimized rate parameters yield predictions of chemical reaction 

behavior with some influence from diffusion through pores. A simple model with 1st-order 

kinetics yielded a good fit of the most of the data. It was necessary to fit the subbituminous 

Wyodak data as two series to obtain a good fit. The evidence suggests that the difference was 

caused by a change in the supply of coal, but improved fits with the more advanced models 

suggests that surface saturation may also have caused deviation from 1st-order behavior. The 

good agreement of the rate constants from the HPFFB data with previously reported data from an 

atmospheric drop-tube furnace suggests that high pressures and heating rates may influence CO2-

char gasification rates most strongly through their effect on the particle size developed during 

pyrolysis, at least for particle temperatures of up to ~1700 K. However, lower activation energies 

were derived from the HPFFB data compared to previously reported values. 

Two advanced gasification models were developed from the published CBK combustion 

models. CCKN used nth-order oxidation and gasification kinetics and was designed to predict 

oxidation rates that were essentially identical to CBK8. CCK used the 5-step Langmuir-

Hinshelwood semi-global mechanism from CBK/G along with the 3-step oxidation mechanism 

from CBK/E. The fits of the HPFFB data were comparable with the two models, and both were 

better than the simple 1st-order model.  

Parametric studies with CCK showed that the random pore model had little effect on 

gasification at temperatures and particle sizes typical of the HPFFB. The skew in the fit of the 

HPFFB data was reduced by increasing the empirical tortuosity factor by 1 to 2 orders of 

magnitude from its default value from combustion studies. This suggests that Knudsen diffusion 
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had a significant effect on the measured gasification rates. The skew of the fit was also reduced 

by removing the annealing model, suggesting that thermal deactivation was over-predicted. One 

of the reaction steps in CCK was used to scale the rate parameters in the other reactions. Very 

similar fits were obtained when the activation energy for the scaling reaction was fixed and when 

it was varied. Therefore, only the pre-exponential factor for the scaling reaction was varied for 

CCK in this study. 

The kinetic parameters for all three models were correlated with coal rank. The CCK 

kinetic correlations yielded model predictions that were most consistent with the optimal fit of 

the HPFFB data for the same model. The robustness of the CCK kinetic correlations was 

probably due to the more advanced kinetic mechanism and the fact that only one parameter was 

correlated in this study to fit the data. The CCKN kinetic correlations yielded the best overall fit 

of the HPFFB data because the CCKN model had a slightly better optimal fit of the data. The 

kinetic correlations for the 1st-order model appear to work reasonably well, although they yielded 

the poorer predictions of gasification rates compared to the other two models. Two types of coal 

rank correlations were developed for each gasification model. The carbon and oxygen 

composition of the coal were used to correlate rank effects in one version. The other type of 

correlation used a group of NMR parameters as a rank index. The NMR parameters were 

predicted from previously published correlations with the coal ultimate and proximate analyses. 

The combination of NMR parameters used was MW-Mδ(σ+1), which served as an estimate of 

the aromatic cluster mass in the char. The correlations with this char structural parameter were 

used to make better predictions of the optimal rate parameters and extents of gasification 

compared to correlations with C/O in all three gasification models. 
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7.3 Experimental Recommendations 

The HPFFB was used successfully with two types of heaters. It also has an extension 

section to allow extended residence times that was not used due to the large decreases in 

temperature seen in a single vessel section. The primary vessel that was used in these studies 

should be fitted with the more robust Nichrome wire heaters and used for pyrolysis studies and 

also gasification studies of reactive materials such as subbituminous coals and biomass. The 

slightly shorter vessel extension should be modified for use as an interchangeable stand-alone 

vessel with a molybdenum disilicide heater for gasification studies of solid fuels with low 

reactivities, such as bituminous coals. With these changes, switching between the two types of 

heaters will be easier and the molybdenum disilicide heaters will experience less thermal cycling.  

Heater temperatures above 1350oC are not recommended in the HPFFB because 

temperatures above 540oC on the inner surface of the pressure vessel were observed at this 

condition, and it is likely that higher temperatures would be quite dangerous in a pressure vessel. 

If pressures above 15 atm are desired in the HPFFB, the pressure control valve would need to be 

upgraded. Other components of the HPFFB such as the coal feeder and the mass flow controllers 

would need to be inspected to determine whether they are suitable for pressures of up to 30 atm. 

The crank system used for the burner would probably need to be upgraded for higher pressures. 

The crank systems on the burner and the probe would most likely need motors to operate 

effectively at higher pressures.  

Steam gasification studies were attempted in the early stages of this work. The simplest 

way to create a steam gasification environment without soot in the HPFFB is to add H2 to the CO 

flame. However, this results in a higher flame speed that can damage the burner. There is a 

burner with a non-ideal flame that was built in the course of the HPFFB upgrades. This old 
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burner should be used to evaluate flame conditions for steam gasification. Once an appropriate 

condition has been found that does not corrode the burner surface, the newer burner that was 

used in these studies can be reinstalled to conduct the gasification experiments.  

Gasification studies of bituminous coals in the HPFFB with various combinations of H2O 

and CO2 should be conducted using the char reinjection technique described in this work to 

avoid soot contamination of the char. A large supply of sieved char should be produced at high 

heating rates and pressures to allow all planned experiments to be conducted on a fuel that is as 

uniform as possible. Having a larger supply of char would also allow better characterization of 

the char via adsorption and other techniques. Subbituminous coals should be studied with in-situ 

pyrolysis and also with reinjection in similar environments to determine how much the 

difference in thermal histories affects the derived kinetic parameters. 

The HPFFB could be modified to have a drop-tube furnace mode, wherein the electric 

heaters would replace the burner as the primary source of heat to the coal. This would enable 

other types of pressurized studies to be conducted. Experiments with simple gas compositions in 

drop-tube mode could be compared to results with the complex gas compositions produced from 

the burner. This technique should be used to quantify CO and CO2 inhibition effects in 

gasification studies. A drop-tube furnace mode would operate at ~104 K/s, compared to 105 K/s 

for the HPFFB used in this study. Studies of the effects of heating rate on coal swelling at 

elevated pyrolysis pressures should be conducted on a common suite of coals with these two 

types of facilities.  

Studies should be conducted on the effects of different char sizes and structures 

developed during pyrolysis on gasification behavior. Chars from the same coal should be 

pyrolyzed in different facilities, such as drop-tube furnaces and flat-flame burners operating at 
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atmospheric pressure and elevated pressures. Some of these chars should be sieved, and all of the 

chars would then be studied under the same gasification conditions. This approach may permit 

the effects of particle size to be separated from the effects of chemical structure and particle 

morphology, including pore structure. The effects of heating rate and pressure during pyrolysis 

on the subsequent gasification behavior could then be determined in more detail.  

7.4 Modeling Recommendations 

The swelling model developed in this study should continue to be evaluated through 

comparison to additional experimental data. Pressurized pyrolysis experiments with large 

differences in heating rates would be particularly helpful in evaluating the basic form of the 

swelling model. Pyrolysis experiments at pressures above 20 atm would be particularly useful for 

evaluating how well the model extrapolates to higher pressures. The performance of the swelling 

model should be characterized with different devolatilization models and different measures of 

the extent of pyrolysis used to scale the particle diameter. This can be accomplished by 

integrating the swelling correlation into codes with different pyrolysis models and comparing the 

resulting pyrolysis calculations to experimental measurements and the 1-D CPD-based code that 

was used in this work. 

The CCK and CCKN models should be compared to more experimental data to determine 

how they perform under a wider variety of conditions and for more coals. Distribution of the 

models to other researchers would facilitate this process. Since some of the CBK/G rate 

parameter correlations were found to be inapplicable to the HPFFB data, the other CBK/G 

correlations should be verified, or new ones should be developed. Ideally, the CCK model should 

be compared to the same data sets that were used to develop the CBK/G correlations so that the 

performance of CCK can be compared to CBK/G. Both CCK and CCKN should be used to fit 
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steam gasification data. A good fit of steam gasification data with the same CCK rate parameters 

that were developed in this study for CO2 gasification would help validate the CBK/G 

mechanism that was used in CCK.  

One or both of the CCK models should be combined with the swelling model developed 

in this study and the CPD model to make a complete 1-D combustion and gasification code. 

Such a code would have the advantage of using the energy balance and mass transport 

calculations to determine how much overlap there is between pyrolysis heterogeneous reactions. 

The time and particle temperature where heterogeneous reactions become significant would be 

easier to calculate in such a model. This kind of combined model would be highly useful for 

analyzing laboratory scale data, and would serve as a pattern for applying the individual models 

in CFD codes. 

Some features of merit that were once included in various versions of the CBK model 

have since been discarded to simplify the code. It may be worthwhile to have a version of CCK 

that includes all of the advanced features for highly detailed studies of heterogeneous reaction 

behavior of chars. CCK should be modified to include the random pore model that was used to 

calculate the effective diffusivity in the HP-CBK model. The reintroduction of this sub-model 

would require experimental pore structural information, but it would allow the roles of molecular 

and Knudsen diffusion in gasification to be evaluated explicitly. The original CBK6 model 

included preferential consumption of the most reactive material at early residence times via a 

statistical kinetics sub-model. This model was quite cumbersome to implement previously, but it 

has a good theoretical basis. A sequential strategy rather than a parallel strategy could be used to 

speed up the distributed activation energy component of the statistical kinetics sub-model. A 

sequential strategy of this type has already been implemented with success in the CPD model.  
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Other advanced combustion and gasification models are beginning to use char 

morphology models. One or both of the CCK models should be upgraded with different 

effectiveness factors or some other morphology model and compared to gasification data with 

very detailed char structural characterization. This would allow the value of char morphology 

models to be evaluated. Any features that are added to the CCK models should be implemented 

in such a way that the user can specify which models are to be turned on or off, so that the value 

of different advanced features can be evaluated. 
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APPENDIX A. SOOT STUDIES 

Previous studies on coal tar have shown that its chemical structure differs significantly 

from the parent coal as evaluated by 13C-NMR (Watt et al., 1996; Perry et al., 2000). The 

average molecular weight of tar produced at atmospheric pressure is ~350 amu (Freihaut et al., 

1989). The number of carbons per cluster and the cluster molecular weight are lower in the tar 

than in the parent coal due to the preferential evaporation of lighter constituents of the metaplast, 

especially at elevated pyrolysis pressures. The breakdown of bridges and side chains to form 

light gases causes the coordination number to decrease and the aromaticity to increase as the coal 

metaplast generates tar.  

Soot formation mechanisms from light hydrocarbons have been investigated and models 

have been developed to describe the various stages. In the hydrogen-abstraction/carbon-addition 

(HACA) mechanism the aromatic structure is built “from scratch” by acetylene addition 

(Frenklach and Wang, 1991; Frenklach, 2002). The stability of aromatic structures at high 

temperatures under reducing conditions suggests that the mechanism of soot formation from coal 

tar differs; it is unreasonable to suppose that the aromatic clusters in the tar break down and then 

re-form. Pyrolysis studies with model aromatic compounds have shown that acetylene addition 

does occur, but polymerization events such as the formation of bi-aryl linkages also make 

important contributions to soot formation from existing aromatic structures (Sarofim et al., 1994; 

Sarofim et al., 2002; Winans et al., 2007).  
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Acetylene, small paraffinic hydrocarbons, and benzene derivatives are relatively common 

candidates for secondary pyrolysis studies (Marsh et al., 1999; Eiteneer and Frenklach, 2003; 

Skjoth-Rasmussen et al., 2004). Pyrolysis studies of compounds that are more representative of 

coal tar are less common. Catechol, which is functionally similar to compounds identified in 

lignites (Lynch and Durie, 1960), has recently been studied in combination with several simpler 

compounds (Thomas and Wornat, 2008a; Thomas and Wornat, 2009; Poddar et al., 2011). 

Compounds that have been investigated as model soot precursors are identified in Table A.1. 

Further pyrolysis studies with coals and model compounds are needed to determine the 

mechanisms by which the large aromatic structure of soot forms from the smaller aromatic 

clusters in coal tar. These surrogates should include oxygen and in some cases nitrogen. A 

variety of functional groups should be explored. The effect of pressure on soot formation should 

be investigated and quantified with coals and model coal-tar surrogate compounds.  

Detailed soot formation models developed from such studies could be used to improve 

and validate simpler models designed for CFD applications, including existing models (Brown 

and Fletcher, 1998). The development of advanced soot models would require that more 

extensive data be collected to identify and quantify the most important chemical changes that 

occur in the transformation of coal tar into soot. Models that accurately predict the quantity, 

location, and size of soot formed would greatly improve the accuracy of heat transfer 

calculations in boilers and gasifiers. Advanced models of secondary pyrolysis would also be 

highly useful in tracking the release of fuel nitrogen. The impact of soot on carbon conversion 

has not received much attention in the literature even though much of the volatile matter 

becomes soot (Liu and Niksa, 2004). 
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Table A.1. Model compounds previously investigated in soot formation studies 

  

 
Acetylene 

(Zelepouga et al., 2000; 
Hessler et al., 2001) 

  

 
Benzene 

(Marsh et al., 1999; 
Marsh et al., 2000; 
Marsh et al., 2005) 

  

 
Toluene 

(Hessler et al., 2001; 
Ledesma et al., 2005; 
Pugmire et al., 2006) 

  

 
 

Anthracene 
(Wornat et al., 1992; Wornat 

et al., 1999; Solum et al., 
2003)  

  

 
Acenaphthene 

(Zelepouga et al., 2000) 

  

 
 

Biphenyl 
(Solum et al., 2001; 

Tomczyk et al., 2002; 
Winans et al., 2007) 

  

 
 

Pyrene 
(Zelepouga et al., 2000; 

Solum et al., 2001; Winans 
et al., 2007) 

  

 
 

1-Methylnaphthalene 
(Mikolajczak et al., 1996; 

Yang and Lu, 2003; 
Leininger et al., 2006) 

  

 
Catechol 

(Ledesma et al., 2002; 
Thomas and Wornat, 

2008b, c) 

  

 
 

Indene 
(Lu and Mulholland, 

2001) 

  

 
 

Phenanthrene 
(Zelepouga et al., 2000; 

Pugmire et al., 2006) 

  

 
 

2-Methylnaphthalene 
(Yang and Lu, 2003) 

 

 

Soot Formation under Gasification Conditions 

 

Secondary pyrolysis processes cause soot to form from coal tar in combustion and 

gasification systems. Soot is of interest in these industrial settings because of its critical role in 

radiation heat transfer, its impact on the extent of conversion, and its role in the formation of 

pollutants such as particulates and NOx. It is likely that soot oxidation and gasification 

reactivities vary with coal type and preparation conditions. The ability to predict the location and 
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characteristics of soot as it develops and gasifies is important for the development of advanced 

gasification models. 

 

Low-Temperature Atmospheric Pyrolysis of Model Coal Tar Surrogates 

 

The model compound 2,6-dimethylnaphtalene was studied as a precursor for soot in the 

atmospheric flat-flame burner (FFB). This compound was chosen to study the effect of aliphatic 

attachments on soot formation chemistry. Acetylene, methane, and a species functionally similar 

to naphthalene were identified in the FTIR spectrum of pyrolysis products derived from 2,6-

dimethylnaphtalene at a peak temperature of 1400 K and a residence time of ~19 ms. However, 

these species could not be quantified due to irregularities in the particle feed rate. Changes in 

aromatic cluster size and aliphatic groups were quantified using 13C-NMR analysis, which was 

conducted by the research groups of Dr. Pugmire and Dr. Solum at the University of Utah. The 

NMR spectra show that at a peak flame temperature of 1447 K the methyl groups had largely 

disappeared and CH2 and/or CH groups had formed (Figure A.1). By 1500 K these new aliphatic 

groups had largely disappeared. At about 1550 K the NMR spectrum was too noisy to extract 

meaningful information due to the high conductivity of the large aromatic clusters.  

It was found that 2,6-dimethylnaphthalene was difficult to feed into the FFB without 

clogging the feeder tube. The low melting point (108oC) of this compound is an indicator of its 

stickiness. When other compounds were selected for study, higher melting points were sought. 

Silica gel was mixed with the model compounds in high ratios of 3:1 or higher to reduce 

stickiness. Initially, the model compounds were ground and sieved to a particle size range of 45-

75 µm, and then mixed with 32-63 µm silica gel.  
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1447 K
Aromatic C ~ 32

σ + 1 = 3.0

fal = 0.04

1500 K
Aromatic C ~ 125

fal ~ 0.02

2,6-
dimethlylnaphtalene

Aromatic C = 10

σ + 1 = 2.0

Side Chains = 2.0

fal = 0.17

soot 1500 K

soot ~1550 K

soot 1447 K

Single , broader 

aromatic peak

New aliphatic groups

~1550 K
Too conductive to 
quantify structures

 

Figure A.1. NMR spectra of soots produced on the FFB from 2,6-dimethylnaphthalene (dmn). 

 

In the final work on the model compound biphenyl, a more careful reading of the 

previous studies conducted with this compound (with a melting point of 70oC) indicated that 

model compounds were first ground together with the silica gel and then sieved (Solum et al., 

2001). In retrospect, it made sense that this procedure would produce particles that are more 

intimately mixed and more uniform in size. This procedure also allowed the fine particles 

produced during grinding to be used. Application of this preparation procedure with the final 

biphenyl experiments resulted in more consistent particle feeding in the FFB and the HPFFB. It 

appears that the correct compound preparation procedure affected the feeding consistency at least 
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as much as the melting point. Earlier adoption of the correct compound preparation procedure 

probably would have resulted in more consistent particle feeding, which could have allowed 

acquisition of larger quantities of data from model compounds.  

A search for new model compounds was initiated when very low yields of tar/soot from 

2,6-dimethylnaphthalene were encountered. It was difficult to find a condition with a yield of 

soot high enough for practical analysis while using a temperature low enough to keep the 

aromaticity from growing too quickly.  Since the aim of this research was to study the chemistry 

of soot development in the early stages, it was important to obtain polycyclic aromatic 

hydrocarbons (PAH) formed at low flame temperatures and residence times. Also, the 13C-NMR 

technique that has been used in these types of studies previously does not work well for highly 

conductive aromatic clusters of large size. The useful “window” of temperatures and residence 

times was small for the model compounds studied in this work on the FFB.  

A review of the structure of coal tar was conducted to aid in the selection of future model 

compounds. Attempts to illustrate chemical structures (Figure A.2) based on measured coal tar 

properties (Perry et al., 2000) are quantitatively compared in Table A.2. Several characteristics 

became apparent through these attempts to create representative illustrations of tar structure. 

Aliphatic chains with more than 2 carbon atoms are probably rare. Between 1 and 3 oxygen 

atoms occur in almost every aromatic cluster, and nitrogen atoms occur once in every 2 to 3 

clusters. On average, a coal tar molecule would be expected to have 1 or 2 clusters, each 

consisting of 3 to 4 aromatic rings.  
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Figure A.2. Illustrations A, B, and C (from left to right) of suggested average tar molecules. 

 

Table A.2. Average measured tar properties (Freihaut et al., 1989; Perry et al., 2000) compared to properties of 
suggested average tar molecules (see Figure A.2) 

Structural Parameter Measured Average 
Range 

Illustration A 
Values 

Illustration B 
Values 

Illustration C 
Values 

Molecular Weight (amu) 350 235 236 316 
Aromatic Rings 3-4 3 3 4 

Carbon Aromaticity 0.63-0.76 0.76 0.75 0.75 
Side Chains ~2 2 2 2 

Bridges ~2 2 2 2 
Carbon Mass Percent 78%-82% 87% 81% 76% 

Hydrogen Mass Percent ~4% 7% 6% 4% 
Oxygen Mass Percent 5%-16% 6% 7% 15% 

Nitrogen Mass Percent ~1.7% 0% 6% 4% 
Cluster MW (amu) 240 - 290 235 236 316 

Attachments MW (amu) 20-31 74 74 116 
 

Unfortunately, it was found that compounds with molecular weights and functionalities 

similar to the hypothetical tar molecules in (Figure A.2) were not available for purchase from 

vendors of chemicals. Of necessity, new model compounds (Table A.3) that were selected 

typically had low molecular weights and high aromaticities or high molecular weights and low 

aromaticities compared to coal tar (Table A.2). 6-(5H)-Phenanthridinone was chosen for 

pyrolysis experiments because it had both oxygen and nitrogen functional groups. Attempts to 

use the other two compounds in Table A.3 were not successful due to clogging and low product 
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yields. Another compound (xanthene) was acquired, but was not used in experiments because of 

its low melting point of 102oC. 

 

Table A.3. Additional compounds used as coal-tar surrogates in pyrolysis experiments 

6-(5H)-phenanthridinone 2,7-di-tert-butyl-9,9-dimethylxanthene 9(10H)-acridanone 
 

 
 

 

 
 

 

 
 

Molecular Weight = 195.22 amu Molecular Weight = 322.48 amu Molecular Weight = 195.22 amu 
Melting Point = 290oC Melting Point = 188oC Melting Point > 300oC 
Aromaticity = 0.923 Aromaticity = 0.522 Aromaticity = 0.923 
 

It was found that the phenanthridinone (with a melting point of 290oC) was easier to feed 

than the dimethylnaphthalene. A higher yield of tar/soot was observed in phenanthridinone 

experiments on the FFB. Experiments were conducted with peak flame temperatures of 1450 K, 

1500 K, and 1550 K and residence times of ~19 ms (corresponding to a collection height of 

1.375 inches above the burner). At 1450 K the 13C-NMR spectrum showed a quadruple peak in 

the aromatic region, indicating little change from phenanthridinone to tar/soot (see Figure A.3). 

The elemental composition of the tar/soot at 1450 K changed by less than 1.3 wt% for carbon, 

hydrogen, and nitrogen, and by 3.2% for oxygen (which was calculated by difference). These 

very minor changes indicate that either the phenanthridinone is quite stable at 1450 K or else 

there was some error associated with the measured temperature profile. The experiments at the 

two higher temperatures were conducted to increase the extent of reaction so that more 

information could be extracted from NMR spectra featuring a single aromatic peak. FTIR scans 

of the gas species made during pyrolysis of 6-5(H)-phenanthridinone at 1450 K were acquired 
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(Figure A.8). For the phenanthridinone, the mass yields of gaseous species were 1.5% CH4, 1.8% 

C2H2, and 1.2% HCN. 

 

 

Figure A.3. 13C-NMR spectra of 6-5(H)-phenanthridinone and its solid pyrolysis products at 1450 K and 19 ms. 

 

Low-Temperature Atmospheric Coal Pyrolysis Experiments 

 

Eastern Bituminous A (EBA) and Wyodak subbituminous coal were subjected to 

pyrolysis conditions with peak flame temperatures of 1150 K, 1300 K, and 1450 K and residence 

times of ~19 ms. Gaseous products were measured using FTIR spectroscopy. For Wyodak coal 

the mass yields of gaseous species were 3.0% CH4, 5.5% C2H2, and 0.6% C2H4. For EBA the 

Tar collected 1 3/8 inch above FFBTar collected 1 3/8 inch above FFB
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mass yields of gaseous species were 3.0% CH4, 10.2% C2H2, and 2.8% C2H4.  For Wyodak coal 

30% of the nitrogen was released as HCN, compared to 35% for Eastern Bituminous A. No NH3 

was detected among the pyrolysis products for either coal. The tar/soot from the coals was 

collected for analysis.  

The 13C-NMR studies of the tars and chars produced in the BYU FFB were conducted at 

the University of Utah under the direction of Dr. Ronald J. Pugmire and Dr. Mark S. Solum. 

Details of the techniques used have been published previously (Solum et al., 1989). Gas 

Chromatography-Mass Spectrometry (GC/MS) was used to characterize some of the tar samples.   

The measured aromaticities of the two coals were practically identical (65-67%, see 

following figures and tables), but the shape of the aromatic peaks indicates that the structure of 

the aromatic carbon was very different. This explains the difference in pyrolysis behavior; 

carbon aromaticity increased to 83% for the Wyodak tar/soot and the Eastern Bituminous A 

tar/soot is practically 100% aromatic. The aliphatic peaks are observed to decrease dramatically 

for the Wyodak sample and disappear entirely for the Eastern Bituminous A sample. The average 

number of carbons per cluster increased 70% for the Wyodak coal and 244% for the Eastern 

Bituminous A coal. 

The aromaticity of the tar/soot from the EBA coal at a collection height of 3 inches 

increased with increasing temperature (1150 to 1300 K), but the cluster size changed very little. 

The cluster size in the tar is typically smaller than in the parent coal, so the fact that the cluster 

size did not change suggests that secondary reactions occurred. The phenolic groups were lost 

selectively with increasing temperature. Aliphatic peaks disappeared by 1300 K. 

At a lower residence time corresponding to a collection height of 1 3/8 inches, fewer 

secondary occur. The aromaticity of the EBA tar at 1350 K was 90%, which is much higher than 
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the parent coal. The aromatic cluster size is smaller in the tar than in the coal and is largest in the 

char. This suggests that the tar/soot sample is mostly tar for which most of the aliphatic material 

has been lost as light gases. The EBA tar soot sample collected at 1450 K is highly conductive. 

For mature soots such as these, NMR techniques are not as useful. 

For the low temperature (1150 K and 1300 K) Wyodak experiments with a 3-inch 

collection height, much of the carbonyl and aliphatic groups disappeared as the coal turned into 

tar. The average number of attachments for the tar was lower than in the coal. The aromaticity 

increased with increasing temperature. The tar cluster size at 1150 K was slightly lower than in 

the coal, and the cluster size increased at 1300 K. 

At a collection height of 1 3/8 inches, the Wyodak coal produced char at 1350 K with a 

larger cluster size than the coal, and the tar cluster size was about the same as the coal. At both 

1350 K and 1450 K, phenolic groups have been lost and the aromaticity is 89%. The cluster size 

of the char at 1450 K was very low, indicating that gas temperature during the experiment was 

considerably lower than when the measurement was made with a thermocouple. 

 

Table A.4. Measured NMR parameters for 2 coals from this study 

Coal Mδ MW p0 σ + 1 
Wyodak 2010 37.7 333.3 0.500 0.519 

EBA 31.3 393.2 0.478 5.95 
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Figure A.4. C-13 CPMAS NMR spectra of the original EBA coal (bottom) and two tar/sootsmade at 1100 K 

(middle) and 1300 K (Top) from the coal. 
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Figure A.5. C-13 CPMAS spectra of the EBA coal (bottom), a matched tar/soot and char pair in the two (middle) 

spectra and a tar/soot at 1450 K (top) spectrum. 
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Figure A.6. C-13 CPMAS spectra the Wyodak coal (bottom) and tar/soots made at 1150 K (middle) and 1300 K 

(top). 
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Figure A.7. C-13 CPMAS spectra of the Wyodak coal (bottom) and 1350 K tar/soot and char pairs (2 and 3 from 

bottom) and 1450 K tar/soot and char pairs (4 and 5 from bottom). 
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Table A.5. EBA coal and two tar/soot samples collected at 3 inches in the atmospheric FFB 

 

 

Table A.6. EBA coal and pyrolysis products collected at 1 3/8 inches in the atmospheric FFB 
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Table A.7. Wyodak coal and tar/soots collected at 3 inches in the atmospheric FFB 

 

 

 

Table A.8. Wyodak coal with tar/soots and chars collected at 1 3/8 inches on the atmospheric FFB 
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FTIR Analysis of Pyrolysis Products 

 

A Bomem MB-155 FTIR instrument with a 10-meter path length was used to study 

gaseous pyrolysis products of coals and coal tar surrogates in the atmospheric FFB. This 

instrument was used in a manner similar to previous studies (Zhang, 2001; Sowa, 2009). A 

reference spectrum of N2 was collected to allow absorbance to be calculated for each of the 

subsequent samples. The quenched gases from the reaction zone passed through a filter where tar 

and soot were removed before entering the FTIR instrument gas cell. Quantification of yields of 

gas species per unit mass of solid fuel required the use of standards and a steady, well-

characterized feeding rate. 

An example of the technique for quantification of gases is shown in Figure A.8. A flame 

background was measured at the chosen experimental condition in the absence of products from 

solid fuels. Subtraction of the flame background absorbance facilitated identification and 

quantification of the species of interest. Spectra of standards were measured to allow 

quantification of species such as NH3, HCN, C2H2, and CH4. Each standard spectrum was 

multiplied by a scaling factor and subtracted from the original spectrum until the characteristic 

species peaks were removed. The optimized scaling factor was proportional to the concentration 

of the standard in the gas sample. 
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Figure A.8. FTIR spectra from pyrolysis of 6-5(H)-phenanthridinone, showing data reduction technique. 

 

Secondary Coal Pyrolysis at Elevated Pressures 

 

A gas condition at 5 atm with a peak temperature of 1539 K was developed for use in 

soot formation studies. The collection probe was set 2 inches above the burner, corresponding to 

a residence time of 86 ms. This condition was used with the model compound biphenyl and also 

for Eastern Bituminous A. The tar/soot samples were recovered on filters and sent with the 

bituminous char to Dr. Pugmire’s group for analysis. Another condition at 10 atm, 1433 K with a 

residence time of 101 ms was also used to produce tar/soot from biphenyl, but the yield was very 

low. About 20 mg of product was given to Dr. Pugmire for more limited analysis. Other tar 

surrogate experiments were attempted at atmospheric pressure, but the yields of the selected 

compounds were too low for practical analysis. 
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The 5 atm biphenyl spectra indicate that some aromatic rings opened during pyrolysis, 

since aliphatic carbons were detected. The tar/soot sample was highly aromatic, so the amount of 

information available via NMR spectroscopy was limited. The EBA char sample was also very 

carbonized at this condition, but the tar was not. An upper limit estimate of the aromatic cluster 

size for the EBA tar was 200 carbons. The graphs of NMR spectra and the associated tables are 

taken from reports that are included on the CD that accompanies this dissertation. 
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Figure A.9. Two spectra of a tar/soot made from biphenyl at 5 atm, 1539 K. The (bottom) spectrum shows all 
carbon types and the (top) short contact time spectrum shows mostly carbons types that are protonated. 
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Figure A.10. A single pulse spectrum of a highly carbonized char made at 5 atm, 1539 K from the EBA. 
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Figure A.11. C-13 CPMAS spectra of EBA tar/soot at 5 atm, 1539 K, collected at 2-inches above the burner. The 

short contact time (bottom) spectrum shows mostly protonated carbons and the (top) spectrum shows 
all carbon types. 
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FFB and HPFFB Gas Conditions for Soot Formation Studies 

 

Table A.9. Gas flow rates and post-flame gas compositions for soot formation studies 

Pressure and 
Peak 

Temperature 

5 atm 
1539 K 

10 atm 
1433 K 

0.84 
atm 

1353 K 

0.84 
atm 

1560 K 

0.84 
atm 

1507 K 

0.84 
atm 

1433 K 

0.84 
atm 

1425 K 

0.84 
atm 

1340 K 

0.84 
atm 

1162 K 
Adiabatic 
Temp (K) 1484 1405 1504 1866 1786 1750 1681 1625 1307 

Ф (Equiv. 
Ratio) 1.3778 1.4330 2.3977 1.7987 1.9750 1.7990 1.9084 2.4516 3.6239 

Carrier N2 
(SLPM, coal 
entrainment) 

0.075 0.10 0.0367 0.0367 0.0367 0.0367 0.0367 0.0367 0.0367 

CO (SLPM) 3.30 5.72 10.50 11.40 10.50 8.85 8.85 9.75 10.20 
H2 (SLPM) 0.17 0.21 0.45 0.40 0.30 0.45 0.45 0.30 0.60 
Oxidizer N2 

(SLPM) 4.40 7.28 13.50 15.00 12.50 12.50 12.50 7.81 7.75 

Fuel N2 
(SLPM) - - 6.00 5.00 5.00 5.70 5.70 6.50 5.93 

Air (SLPM) 3.85 5.75 - - - - - -  
O2 (SLPM) - - 2.19 2.28 2.73 2.58 2.44 2.05 1.49 

Equilibrium post-flame gas compositions 
CO2 mol % 13.64% 12.80%        
H2O mol% 1.05% 0.70%        
CO mol % 16.40% 19.24%        
H2 mol % 0.50% 0.48%        
N2 mol % 68.08% 66.48%        
O2 mol % 0.00% 0.00%        

 

Table A.10. Radiation-corrected HPFFB temperature profiles for soot formation studies  

Height above 
burner (inches) 

5 atm, 
1539 K peak 

10 atm, 
1433 K peak 

0 1473 1412 
0.2 1539 1433 
0.4 1512 1431 
0.6 1493 1424 
0.8 1484 1415 
1.0 1464 1397 
1.2 1482 1378 
1.4 1471 1353 
1.6 1460 1332 
1.8 1447 1280 
2.0 1417 1222 
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 Table A.11. Estimated particle velocity profiles and residence times for soot formation studies 

Height above 
burner (mm) 

5 atm, 
1539 K 

vp (cm/s) 

10 atm, 
1433 K 

vp (cm/s) 
0 10.7 1.5 
3 35.4 31.7 
6 46.3 41.5 
9 53.9 48.9 

12 60.5 54.8 
15 66.2 59.3 
20 70.6 64.1 

25.4 72.9 65.7 
Velocities are obtained for distances of x > 25.4 mm above the burner using the equation  

vp = vp(25.4 mm) ·T(x) / T(25.4 mm) where T is the centerline gas temperature at x.  
T (25.4 mm) 1464 1397 

Residence time (ms) at 2-inches 86 101 

 
 

For the remaining conditions in the atmospheric FFB, the residence times were calculated 

using the velocity profile in Table G.16. The collection height was normally about 1 inch, unless 

stated otherwise. 

 

Table A.12. Radiation-corrected FFB temperature profiles for soot formation studies  

Height 
above 

burner 
(inches) 

0.84 atm, 
1353 K 
peak 

“New PDN 
1300” 

0.84 atm 
1560 K 
“PDN 
1550” 

0.84 atm 
1507 K  
“PDN 
1500” 

0.84 atm 
1433 K 
“PDN 
1450” 

0.84 atm 
1425 K 
“DMN” 

0.84 atm 
1340 K 
“Old 
1300” 

0.84 atm 
1162 K 
“1150” 

0 1120 1346 1332 1314 1200 1212 1003 
0.5 1339 1547 1493 1419 1395 1337 1152 
1 1353 1560 1507 1433 1417 1340 1162 
2 1348 1555 1496 1425 1424 1331 1158 
3 1331 1536 1475 1408 1425 1315 1146 
4 1314 1512 1450 1389 1422 1298 1133 
5 1296 1485 1422 1363 1420 1275 1117 
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APPENDIX B. ADDITIONAL DETAILS REGARDING HPFFB DEVELOPMENT 

The original HPFFB burner (Zeng, 2005) was water-cooled and had a total diameter of 

2.5 inches, with a 2-inch diameter burner face. The face of the 2-inch burner was designed to 

connect to a tube that was too large to fit inside the heated cavity. Several systems composed of 

quartz collars and steel rings were devised to allow the burner to connect to the smaller tubes 

about 1 inch below the heated part of the cavity (Figure B.1). These systems were functional but 

cumbersome. The earlier system of quartz collars provided better visibility of the burner face, but 

the later system using a steel mounting ring provided better visibility of the hot coal stream.  

 

   

Figure B.1. Burner-to-quartz tube mounting systems: quartz collars (left and center) and steel ring (right). 
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A smaller burner (1-inch diameter) was found in the stock of spare parts in the HPFFB 

laboratory, as shown in Figure 4.1. The pressure vessel cap was adapted to accommodate either 

of the two burners, and the small burner was shortened. The 1-inch burner was originally 

developed as a prototype for the 2-inch burner and had seen service in very harsh environments; 

it was mostly worn out by the time it was put back into service in the new HPFFB. Within a few 

weeks the small burner broke down altogether, but a replacement was built because operation 

was observed to improve significantly compared to the large burner. Stable operation was 

observed with the rebuilt small burner due to the up-flow configuration.   

The rebuilt 1-inch diameter burner was only ¼ the length of the 2-inch burner, allowing 

the coal feeder tube to be shortened by 2 feet; this reduced the occurrence of clogs while feeding 

particles. The small burner allowed for greater flexibility in gas velocities with the existing flow 

control system. Gas flow rates and hence operating costs were significantly reduced compared to 

the large burner.  

The original 2-inch burner was built with a large (0.156 inch ID) central particle 

entrainment tube. Using this burner in an up-flow configuration proved to be difficult; a large 

amount of nitrogen was required to keep the coal entrained in the relatively large tube, 

particularly at high pressure. This reduced the heating rate and maximum temperature of the coal 

particles. Calculations of settling velocity revealed that a gas velocity of 0.18-0.26 m/s was 

required to entrain the coal particles with diameters of 100 µm at pressures of 2.5 to 15 atm 

(Appendix C). Since the gas density was proportional to the pressure, a higher mass flow rate of 

N2 was needed at higher pressures to maintain this velocity. However, undesired turbulence was 

observed when the momentum of the N2 used for entrainment was significantly different from 

the momentum of the gases flowing through the rest of the burner. Figure B.2 shows an observed 
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turbulent particle streak, and Figure B.1 includes a laminar particle streak that is suitable for 

pyrolysis and gasification experiments. This problem of turbulence was particularly prevalent 

with CH4/H2 flames at high pressures. It was found that a turbulent particle stream could be 

avoided by using an entrainment velocity that was within a factor of 3 of the cold burner gas 

velocity. 

 

Turbulent particle streak
Burner surface

Glass view port
Particles exiting burner 
feeder  tube (laminar)

 

Figure B.2. Photograph of reacting coal stream exhibiting undesired transition to turbulence with 2-inch burner. 

 

In flat-flame burners, flow rates of fuel and oxidizer are varied to adjust the post-flame 

temperature and species concentrations (i.e. O2, CO2, and/or H2O). Burner flow settings using 

mixtures of CH4 with H2 for fuel were tried first. Soot production from the CH4 fuel was found 

to occur at very low equivalence ratios at any pressure greater than 2 atm, even when a 50/50 

mix of CH4 with H2 was used. Several flow settings were investigated at different pressures to 

find conditions appropriate for experiments. Any soot collected and analyzed should originate 

from coal tar rather than the gaseous CH4 fuel. Partial premixing was attempted for a short 

period, but the reduction in soot was not complete enough to justify the risks associated with 

premixing fuels and oxidizers in a pressurized environment. These challenges were overcome 

initially by increasing the H2 to 84 mole % of the total fuel content. These settings produced a 
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H2O-rich gasification environment and eliminated soot formation at equivalence ratios of up to 

1.2 and pressures of up to 15 atm. 

These H2O-rich settings were characterized at 2.5 atm and used for a set of pyrolysis and 

gasification experiments on subbituminous Wyodak coal (0). However, the work done was 

inefficient because the old coal entrainment apparatus suffered from frequent clogging. 

Controlling the condensation of steam was also an issue; liquid water on the polycarbonate soot 

filters created a large pressure drop, which caused the vessel pressure to increase faster than the 

controller could respond. Pressure swings caused interruption of feeding and contamination of 

the coal feeder system with moisture from the flame, thereby increasing the probability of 

clogging in the coal entrainment tube.  

The H2O-rich settings caused other problems in the particle collection system. Wet coal 

and soot did not separate correctly in the aerodynamic separation system. It was necessary to use 

heating tape on the collection system and carefully observe the temperatures of the filters while 

varying the heat input. An alternate method of heating the collection system by scaling up the 

total burner flow rate was also tried, but the increased flow rates made operation very expensive 

and the temperatures in the collection system rose high enough to melt o-rings and polycarbonate 

filters.  

The H2O-rich gasification settings could not be used with bituminous coals. The high H2 

content of the gaseous fuel caused a very high flame speed. The high-pressure flame was closer 

to the burner surface than was typical for flat-flame burners, causing high temperature corrosion 

of the burner surface and preheating of the entrained coal to occur before exiting the central 

burner tube. In fact, the burner surface was hot enough to glow. When attempts were made to use 

bituminous coals, the coal entrainment tube clogged a few millimeters below the burner surface 
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due to premature pyrolysis of the coal. The decision was therefore made to upgrade the facility to 

allow the safe use of CO as a fuel.  

New flow settings were initially developed for a CO flame on the 2-inch burner, but 

operation was prohibitively expensive. CO is far more expensive on a heating value basis than 

either CH4 or H2. By that point in time, the surface of the 2-inch burner had suffered from 

extensive high temperature corrosion due to months of operation with high H2 content. The 

decision was made to try the 1-inch burner. Operation with the 1-inch burner proved to be far 

more cost effective and reliable once the flow path was redesigned and stable flow settings were 

developed. 

 

Collection Probe Quench System 

 

Measurements of the centerline temperature inside the collection probe showed that the 

temperature did not drop very quickly after entering the probe. Larger and more numerous holes 

were bored in the tip of a new sintered steel tube. It was found that 70-80% of the N2 supplied to 

the repaired probe passed through the larger quench jets, compared to 40-50% previously. The 

temperature dropped 500 K in the first 0.25 inch, which was much more effective than the 200 K 

drop in 1 inch measured previously. The total amount of N2 used was reduced because the initial 

temperature drop was found to be relatively insensitive to N2 flow beyond a certain minimum 

level; the standard amount of quench N2 fed to the probe was specified as twice the total 

volumetric flow rate to the burner. The effectiveness of the quench jets was also indicated by the 

reduced heat damage to the sintered steel (including discoloration and warping) even at very high 

flame temperatures (Figure B.3).  
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Another attempt to improve the gas quench and particle collection efficiency included the 

construction of an extra probe with an alternate design. This alternate design included a concave 

tip with extra N2 jets. However, the new design was not effective because the extra N2 jets had 

diameters that were much too large; very little drop in temperature was observed within the 

probe because the low-velocity jets did not penetrate to the center of the hot gas flow. The shape 

of the tip also made it more difficult to insert into the top cap of the vessel. The concave-tipped 

probe design was abandoned in favor of the convex-tipped design based on the one used with the 

atmospheric flat-flame burner (Ma, 1996). 

 

Hot gas flow

Hot gas flow

Old quench jet holes

New quench jet holes

Hot gas flow

Hot gas flow

Old quench jet holes

New quench jet holes
 

Figure B.3. Heat damage to sintered steel tubes: old tube (top) and new tube with more large holes (bottom). 
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APPENDIX C. PARTICLE VELOCITY CALCULATIONS 

The flow rate of carrier N2 must be specified at a proper level for each operating pressure 

to ensure consistent entrainment of the coal. A force balance between gravity, buoyancy, and 

drag was used to estimate the velocity required to entrain the coal (Figure C.1).  

 

 

Fgravity 

Fbuoyancy Fdrag 

 

Figure C.1. Force balance on particle entrained with upward-flowing gas (Lewis, 2011). 

 

The force balance takes the form:  
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where the product of particle mass mp and net acceleration anet is the net force that sums to zero 

at the terminal velocity vt (also referred to as the slip or settling velocity). The term with the 

difference between the particle density ρp and the gas density ρg is the sum of the buoyant and 
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gravity forces, where g is the acceleration due to gravity and rp is the particle radius. The drag 

force term includes a drag coefficient CD, which has the form (Bird et al., 2002):  
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which is valid for spheres of diameter D = 2rp and Reynolds numbers of ReD < 6000. The 

Reynolds number was calculated using the expression:  
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and the gas density was calculated from the ideal gas law using the expression:  
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where µ is the gas viscosity, P is the total pressure, MW is the molecular weight of the gas, Rg is 

the universal gas constant, and Tg is the gas temperature. 

Reynolds numbers between 4 and 18 were calculated for 100 µm particles with densities 

of 1.3 g/cm3 at pressures of 2.5 atm to 15 atm at the terminal velocity. N2 gas properties at 300 K 

were used. This exceeds the Reynolds number limit of 0.1 that would be required to assume 

Stokes flow, which would allow an analytical solution for vt to be found (the Stokes flow drag 

coefficient is identical to Equation C.2 without the term 0.5407). Therefore, the force balance 

was solved numerically for vt, yielding values of 0.26 m/s at 2.5 atm and 0.18 m/s at 15 atm. 

Assuming Stokes flow would produce velocities of about 0.39 m/s at all pressures.  

For entrained flow to exist in the feeder tube, the settling velocity must be exceeded. Due 

to increasing gas density with increasing pressure, larger mass flow rates of N2 are needed with 

increasing pressure to maintain sufficient velocities. Using the calculated velocities and a margin 

of safety, standard entrainment gas flow rates of 0.06 SLPM, 0.075 SLPM, 0.1 SLPM, and 0.15 
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SLPM were adopted at 2.5 atm, 5 atm, 10 atm, and 15 atm, respectively. After injection into the 

hot post-flame zone, the particles accelerate. A transient version of the force balance is required 

to estimate particle velocities in this regime:  

 ( ) ( ) Dpggppgp
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pp Cvvrgr
dt

dv
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where the derivative of the particle velocity vp with respect to time t is equivalent to anet. In 

Equation C.5 the particle mass mp has been expressed as the product of particle volume and 

density and the slip velocity vt has been expressed in terms of the gas velocity vg and the particle 

velocity. Using the measured gas temperature profile and the relationship 

 
pv

dt
dz

=  (C.6) 

allows these two differential equations to be solved with a Runge-Kutta method. The initial 

velocity calculated from the solution of Equation C.1 serves as the initial  condition for Equation 

C.5, and the initial distance and time are defined as zero. The integration yields relationships 

between velocity, residence time, and location. Gas properties were calculated from correlations 

in the DIPPR® Database (Rowley et al., 2010). 
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APPENDIX D. HPFFB STEPPER MOTOR ELECTRONICS AND SOFTWARE 

A stepper motor was used in conjunction with a pneumatic vibrator to feed coal from a 

plunger into a funnel, where it was entrained in N2 through a steel tube that led to the burner 

surface. An electronic driver system was connected to the parallel port of a desktop computer 

running the Windows XP operation system. The electronic driver allowed pulses 5.9 VDC power 

to be delivered from a separate power supply to the appropriate coils on the stepper motor. A 

schematic of the stepper motor driver circuit is shown in Figure D.1. The ULN 2003 chip shown 

in Figure D.1 could only accommodate a 500 mA output, so 10 chips were used in parallel to 

supply up to 5 A to the stepper motor. This driver and the associated software were based on a 

design used for a home movie film digitizer (Brunner, 2007) and is also similar to the stepper 

motor used for the atmospheric FFB (Ma, 1996). 

A Visual Basic program was written to run the stepper motor driver circuit. A special 

software driver was added to the computer to allow the VB program to send a signal through the 

computer parallel port (Logix4u, 2008). The program accepts the user’s inputs of direction, fuel 

bulk density, distance, and inverse velocity. The bulk density is used to output an estimated feed 

rate to the screen, and the other parameters are processed to create a sequence of pulses to drive 

the stepper motor screw in the desired direction at the specified velocity to the specified distance. 

The graphical user interface is shown in Figure D.1. 
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Figure D.1. HPFFB stepper motor driver circuit diagram and graphical user interface. 

 

The VB code was implemented in Microsoft Visual Studio 2008. The source code that runs the 

electronic driver is included on the CD that accompanies this dissertation. 
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APPENDIX E. CHAR SEPARATION PROCEDURE 

A challenge encountered with using bituminous coals in the HPFFB was that a significant 

portion of the collected char was fragmented. This made it very difficult to determine the original 

particle sizes. Some of the char collected was less fragmented, apparently due to small variations 

in the char collection method. Many of the char samples collected were also contaminated with 

large soot agglomerates. The soot reduced the quality of the data collected because char 

containing a significant quantity of soot cannot be accurately analyzed for mass change via 

elemental or ash tracer techniques. Also, accurate determination of swelling by the tap density 

technique is hindered by the presence of large, low density soot agglomerates. The presence of 

fragments also interferes with swelling measurements by increasing the observed density. 

Density separation of the char was attempted. In a previous study, soot was separated 

from fly ash using a liquid-suspension gravity separation technique (Veranth et al., 2000). In the 

previous study, soot floated to the top of an ethanol supernatant and ash settled to the bottom. 

Such was not the case with the samples from the HPFFB; many of the cenospherical char 

particles floated. In early separation attempts, soot agglomerates remained intact and settled to 

the bottom of the liquid with the dense fraction of the char. Soot agglomerates were often 

compacted in these attempts. After trials with several different liquids, a mixture of 2 parts 

ethanol with 3 parts water (by volume) was adopted for the separation procedure (density = 0.94 

g/mL). A low-intensity custom vibrator was used because fragmentation of the char particles 
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occurred when sonication was attempted. The vibrator was made by gluing a nut to a CPU fan; 

off-balance fans of this type are also used to help keep coal entrained in the HPFFB coal feeder 

system. 

Char samples split into two fractions, which were filtered separately and dried. Paper 

filters with a pore size of ~5 µm were used. The top fraction contained whole cenospherical char 

particles and the bottom fraction contained smaller cenospheres, denser particles (from high-ash 

and/or non-swelling coal particles), and particle fragments. With 2 hours of vibration, negligible 

amounts of soot were observed in SEM images of both the top and bottom fractions (Figures E.1 

and E.2). It appears that the soot agglomerates broke down into fragments smaller than 5 µm and 

passed through the filter; the waste liquid had a cloudy gray color and the sum of the dried char 

sample weights was on the order of 10 mg less than the original sample weight of ~300 mg. The 

top fraction was then dried and subjected to bulk density and ash tests to determine extent of 

reaction and swelling. The extent of reaction determined from ash content of the top fraction can 

be considered a lower bound, because particles with high ash content should be too heavy to 

collect in the top fraction. Similarly, the density determined from the top fraction can be viewed 

as a lower bound on the sample density.  

 

Bottom FractionBottom Fraction

 

Top FractionTop Fraction

 

Figure E.1. SEM images of a separated Eastern Bituminous A char produced at 5 atm, 1702 K, 38 ms. 
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Bottom FractionBottom Fraction

 

Top FractionTop Fraction

 

Figure E.2. SEM images of separated Eastern Bituminous B char produced at 15 atm, 1918 K, 660 ms. 

 

The bottom fraction was also subjected to an ash test to determine an upper bound for the 

extent of reaction. When sufficient material was present in both top and bottom fractions, a 

mass-weighted average ash content was calculated from the ash content of the two fractions:  
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where the index i refers to some fraction of the material (top or bottom); N = 2 in this case. The 

variable m refers to mass and x refers to mass fraction, respectively. The bulk densities were not 

measured for the bottom fraction of the separated char because the presence of char fragments 

changes the packing factor. A swelling ratio determined from a bulk density on a sample with a 

high extent of fragmentation and an unknown packing factor has little or no physical meaning.  
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The upper and lower bounds on the swelling ratio determined using this technique were 

semi-quantitative in nature because many significant sources of error were present. First, the 

extent of fragmentation in the reaction zone versus in the collection system was unknown. 

However, comparison of SEM images before and after changing the collection procedures 

suggests that most particles reached the collection system intact. Second, fragmentation in the 

collection system was more likely for the largest (most swollen) char particles because they 

usually had thinner walls. Third, some of the largest non-fragmented cenospheric char particles 

were not retained by the cyclone due to their very low density and high surface area; they ended 

up on the soot filter, as shown in SEM images. Fourth, soot residues retained with the char after 

separation would artificially increase m/m0 and hence the swelling ratio. However, based on 

SEM images, this effect was probably negligible. Fifth, the ash tracer technique assumes that the 

mass of ash remains constant throughout the experiment, but this was not strictly true at high 

experimental temperatures. Some compounds and elements in the ash vaporized and later 

condensed on surfaces where they were not collected, or else passed out of the system through 

the soot filters. Ash vaporization lowers the measured ash fraction and artificially increases the 

derived value of m/m0, which increases the observed swelling ratio.  

The mass release calculated from the ash tracer yielded very noisy trends. Due to the 

large number of unquantified uncertainties, this char separation technique was abandoned. The 

decision was made to pursue new experiments with an altered collection system and a reinjection 

strategy to eliminate both the soot and fragmentation. This new approach allowed meaningful 

density and ash measurements to be made on the whole sample. Additionally, the changes in the 

collection system and operating procedures permitted a direct mass balance to be measured and 

compared to the ash tracer. 
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APPENDIX F. RADIATION TEMPERATURE CORRECTION 

The centerline temperature was measured with a moveable B-type thermocouple. The 

thermocouple wires were encased in a ceramic sheath which was inserted into the central axis of 

the reactor through a water-cooled gasket at the top of the collection system. At high 

temperatures a significant amount of heat is radiated away from the thermocouple junction, or 

bead. The true gas temperature is higher and can be estimated using an energy balance on the 

bead. This was done by equating the convective heat flux and the radiation heat flux at the 

surface of the thermocouple bead:  

 [ ]∑ −=−
N

i
ibibg TTFTTh )()( 44εσ  (F.1) 

where h is the convective heat transfer coefficient, Tg is the gas temperature, Tb is the measured 

thermocouple bead temperature, Fi is one of N sphere-to-disk based view factors from the bead 

to a portion of the surroundings at temperature Ti (denoted Tsurr when N = 1), ε is the emissivity 

of the thermocouple bead, and σ is the Stefan-Boltzman constant. Due to the temperature 

dependence of h, this equation was solved iteratively for the true gas temperature, Tg. A 

spreadsheet was written with VBA macros to accomplish this calculation. This radiation 

correction spreadsheet is included on the CD that accompanies this dissertation. Transport 

properties were taken from coefficients in the DIPPR® Database (Rowley et al., 2010). 

Thermodynamic properties were taken from coefficients used in the NASA-CEA code (McBride 



262 

et al., 2002). The convective heat transfer coefficient h was calculated from the spherical Nusselt 

number Nusphere (Ranz and Marshall, 1952):  

 3/12/1
, PrRe6.00.2 spheredsphereNu +=  (F.2) 

where Red,sphere is the Reynolds number based on the approximately spherical bead diameter 

(measured optically with a microscope) and Pr is the Prandtl number, with gas properties 

evaluated at the bulk temperature T∞=Tg. Thermocouples are easily broken when inserted into a 

pressure vessel; several were used over the course of the measurements. When 0.005-inch 

diameter wire was used the bead diameter measured with a microscope was typically 350-400 

μm. A cylindrical Nusselt number with the wire diameter was also used for comparison using the 

equation (Collis and Williams, 1959):  

 17.045.0
, ))(Re56.024.0( ∞+= TTNu mcylinderdcylinder  (F.3) 

where gas properties are evaluated at the mean film temperature Tm. This Nusselt number was 

recommended for use with thermocouples in a previous review (Shaddix, 1999). When Nucylinder 

is used the predicted value of Tg is higher compared to the case using Nusphere. Differences 

between the two correction methods are greatest at low Reynolds numbers, which occur at high 

temperatures and low pressures, especially near the burner surface. At 2.5 atm with peak flame 

temperatures near 1700 K, the maximum difference between the methods was 30 K. At 15 atm 

with peak flame temperatures of up to 1900 K, the maximum difference between the two 

methods was less than 5 K. This is considered acceptable agreement considering the error 

associated with the raw measurements, the error associated with the use of any Nusselt number 

correlation, and the magnitude of the impact expected on reaction processes. The Ranz-Marshall 

correlation (Equation F.2) was therefore used to correct all thermocouple measurements. 
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K-type thermocouples were installed on the surfaces of the original heaters surrounding 

the quartz tube that served as the reaction zone. B-type thermocouples were used with the newer 

molybdenum disilicide heating elements. These thermocouples provided temperatures of the 

surroundings Ti to be used in correcting the centerline temperature. Cool surfaces, including 

vessel walls, the burner, and the quench probe were assigned a uniform temperature of 500 K.  

For cases with 3 inches or less between the burner and the quench probe, no heaters were used 

and all Ti were assigned a value of 500 K. For cases with longer residence times, the portion of 

the heater surfaces visible from the centerline of the reactor was divided into 10 equal cylindrical 

sections. View factors were calculated for each heater section with respect to each measurement 

position and temperatures were assigned to each section by interpolating between the 

temperatures obtained from the thermocouples on the heater surfaces. The maximum heated 

surface temperature normally occurred towards the middle of the exposed heated region. Aaron 

Lewis has described and illustrated the geometric considerations associated with the use of view 

factors in the HPFFB (Lewis, 2011). 

A thin coating of alumina was applied to the thermocouple junction via chemical vapor 

deposition to suppress catalytic heating of the thermocouple junction (Bahlawane et al., 2007). 

The apparatus developed to apply the coating has been described elsewhere (Lewis, 2011). A 

temperature-dependent emissivity developed for S-type thermocouple wire was used (Shaddix, 

1999):  

 )1018.21025.11024.31.0(74.1 311274
bbb TTT −−− ⋅+⋅−⋅+−=ε  (F.4) 

The factor of 1.74 in this expression accounts for the alumina coating (Bahlawane et al., 2007). 

This emissivity varies from a value of 0.21 at 1000 K to 0.39 at 2000 K, which is consistent with 

values that have been measured in the literature (Shaddix, 1999). The magnitude of the 
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temperature correction is very sensitive to the value of the emissivity. It is possible that in some 

cases the coating was damaged. In the near-burner region, this would result in high raw 

temperature measurements due to catalytic heating. However, the catalytic reaction rate should 

be negligible above the location of the peak temperature (0.75 inch to 1 inch above the burner) 

because the gas composition should be close to equilibrium. A damaged alumina coating would 

also decrease the emissivity and hence decrease the temperature correction required. The 

spherical Nusselt number was chosen in part because it yields the smallest temperature 

correction; the conservative trend is better if imperfections in the thermocouple coating are 

considered probable.  

The centerline gas temperature was measured using different heights between the burner 

and the collection probe. At heights of 3 inches and below, the heaters were not used. At the 

maximum height of 16.25 inches, power supplied to the Nichrome wire was reduced to keep the 

heater surface temperature below 1200oC, as specified by the manufacturer. At intermediate 

distances the maximum heater power was used while monitoring the heater surface temperatures 

for consistency; a partially inserted probe is a heat sink that prevents the heater surfaces from 

reaching 1200oC even at full power. An apparent consequence of this variation in heater power 

was that some of the gas temperatures near the probe were higher when the probe was set 10” 

above the burner than when it was set 16.25 inches above the burner (Figure F.1). 

For some of the larger probe heights, it was difficult to obtain centerline temperatures 

with physically realistic trends due to thermocouple alignment issues. However, there were a 

sufficient number of good measurements to show that the temperatures near the burner were 

identical for large and small probe heights (see Figure F.1). When necessary, measurements 

taken far from the burner at probe heights of 10 inches and 16.25 inches were spliced with 
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measurements taken near the burner with the probe at 3 inches to produce physically realistic 

profiles. Intermediate points that interfered with the splicing procedure were omitted; 

temperatures in this regime were obtained through interpolation.   
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Figure F.1. Radiation-corrected centerline gas temperatures in the HPFFB at 5 atm with a maximum temperature of 
1702 K at two probe heights. The 16.25-inch profile consists of a single collection of measurements and 
the 10-inch profile uses measurements from a 3-inch profile near the burner. 

 

A useful intermediate quantity available in the spreadsheet used for the radiation 

temperature correction is the weighted sum of the surroundings temperatures to the fourth power:  

 [ ]∑=
N

i
iisurr TFT 44  

(F.5) 

This summation over N = 11 view factors (Fi) was carried out at each measurement height. The 

heater surface temperature was fit in a piecewise linear fashion versus the height above the 

burner, and this correlation was used to provide the 10 Ti values required. The surfaces that did 
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not include the hot portion of the heaters were assumed to be at 500 K, which was used for the Ti 

associated with the remaining view factor.  

Tsurr is required for the energy balances used in the gasification models. Tsurr
4 and the 

measurement height were fit to a 4th-order polynomial. Tsurr versus residence time was derived 

from this correlation and the particle velocity profile for use in CCK and CCKN. However, the 

1st-order gasification model was designed to use a single surroundings temperature. The mean 

value theorem of calculus was used to derive an average Tsurr for use in the 1st-order model:  
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where z is the height above the burner and zmax and zmin are the maximum and minimum between 

the burner and the collection probe corresponding to gasification experiments at high and low 

residence times. The integration in Equation F.6 was straightforward because Tsurr
4 was fit to a 

4th-order polynomial versus z. 
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APPENDIX G. EXPERIMENTAL GAS CONDITIONS AND PARTICLE SIZES 

HPFFB Gas Conditions with ~20% CO2 
 

Table G.1. Gas flow rates and post-flame gas compositions with ~20% CO2  

Pressure and 
Peak 

Temperature 

2.5 atm 
1683 K 

5 atm 
1702 K 

5 atm 
1867 K 

10 atm 
1722 K 

10 atm 
1967 K 

15 atm 
1681 K 

15 atm 
1918 K 

Gas flow (kg/s) 1.544·10-4 2.229·10-4 2.232·10-4 3.625·10-4 3.633·10-4 4.854·10-4 4.863·10-4 
Adiabatic  

Temperature (K) 1666 1677 1921 1687 1936 1690 1939 

Ф (Equiv. Ratio) 1.2735 1.2574 1.1677 1.2461 1.1553 1.2410 1.1510 
Carrier N2 

(SLPM, coal 
entrainment) 

0.06 0.075 0.075 0.1 0.1 0.15 0.15 

CO (SLPM) 2.08 3.0 3.00 4.90 4.90 6.56 6.56 
H2 (SLPM) 0.17 0.17 0.17 0.17 0.17 0.17 0.17 
Oxidizer N2 

(SLPM) 2.75 3.99 3.08 6.50 5.00 8.70 6.69 

Air (SLPM) 3.15 4.55 5.45 7.40 8.90 9.90 11.90 
Equilibrium post-flame gas compositions 

CO2 mol % 15.7% 16.3% 20.0% 16.9% 20.78% 17.1% 21.0% 
H2O mol% 1.8% 1.3% 1.5% 0.8% 0.91% 0.6% 0.7% 
CO mol % 11.9% 11.4% 8.2% 11.1% 7.72% 10.9% 7.5% 
H2 mol % 0.4% 0.3% 0.1% 0.2% 0.08% 0.1% 0.0% 
N2 mol % 70.2% 70.7% 70.2% 71.0% 70.03% 71.3% 70.8% 

 

Table G.2. Residence times with ~20% CO2 

Collection 
height 

(inches) 

2.5 atm 
1683 K 

RT (ms) 

5 atm 
1702 K 

RT (ms) 

5 atm 
1867 K 

RT (ms) 

10 atm 
1722 K 

RT (ms) 

10 atm 
1967 K 

RT (ms) 

15 atm 
1681 K 

RT (ms) 

15 atm 
1918 K 

RT (ms) 

15 atm 
2160 K 

RT (ms) 
0.75 33 38 38 42 46 46 41 46 

3 - 113 116 122 114 122 111 115 
10 - 367 388 - - 414 389 - 

16.25 - 611 662 - - 692 660 - 
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 Table G.3. Particle velocity profiles with ~20% CO2 

Height above 
burner (mm) 

2.5 atm, 
1683 K 

vp (cm/s) 

5 atm, 
1702 K 

vp (cm/s) 

5 atm, 
1867 K 

vp (cm/s) 

10 atm, 
1722 K 

vp (cm/s) 

10 atm, 
*1967 K 
vp (cm/s) 

15 atm, 
1681 K 

vp (cm/s) 

15 atm, 
1918 K 

vp (cm/s) 
0 27.5 10.7 10.7 1.5 1.5 1.5 1.5 
3 45.8 39.2 40.6 38.1 37.6 33.6 37.6 
6 56.7 51.2 51.6 49.9 51.4 45.8 51.4 
9 64.3 59.6 59.5 58.8 60.5 55.5 60.5 

12 70.2 66.9 65.8 65.9 69.6 63.3 69.6 
15 74.6 73.2 70.9 71.3 77.2 69.2 77.2 
20 79.0 78.1 75.7 77.0 84.6 75.2 84.6 

25.4 80.6 80.6 78.1 79.0 87.2 78.3 87.2 
Velocities are obtained for distances of x > 25.4 mm above the burner using the equation  
vp = vp(25.4 mm) ·T(x) / T(25.4 mm) where T is the centerline gas temperature at x.  
Use Tdata(25.4 mm) if the measured T is being used to scale velocity and use Tfitted(25.4 mm) if the 
polynomial fit of T is used. 
* The 15 atm 1918 K velocity profile was used to estimate the residence time for the 10 atm 1967 K 
condition because so many of the other measured velocities were similar. 

Tdata(25.4 mm) 1675 K 1687 K 1858 K 1653 K 1919 1637 K 1906 K 
Tfitted(25.4 mm) 1677 K 1694 K 1868 K 1661 K N/A 1649 K 1897 K 

 
 

Table G.4. Radiation-corrected HPFFB temperature profiles with ~20 % CO2 with probe at 3 inches above burner 

Height 
above 
burner 
(inches) 

2.5 atm, 
1683 K 
peak 

5 atm, 
1702 K 
peak 

5 atm, 
1867 K 
peak 

10 atm, 
1722 K 
peak 

10 atm, 
1967 K 
peak 

15 atm, 
1681 K 
peak 

15 atm, 
1918 K 
peak 

15 atm, 
*2160 K 

peak 

0 1448 1590 1735 1722 1961 1643 1841 2160 
0.25 1616 1691 1845 1713 1967 1681 1883 2065 
0.5 1667 1702 1864 1672 1952 1655 1898 2044 

0.75 1683 1698 1867 1655 1937 1643 1918 2025 
1 1675 1687 1858 1653 1919 1637 1906 1994 

1.25 1664 1669 1843 1646 1896 1632 1854 1980 
1.5 1642 1651 1824 1630 1869 1613 1836 1956 

1.75 1613 1635 1773 1605 1827 1608 1810 1921 
2 1582 1613 1689 1576 1788 1590 1777 1901 

2.25 1556 1588 1594 1578 1763 1559 1744 1876 
2.5 1528 1507 1554 1519 1708 1521 1742 1847 

2.75 1500 1467 1530 1499 1669 1487 1697 1804 
3 1468 1442 1524 1464 1631 1388 1606 1751 

*The 15 atm 2160 K condition was only used for one experiment with Kentucky #9. It was too hot for sustained 
use; the quartz tube broke, and there was a concern about the possibility of burner damage. The 15 atm 1918 K 
condition with a scaling temperature of 2020 K was used to estimate the velocity profile for the 2160 K 
condition. The 2160 K condition had 24.05% CO2, 9.02% CO, and 0.69% H2O, with Ф = 1.1567 
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Table G.5. Radiation-corrected HPFFB temperature profiles with ~20 % CO2 and curve-fits with probe at 10 inches 

Height 
above 

burner (inches) 

5 atm 
1702 K 
peak 

5 atm 
1867 K 
peak 

15 atm 
1681 K 
peak 

15 atm 
1918 K 
peak 

0 1590 1735 1643 1841 
0.25 1691 1845 1681 1883 
0.5 1702 1864 1655 1898 

0.75 1698 1867 1643 1918 
1 1687 1858 1637 1906 

1.25 1669 1843 1632 1854 
1.5 1651 1824 1613 1836 

1.75 1635 1773 1608 1810 
2 1613 - 1590 1777 

2.25 - - 1559 1744 
2.5 - - 1521 1742 

2.75 - - - 1697 
3 - 1617 - 1606 
4 1479 1591 1376 1510 
5 1479 1584 1334 1464 
6 1476 1576 1292 1407 
7 1472 1563 1257 1370 
8 1465 1550 1227 1316 
9 1455 1533 1198 1285 

9.5 - 1522 1185 1269 
10 1428 1501 1135 1227 

 

Coefficients for equation T = A·z6 + B·z5 + C·z4 + D·z3 + E·z2 + F·z + G where T is the 
centerline temperature in Kelvin and z is the distance above the burner in meters 

A -4.9639E+07 -1.6351E+08 2.7801E+06 -5.0619E+07 
B 4.6488E+07 1.4266E+08 1.1813E+05 4.9071E+07 
C -1.7045E+07 -4.8228E+07 -1.6982E+06 -1.8960E+07 
D 3.0043E+06 7.8253E+06 7.0267E+05 3.6162E+06 
E -2.4376E+05 -5.9845E+05 -9.7795E+04 -3.3152E+05 
F 5.4604E+03 1.5587E+04 1.8967E+03 8.4731E+03 
G 1.6647E+03 1.7440E+03 1.6504E+03 1.8416E+03 

 

Average Tsurr (K) 1291 1315 923 978 
Coefficients for equation Tsurr 4 = A·z4 + B·z3 + C·z2 + D·z + E where Tsurr is the 
surroundings temperature in Kelvin and z is the distance above the burner in meters 

A -5.4922E15 -5.9837E15 -1.2432E15 -3.3281E15 
B 2.5292E15 2.8259E15 4.5644E14 1.4055E15 
C -4.8338E14 -5.5232E14 -6.3952E13 -1.8719E14 
D 5.1723E13 5.8066E13 8.3783E12 1.3823E13 
E 6.9148E11 7.6690E11 1.6438E11 1.4952E11 
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Table G.6. Radiation-corrected HPFFB temperature profiles with ~20 % CO2 with probe at 16.25 inches 

Height 
above 

burner (in) 

5 atm 
1702 K  
peak 

5 atm 
1867 K  
peak 

15 atm 
1681 K  
peak 

15 atm 
1918 K  
peak 

0 1646 1735 1643 1841 
0.25 1686 1845 1681 1883 
0.5 1699 1864 1655 1898 

0.75 1693 1867 1643 1918 
1 - 1858 1637 1906 

1.25 1663 1843 1632 1854 
1.5 - 1824 1613 1836 

1.75 1632 1773 1608 1810 
2 - 1713 1590 1777 

2.25 1595 1662 1559 1744 
2.5 - - 1521 1742 

2.75 1557 1615 - 1697 
3 - - 1487 1606 

3.25 1527 1585 - - 
3.75 1501 1560 - 1488 
4.25 1477 1526 - 1471 
4.75 - - 1315 1442 
5.25 1442 1500 1293 1421 
6.25 1423 1482 1267 1377 
7.25 1412 1466 1245 1349 
8.25 1404 1457 1225 1319 
9.25 1403 1452 1212 1297 

10.25 1400 1453 1208 1288 
11.25 1407 - 1205 1281 
12.25 1412 1454 1208 1278 
13.25 1415 1452 1210 1278 
14.25 1404 1441 1215 1276 
15.25 1384 1420 1218 1277 
15.75 1371 1407 1219 1275 
16.25 1355 1388 1214 1275 

 

Coefficients for equation T = A·z6 + B·z5 + C·z4 + D·z3 + E·z2 + F·z + G where T is the 
centerline temperature in Kelvin and z is the distance above the burner in meters 

A -3.3077E+06 -8.3500E+06 -4.7859E+06 -1.2118E+07 
B 4.5021E+06 1.1031E+07 6.8309E+06 1.6477E+07 
C -2.3925E+06 -5.5883E+06 -3.7921E+06 -8.6084E+06 
D 6.0281E+05 1.3285E+06 1.0080E+06 2.1314E+06 
E -6.4721E+04 -1.3796E+05 -1.2017E+05 -2.3864E+05 
F 3.6982E+02 2.2812E+03 2.5484E+03 6.2416E+03 
G 1.6973E+03 1.8556E+03 1.6467E+03 1.8527E+03 

 

Average Tsurr (K) N/A 1318 1132 1168 
Coefficients for equation Tsurr 4 = A·z4 + B·z3 + C·z2 + D·z + E where Tsurr is the 
surroundings temperature in Kelvin and z is the distance above the burner in meters 

A N/A 3.6484E13 -2.3836E14 -2.2364E14 
B N/A -1.3675E14 2.4027E13 -1.4850E13 
C N/A 8.8018E12 3.0735E13 4.5955E13 
D N/A 1.8967E13 2.9277E12 2.5196E12 
E N/A 6.9518E11 1.8595E11 2.1594E11 
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HPFFB Gas Conditions with Enhanced CO2 (40% and 90%) 

 

Table G.7. Gas flow rates and post-flame gas compositions with enhanced CO2 

Pressure 
Peak Temperature 

Approximate CO2 % 

10 atm 
1899 K 
~40 % 

10 atm 
2093 K 
~40 % 

10 atm 
1764 K 
~90 % 

15 atm 
1835 K 
~40 % 

15 atm 
2011 K 
~40 % 

15 atm 
2023 K 
~90 % 

Adiabatic Temp (K) 1770 1972 1917 1773 1968 1919 
Ф (Equiv. Ratio) 1.1392 1.1182 1.0448 1.1366 1.1215 1.0431 

Carrier N2 (SLPM, 
coal entrainment) 0.10 0.10 0.10 0.15 0.15 0.15 

CO (SLPM) 6.00 5.90 5.20 8.02 8.02 6.98 
H2 (SLPM) 0.17 0.17 0.17 0.17 0.17 0.17 

Oxidizer CO2 (SLPM) 3.90 2.91 8.64 5.22 3.88 11.62 
Air (SLPM) 8.90 10.00 0.00 11.90 13.35 0.00 
O2 (SLPM) 0.00 0.00 2.09 0.00 0.00 2.80 

Equilibrium post-flame gas compositions 
CO2 mol % 43.45% 40.87% 89.64% 42.77% 40.91% 90.17% 
H2O mol% 0.91% 0.94% 1.18% 0.68% 0.70% 0.88% 
CO mol % 14.11% 11.02% 8.45% 13.89% 11.36% 8.14% 
H2 mol % 0.08% 0.06% 0.03% 0.06% 0.04% 0.02% 
N2 mol % 40.97% 46.56% 0.71% 41.11% 46.43% 0.79% 

 

 Table G.8. Particle velocity profiles with enhanced CO2 

Height above 
burner (mm) 

10 atm 
1899 K 

~40 % CO2 
vp (cm/s) 

10 atm 
2093 K 

~40 % CO2 
vp (cm/s) 

10 atm 
1764 K 

~90 % CO2 
vp (cm/s) 

15 atm 
1835 K 

~40 % CO2 
vp (cm/s) 

15 atm 
2011 K 

~40 % CO2 
vp (cm/s) 

15 atm 
2023 K 

~90 % CO2 
vp (cm/s) 

0 1.5 1.5 1.5 1.5 1.5 1.5 
3 30.7 33.3 30.0 23.9 29.2 27.1 
6 40.2 43.6 39.4 32.6 40.0 37.1 
9 47.4 51.4 46.4 39.6 47.0 43.6 
12 53.1 57.6 52.0 45.1 54.1 50.2 
15 57.5 62.3 56.2 49.3 60.0 55.7 
20 62.1 67.3 60.7 53.6 65.8 61.0 

25.4 63.7 69.0 62.3 55.8 67.8 62.9 
Velocities are obtained for distances of x > 25.4 mm above the burner using the equation  
vp = vp(25.4 mm) ·T(x) / T(25.4 mm) where T is the centerline gas temperature at x. Use Tdata(25.4 mm) if the 
measured T is being used to scale velocity and use Tfitted(25.4 mm) if the polynomial fit of T is used. 
Tdata(25.4 mm) 1756 K 1900 K 1709 K 1793 K 1976 K 1907 K 
Tfitted(25.4 mm) 1663 K 1894 K 1740 K 1776 K 1955 K 1895 K 
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Table G.9. Residence times with enhanced CO2 

Collection height 
(inches) 

10 atm 
1899 K 

~40 % CO2 
RT (ms) 

10 atm 
2093 K 

~40 % CO2 
RT (ms) 

10 atm 
1764 K 

~90 % CO2 
RT (ms) 

15 atm 
1835 K 

~40 % CO2 
RT (ms) 

15 atm 
2011 K 

~40 % CO2 
RT (ms) 

15 atm 
2023 K 

~90 % CO2 
RT (ms) 

0.75 52 48 53 64 53 57 
1.00 62 58 64 76 62 67 
2.00 103 95 106 122 101 110 
3.00 147 135 150 172 142 156 
8.00 425 378 424 485 410 456 
9.50 

Heaters at 1250oC - 424 462 - - - 

9.50 
Heaters at 1350oC - 401 439 - - - 

 

Table G.10. Radiation-corrected HPFFB temperature profiles with enhanced CO2 , 7.5-inch probe height, no heaters 

Height 
above 
burner 
(inches) 

10 atm 
1899 K 

~40 % CO2 

10 atm 
2093 K 

~40 % CO2 

10 atm 
1764 K 

~90 % CO2 

15 atm 
1835 K 

~40 % CO2 

15 atm 
2011 K 

~40 % CO2 

15 atm 
2023 K 

~90 % CO2 

0.1 1658 1816 1317 1752 1771 2004 
0.3 1899 2093 1485 1835 2036 2023 
0.5 1838 2021 1750 1811 2011 2023 
0.7 1805 1992 1764 1809 1994 1906 
0.9 1756 1930 1727 1793 1976 1907 
1.1 - - 1691 - - 1874 
1.3 - - 1687 - - 1871 
1.5 1695 - 1718 1753 1927 1848 
1.9 - - 1690 - - 1751 
2.5 1660 1824 1648 1621 1764 1655 
3.5 1544 1701 1503 1496 1602 1494 
4.5 1419 1534 1393 1387 1488 1369 
5.5 1334 1434 1300 1300 1380 1272 
6.5 1258 1345 1212 1212 1286 1182 
6.7 1232 1311 1197 1193 1263 1166 
7.1 1191 1275 1151 1161 1233 1136 
*7.5 1089 1154 1019 1076 1155 957 

*Entrance to gas-quenched particle collection probe 
 

Coefficients for equation T = A·z2 + B·z + C where T is the centerline temperature in Kelvin and z is the distance 
above the burner in meters. These correlations were used to extrapolate the temperature profile to 8 inches. 

A 0 0 0 0 0 1.2351E04 
B -3.9967E03 -4.4451E03 -3.7624E03 -4.1062E03 -4.9287E03 -7.4670E03 
C 1.7651E03 2.0695E03 1.8352E03 1.8795E03 2.0798E03 2.0764E03 
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Table G.11. Radiation-corrected HPFFB temperature profiles with enhanced CO2 and heaters 

Height above 
burner (inches) 

10 atm 
2093 K Peak 
~40% CO2 

1250oC Heater 

10 atm 
2093 K Peak 
~40% CO2 

1350oC Heater 

10 atm 
1764 K Peak 
~90% CO2 

1250oC Heater 

10 atm 
1764 K Peak 
~90% CO2 

1350oC Heater 
0.2 1951 1951 1984 1984 
0.4 1936 1936 1930 1930 
0.6 1917 1917 1888 1888 
0.8 1913 1913 1848 1848 
1.0 1900 1900 1821 1821 
1.6 1842 1842 1716 1716 
2.0 1782 1782 1631 1631 
2.4 1720 1720 - - 
2.6 1696 - - - 
2.8 1663 - - - 
3.0 1641 - - - 
3.5 - - 1479 1583 
4.5 1577 1710 1458 1580 
5.5 1585 1703 1458 1576 
6.5 1586 1696 1478 1606 
7.5 1581 1703 1496 1624 
8.1 1580 1699 1503 1632 
8.5 1577 1693 1501 1630 
8.9 1571 1687 1498 1625 
9.1 1569 1682 1495 1620 
9.3 1558 1670 1484 1610 

*9.5 1536 1647 1447 1588 
*Entrance to gas-quenched particle collection probe 

    

Coefficients for equation T = A·z4 + B·z3 + C·z2 + D·z + E where T is the centerline temperature 
in Kelvin and z is the distance above the burner in meters. The splice point indicates the height 
above the burner to switch from short to long residence time correlations. 

A short RT 0 0 -2.1809E08 -2.1809E08 
B short RT 0 0 3.7541E07 3.7541E07 
C short RT -3.3680E04 -3.3680E04 -2.1548E06 -2.1548E06 
D short RT -1.7226E03 -1.7226E03 3.9388E04 3.9388E04 
E short RT 1.9592E03 1.9592E03 1.7052E03 1.7052E03 

Splice point (m) 0.0850 0.0618 0.0750 0.0657 
A long RT 0 0 0 0 
B long RT 0 0 0 0 
D long RT 0 0 0 0 
D long RT 7.4533E01 -2.3435E02 1.2175E02 2.6549E02 
E long RT 1.5586E03 1.7384E03 1.4653E03 1.5570E03 

 

Average Tsurr (K) 1348 1441 1356 1439 
Coefficients for equation Tsurr 4 = A·z2 + B·z + C where Tsurr is the surroundings temperature in 

Kelvin and z is the distance above the burner in meters. The average Tsurr was used in the 1st-order 
model and the coefficients were used to calculate Tsurr versus residence time in CCK and CCKN. 

A -2.7593E14 -3.5227E14 -2.7400E14 -3.5308E14 
B 7.4963E13 9.2708E13 7.3379E13 9.3334E13 
C -9.2208E11 -6.4929E11 -6.6456E11 -7.4853E11 
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HPFFB Pyrolysis Gas Conditions with ~2% O2 

 

Table G.12. Gas flow rates and post-flame gas compositions with ~2% O2  

Pressure and 
Peak Temperature 

5 atm 
1798 K 

10 atm 
1907 K 

15 atm 
1834 K 

Adiabatic Temp (K) 1771 1767 1770 
Ф (Equiv. Ratio) 0.9181 0.9168 0.9201 

Carrier N2 (SLPM, 
coal entrainment) 0.075 0.10 0.15 

CO (SLPM) 1.94 3.14 4.34 
H2 (SLPM) 0.17 0.17 0.17 

Oxidizer N2 (SLPM) 3.00 4.86 6.20 
Fuel N2 (SLPM) 1.00 1.50 2.50 

Air (SLPM) 5.90 9.30 12.60 
Equilibrium post-flame gas compositions 

CO2 mol % 17.60% 18.04% 18.32% 
H2O mol% 1.54% 0.97% 0.72% 
CO mol % 0.01% 0.01% 0.01% 
H2 mol % 0.00% 0.00% 0.00% 
N2 mol % 78.66% 78.74% 78.78% 
O2 mol % 1.59% 1.63% 1.57% 

 

 Table G.13. Particle velocity profiles and residence times with ~2% O2 

Height above 
burner (mm) 

5 atm, 
1798 K 

vp (cm/s) 

10 atm, 
1907 K 

vp (cm/s) 

15 atm, 
1834 K 

vp (cm/s) 
0 10.7 1.5 1.5 
3 39.2 38.1 33.6 
6 51.2 49.9 45.8 
9 59.6 58.8 55.5 

12 66.9 65.9 63.3 
15 73.2 71.3 69.2 
20 78.1 77.0 75.2 

25.4 80.6 79.0 78.3 
30.5 77.7 76.9 75.6 
40.6 72.0 73.1 70.2 
50.8 66.8 70.1 67.9 

 

Residence time (ms) at 
1.5-inch collection height 65 78 83 
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Table G.14. Radiation-corrected HPFFB temperature profiles with ~2 % O2  

Height above 
burner (inches) 

5 atm, 
1798 K 
peak 

Height above 
burner (inches) 

10 atm, 
1907 K peak 

15 atm, 
1834 K peak 

0.1 1693 0.0 1310 1277 
0.3 1776 0.2 1907 1736 
0.5 1798 0.4 1881 1834 
0.7 1781 0.6 1880 1823 
0.9 1735 0.8 1856 1734 
1.5 1533 1.0 1810 1620 
1.9 1413 1.2 1762 1562 
2.5 1297 1.6 1674 1452 

  2.0 1605 1405 
  2.4 - 1369 
  2.6 1450 1355 

 

FFB Gas Conditions for Atmospheric Coal Pyrolysis Studies 

 

Table G.15. Gas flows, compositions, and temperatures for atmospheric FFB coal swelling experiments 

Pressure and 
Peak Temperature 

0.84 atm 
1546 K 

0.84 atm 
1662 K 

Ф (Equiv. Ratio) 1.2737 0.9576 
Carrier N2 (SLPM, coal entrainment) 0.0367 0.0367 

CO (SLPM) 9.00 5.10 
H2 (SLPM) 0.30 0.68 

N2 with fuel (SLPM) 5.60 4.50 
O2 (SLPM) 2.68 3.13 

N2 with oxidizer (SLPM) 12.50 17.00 
Equilibrium post-flame gas compositions 

CO2 mol % 18.65% 18.41% 
H2O mol% 0.91% 2.45% 
CO mol % 14.15% 0.09% 
H2 mol % 0.18% 0.00% 
N2 mol % 66.10% 78.06% 

 

Height above 
burner (inches) 

EBA Heating Rate Study  
Gas Temperature (K) 

Swelling Model Pressure Study 
Gas Temperature (K) 

0.0 1503 1213 
0.25 - 1592 
0.5 1546 1637 

0.75 - 1657 
1.0 1520 1662 
1.5 - 1655 
2.0 1483 1646 
3.0 1448 1615 
4.0 1409 1580 
5.0 1377 1541 
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Table G.16. Standard particle velocity profile used for 0.84 atm FFB pyrolysis experiments 

Height above 
burner (mm) vp (cm/s) 

0.0 3.4 
0.02 13.0 
0.33 49.0 
1.04 88.0 
2.33 128.0 
4.66 168.0 
7.56 197.0 

10.01 212.0 
13.07 223.0 
18.8 233.0 
*25.4 233.0 

*Velocity assumed constant at 233 cm/s for larger heights. 
Residence time for coal swelling experiments at the 1662 K 
condition was 26 ms at a 2-inch collection height. 

 

 

Particle Size Distributions from Coulter Counter Measurements 

 

Table G.17. Particle size distributions for coals 

Diameter 
Bin (µm) 

Wyodak 
2010 

Mass Fraction 

Wyodak 
2011 

Mass Fraction 

Spliced 
Wyodak 

Mass Fraction 
(use this) 

Kentucky #9 
Mass 

Fraction 

EBA 
Mass 

Fraction 

EBB 
Mass 

Fraction 

18.974 0 0 0 0.012306 0 0 
21.121 0.001171 0 0.001492 0.013903 0 0.006214 
23.511 0.001347 0 0.001717 0.015600 0.002515 0.009043 
26.171 0.001146 0 0.001460 0.018758 0.003948 0.012284 
29.133 0.002665 0 0.003395 0.023777 0.006583 0.015977 
32.430 0.00641 0 0.008167 0.029912 0.010536 0.023432 
36.099 0.01056 0.017346 0.013456 0.038105 0.016903 0.039202 
40.184 0.020777 0.011649 0.026473 0.051825 0.029065 0.067073 
44.732 0.043544 0.048265 0.055481 0.073099 0.052849 0.107189 
49.794 0.069885 0.106009 0.089044 0.097956 0.093570 0.150687 
55.428 0.099557 0.156784 0.126850 0.117675 0.145956 0.177200 
61.701 0.124605 0.160912 0.158766 0.127146 0.191014 0.164659 
68.683 0.135869 0.210532 0.173118 0.129923 0.208785 0.115187 
76.455 0.137227 0.132511 0.174849 0.124202 0.168695 0.064827 
85.107 0.104312 0.114678 0.132910 0.091207 0.064463 0.034191 
94.738 0.082924 0.032108 0.032822 0.032189 0.005118 0.011859 

105.460 0.082529 0 0 0.002417 0 0.000976 
117.390 0.075473 0 0 0 0 0 
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Table G.17 (continued) 

Diameter 
Bin (µm) 

Pittsburgh #8 
Mass Fraction 

Lower Kittanning 
Mass Fraction 

Dietz 
Mass Fraction 

Illinois #6 
Mass Fraction 

3.4137 0.005238 0 0 0 
3.8 0.005897 0 0 0 

4.23 0.006593 0 0 0 
4.7087 0.007326 0 0 0 
5.2415 0.00806 0 0 0 
5.8346 0.008878 0 0 0 
6.4949 0.009838 0 0 0 
7.2298 0.010981 0 0 0 
8.048 0.012265 0 0 0 

8.9587 0.013614 0 0 0 
9.9725 0.014981 0 0 0 
11.101 0.016405 0 0 0 
12.357 0.017979 0 0 0 
13.755 0.019834 0 0 0 
15.312 0.022037 0 0 0 
17.045 0.024662 0.00086 0 0 
18.974 0.027792 0.000972 0.000589 0 
21.121 0.031568 0.000968 0.000984 0 
23.511 0.036272 0.001238 0.001507 0.001235 
26.171 0.04221 0.001687 0.001882 0.00217 
29.133 0.049754 0.002061 0.00174 0.003705 
32.43 0.059311 0.002822 0.001398 0.006768 

36.099 0.070648 0.004948 0.002359 0.0202 
40.184 0.082498 0.009592 0.008362 0.021366 
44.732 0.091757 0.021107 0.026187 0.03918 
49.794 0.093579 0.049789 0.060355 0.072514 
55.428 0.084635 0.106737 0.107561 0.130784 
61.701 0.064917 0.175915 0.154614 0.192639 
68.683 0.039063 0.212029 0.183792 0.203746 
76.455 0.016745 0.182336 0.180883 0.187061 
85.107 0.004166 0.114714 0.146191 0.118632 
94.738 0.000501 0.060768 0.09026 0 
105.46 0 0.031732 0.029193 0 
117.39 0 0.018218 0.002142 0 
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Table G.18. Particle size distributions for reinjected chars sieved to 75-106 µm 

Diameter 
Bin (µm) 

Illinois #6 
10 atm  
1907 K 

Char Mass 
Fraction 

Diameter 
Bin (µm) 

Illinois #6 
15 atm 
1834 K 

Char Mass 
Fraction 

Diameter 
Bin (µm) 

Kentucky #9 
10 atm 
1907 K 

Char Mass 
Fraction 

Diameter 
Bin (µm) 

Kentucky #9 
15 atm 
1834 K 

Char Mass 
Fraction 

71.3668 0.046805 68.2726 0.032361 71.5275 0.110808 69.1165 0.110808 
79.4440 0.085831 75.9997 0.059344 79.6230 0.156295 76.9390 0.156295 
88.4341 0.158853 84.6000 0.109831 88.6333 0.209442 85.6457 0.209442 
98.4401 0.286503 94.1722 0.198089 98.6618 0.251603 95.3362 0.251603 

109.5810 0.422008 104.8300 0.291777 109.8278 0.271853 106.1257 0.271853 
  116.6924 0.308599     

These size distributions were obtained by applying the measured swelling ratios to the coal size distribution, 
omitting the sizes that were more than 1 bin outside the sieve size range, and rescaling the mass fractions so 
that they summed to 1. The temperatures in the top row indicate the pyrolysis conditions with 2% O2. 
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APPENDIX H. PYROLYSIS DATA FOR PRESSURIZED SWELLING MODEL 

 

Table H.1. Wyodak pyrolysis data with 0% O2 

Pressure 
(atm) 

Peak Gas 
Temperature 

(K) 

Collection 
Height 

(inches) 

Residence 
Time (ms) 

Mass 
Release 
(daf wt 
%, Ash 
Tracer) 

Mass 
Release 
(as rec’d 

wt %, 
Direct) 

Ash 
(dry 
wt 
%) 

Apparent 
Density 
ρ (g/cc) 

Swelling 
Ratio 
d/d0 

15 1681 0.75 46 46.12 N/A 9.95 0.796 0.931 
10 1722 0.75 42 44.50 N/A 9.69 0.766 0.952 

5 1702 0.75 38 46.61 54.96 10.0
3 0.701 0.969 

2.5 1683 0.75 33 46.83 56.48 10.0
7 0.702 0.967 

 

Pressure 2.5 5 10 15 
Heating Rate (K/s) 7.36×104 K/s 7.28×104 K/s 6.91×104 K/s 6.26×104 K/s 

 

 

Table H.2. Dietz pyrolysis data with ~2% O2  

Pressure 
(atm) 

Peak Gas 
Temperature 

(K) 

Collection 
Height 

(inches) 

Residence 
Time 
(ms) 

Mass 
Release 
(daf wt 
%, Ash 
Tracer) 

Mass 
Release 
(as rec’d 

wt %, 
Direct) 

Ash 
(dry wt %) 

Apparent 
Density ρ 

(g/cc) 

Swelling 
Ratio 
d/d0 

15 1834 1.5 83 66.34 84.04 13.10 0.298 1.075 
10 1907 1.5 78 53.96 74.40 9.93 0.430 1.056 
5 1798 1.5 65 67.24 84.18 13.41 0.302 1.058 

*0.84 1662 2 26 44.66 62.72 8.40 0.546 0.948 
*Experiment performed in FFB rather than HPFFB 
 

Pressure 0.84 5 10 15 
Heating Rate (K/s) 1.64×105 K/s 9.53×104 K/s 1.05×105 K/s 9.58×104 K/s 
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Table H.3. Illinois #6 pyrolysis data with ~2% O2  

Pressure 
(atm) 

Peak Gas 
Temperature 

(K) 

Collection 
Height 

(inches) 

Residence 
Time 
(ms) 

Mass 
Release 
(daf wt 
%, Ash 
Tracer) 

Mass 
Release 
(as rec’d 

wt %, 
Direct) 

Ash 
(dry wt %) 

Apparent 
Density ρ 

(g/cc) 

Swelling 
Ratio 
d/d0 

15 1834 1.5 83 47.32 59.32 15.02 0.129 1.699 
10 1907 1.5 78 47.34 54.59 14.93 0.113 1.776 
5 1798 1.5 65 47.48 66.27 15.06 0.264 1.337 

*0.84 1662 2 26 52.16 54.91 16.29 0.506 1.024 
*Experiment performed in FFB rather than HPFFB 
 

Pressure 0.84 5 10 15 
Heating Rate (K/s) 1.54×104 K/s 1.18×105 K/s 1.59×105 K/s 1.37×105 K/s 

 
 

Table H.4. Kentucky #9 pyrolysis data with ~2% O2  

Pressure 
(atm) 

Peak Gas 
Temperature 

(K) 

Collection 
Height 

(inches) 

Residence 
Time 
(ms) 

Mass 
Release 
(daf wt 
%, Ash 
Tracer) 

Mass 
Release 
(as rec’d 

wt %, 
Direct) 

Ash 
(dry wt 

%) 

Apparent 
Density ρ 

(g/cc) 

Swelling 
Ratio 
d/d0 

15 1834 1.5 83 44.84 55.66 13.73 0.137 1.721 
10 1907 1.5 78 45.21 55.32 13.81 0.123 1.782 
5 1798 1.5 65 52.89 N/A 15.71 0.108 1.784 

*0.84 1662 2 26 57.04 11.60 16.97 0.650 0.955 
*Experiment performed in FFB rather than HPFFB 
 

Pressure 0.84 5 10 15 
Heating Rate (K/s) 1.51×105 K/s 1.21×105 K/s 1.42×105 K/s 1.24×105 K/s 

 
 

Table H.5. Pittsburgh #8 pyrolysis data with ~2% O2 

Pressure 
(atm) 

Peak Gas 
Temperature 

(K) 

Collection 
Height 

(inches) 

Residence 
Time 
(ms) 

Mass 
Release 
(daf wt 
%, Ash 
Tracer) 

Mass 
Release 
(as rec’d 

wt %, 
Direct) 

Ash 
(dry wt 

%) 

Apparent 
Density ρ 

(g/cc) 

Swelling 
Ratio 
d/d0 

15 1834 1.5 83 44.05 60.94 11.16 0.120 1.835 
10 1907 1.5 78 45.64 66.57 11.45 0.130 1.772 
5 1798 1.5 65 43.75 66.67 11.11 0.143 1.732 

*0.84 1662 2 26 50.56 56.85  0.652 0.974 
*Experiment performed in FFB rather than HPFFB, used average of direct and ash tracer mass release. 
 

Pressure 0.84 5 10 15 
Heating Rate (K/s) 2.24×105 K/s 9.84×104 K/s 1.17×105 K/s 1.01×105 K/s 
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Table H.6. Lower Kittanning pyrolysis data with ~2% O2  

Pressure 
(atm) 

Peak Gas 
Temperature 

(K) 

Collection 
Height 

(inches) 

Residence 
Time 
(ms) 

Mass 
Release 
(daf wt 
%, Ash 
Tracer) 

Mass 
Release 
(as rec’d 

wt %, 
Direct) 

Ash 
(dry wt 

%) 

Apparent 
Density ρ 

(g/cc) 

Swelling 
Ratio 
d/d0 

15 1834 1.5 83 31.92 56.36 24.11 0.142 1.829 
10 1907 1.5 78 32.53 N/A 24.00 0.125 1.900 
5 1798 1.5 65 11.83 **38.30 19.46 0.203 1.615 

*0.84 1662 2 26 N/A **34.19 16.56 0.704 1.090 
*Experiment performed in FFB rather than HPFFB 
**Used direct mass balance instead of ash tracer for mass release 
 

Pressure 0.84 5 10 15 
Heating Rate (K/s) 1.03×105 K/s 1.03×105 K/s 1.25×105 K/s 1.11×105 K/s 
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APPENDIX I. GASIFICATION DATA 

 
Some of the CO2 gasification data with in-situ pyrolysis were unsuitable for kinetic 

modeling because the apparent extents of gasification decreased with increasing residence time. 

This was probably due to increased soot contamination of the char with increasing temperature 

and residence time. There may also have been contributions from vaporization of ash and 

measurement noise effects attributable to the large magnitude of pyrolysis mass loss compared to 

gasification mass loss. The data that exhibited such unrealistic trends were not used for kinetic 

analysis.  

Most of the data with unrealistic mass loss trends were from early work with the two 

Eastern Bituminous coals and the Kentucky #9 bituminous coal, where the ash tracer technique 

was used nearly exclusively. Direct mass balances were not conducted as regularly in the earlier 

HPFFB experiments because complete shutdown of the system after each experiment for 

measurement of the coal plunger mass was considered wasteful in terms of time and clogging of 

the feeder tube was frequent. In later experiments it was determined to be essential to do the 

direct mass balance for verification. 

The CD that accompanies this dissertation contains the gasification data that were used 

for kinetic analysis in the form of spreadsheets. The individual worksheets were pasted into text 

files for use in OptdesX with CCK and CCKN. The 1st-order gasification model spreadsheets are 
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also included on the CD. The data in the tables that follow should be compared to the coal data in 

Table 4.1. The gas conditions are identified by the pressure and peak gas temperature, which 

correspond to the headers used in the tables of gas conditions found in Appendix G. 

 

Table I.1. Wyodak 2010 gasification data with ~20% CO2 used for kinetic modeling 

Pressure 
(atm) 

Peak Gas 
Temperature 

(K) 

Collection 
Height 

(inches) 

Residence 
Time 
(ms) 

Mass 
Release 
(daf wt 
%, Ash 
Tracer) 

Ash 
(dry wt %) 

Apparent 
Density ρ 

(g/cc) 

Swelling 
Ratio 
d/d0 

*15 1918 0.75 46 44.63 9.71 0.751 0.957 
15 1918 3 115 60.24 13.03 0.581 0.946 
15 1918 3 115 60.43 13.08 0.659 0.905 
15 1918 10 393 73.29 18.23 0.416 0.944 
15 1918 10 393 72.40 17.75 0.518 0.886 

 
*15 1681 0.75 46 46.12 9.95 0.796 0.931 
15 1681 3 122 55.12 11.71 0.781 0.887 
15 1681 3 122 55.58 11.82 0.595 0.969 
15 1681 10 414 60.1 12.98 0.785 0.856 

 
*10 1967 0.75 46 42.27 9.35 0.754 0.968 
10 1967 3 114 53.66 11.39 0.646 0.954 

 
*5 1702 0.75 38 46.61 10.03 0.701 0.969 
5 1702 3 112 50.42 10.72 0.801 0.906 
5 1702 3 112 53.72 11.40 0.765 0.902 
5 1702 10 366 62.53 13.71 0.619 0.910 

 

*5 1867 
(really 1702) 0.75 38 46.61 10.03 0.701 0.969 

5 1867 3 112 53.89 11.44 0.619 0.967 
5 1867 3 112 56.50 12.04 0.619 0.969 
5 1867 10 371 73.77 18.50 0.404 0.949 
5 1867 10 371 80.51 23.40 0.385 0.892 
5 1867 16.25 632 80.25 23.17 0.247 1.037 

*Initial Condition 
 

Data Excluded from Kinetic analysis 
*10 1722 0.75 42 44.50 9.69 0.766 0.952 
10 1722 3 118 45.14 9.79 0.776 0.944 
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Table I.2. Wyodak 2011 gasification data used for kinetic modeling, mostly with enhanced CO2 

Pressure 
(atm) 

Peak Gas 
Temperature 

(K) 

Collection 
Height 

(inches) 

Residence 
Time 
(ms) 

Mass 
Release 
(daf wt 
%, Ash 
Tracer) 

Mass 
Release 

(daf wt %, 
Direct) 

Ash 
(dry wt %) 

Apparent 
Density ρ 

(g/cc) 

Swelling 
Ratio 
d/d0 

*10 1764 2 106 59.29 74.29 11.52 0.624 0.802 
10 1764 8 424 68.48 87.33 14.40 0.285 0.839 

 
*10 2093 0.75 48 55.82 N/A 10.71 0.746 0.920 
10 2093 3 135 64.31 82.59 12.93 0.532 0.967 

 
*10 1899 0.75 52 50.05 N/A 9.59 0.797 0.934 
10 1899 3 147 60.64 81.98 11.87 0.712 0.903 

 
*15 2023 2 110 58.59 76.65 11.35 0.552 0.815 
15 2023 8 456 75.21 90.24 17.62 0.339 0.736 

 
*15 2011 0.75 53 54.89 N/A 10.52 0.610 0.990 
15 2011 3 142 75.61 84.40 17.86 0.718 0.786 

 
*15 1835 0.75 64 51.86 N/A 9.92 0.710 0.959 
15 1835 3 172 57.02 N/A 10.98 0.664 0.948 
15 1835 8 485 67.66 85.06 14.08 0.472 0.944 

 

The direct mass balance was only used when it was available for all the residence times in a series. No direct 
mass balance was possible when multiple experiments were performed on the same day without shutting down. 

 

The last condition (below) was used for kinetic analysis only with the combined Wyodak series. Since the bad 
density data for this series corrupted the swelling ratio, the swelling ratios from the same condition in the 
Wyodak 2010 series were used for kinetic modeling for this condition. 

*15 1918 0.75 46 68.95 71.94 14.58 0.695 0.743 
15 1918 3 115 58.70 77.54 11.38 0.344 1.532 

 
*Initial condition 
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Table I.3. Illinois #6 reinjection gasification data with enhanced CO2. 

Pressure 
(atm) 

Peak Gas 
Temperature 

(K) 

Collection 
Height 

(inches) 

Residence 
Time 
(ms) 

Mass 
Release 
(daf wt 
%, Ash 
Tracer) 

Mass 
Release 

(daf wt %, 
Direct) 

Ash 
(dry wt 

%) 

Apparent 
Density 
ρ (g/cc) 

Swelling 
Ratio 
d/d0 

The first 2 conditions below are the freshly pyrolyzed chars. The swelling ratios and mass release for these two 
conditions are based on the coal. The next two conditions are the 75-106 µm fractions of the sieved chars that 
were used for reinjection experiments that are presented in the rest of the table. The char mass release and 
swelling ratios in the main part of the table are based on these sieved char reference states rather than the coal. 

10 1907 1.5 78 47.41 N/A 14.95 0.109 1.776 
15 1834 1.5 83 47.32 N/A 15.02 0.128 1.699 

10 1907 sieved 1.5 78 Ref. 
State Ref. State 10.18 0.164 Ref. 

State 

15 1834 sieved 1.5 83 Ref. 
State Ref. State 10.53 0.150 Ref. 

State 
 

*10 2093 
No Heaters 2 95 **16.50 13.12 11.95 0.166 0.944 

10 2093 
No Heaters 8 378 25.97 34.74 13.27 0.152 0.894 

10 2093 K Gas 
1250oC Heat 9.5 424 **49.49 47.66 18.32 0.136 0.875 

10 2093 K Gas 
1350oC Heat 9.5 401 **65.90 63.16 24.94 0.128 0.806 

 

*10 1764 
No Heaters 2 106 **19.92 15.52 12.40 0.169 0.927 

+10 1764 
No Heaters 2 106 11.30 24.25 11.33 0.161 0.920 

10 1764 
No Heaters 8 424 26.70 38.93 13.39 0.159 0.865 

10 1764 K Gas 
1250oC Heat 9.5 462 **64.99 64.81 24.45 0.123 0.822 

10 1764 K Gas 
1350oC Heat 9.5 439 **78.65 85.04 34.67 0.107 0.768 

 
*15 2011 2 101 27.80 21.89 14.02 0.153 0.917 
15 2011 8 410 39.91 40.97 16.38 0.148 0.853 

 
*15 2023 2 110 22.70 23.36 13.21 0.149 0.915 
+15 2023 2 110 3.16 20.77 10.84 0.140 0.945 
15 2023 8 456 38.26 48.98 16.01 0.149 0.810 

+15 2023 8 456 18.75 50.15 12.65 0.135 0.817 
 

*Initial condition 
**Ash tracer recommended for kinetic analysis instead of default direct mass balance due to small char quantity 
+Unused replicate 
The ash tracer was considered to be more reliable for these reinjection experiments compared to gasification 
with in-situ pyrolysis because most ash vaporization should happen during pyrolysis. The ash tracer was 
considered to have lower reliability if less than ~8 mg of ash was measured in the ash test or if the char was 
produced in a different batch from the listed reference state. The highest confidence was normally placed in the 
direct mass balance, especially when two consistent measurements were taken with different methods, or one of 
the two direct methods was consistent with the ash tracer. 
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Table I.4. Kentucky #9 CO2 gasification data with in-situ pyrolysis  

Pressure 
(atm) 

Peak Gas 
Temperature 

(K) 

Collection 
Height 

(inches) 

Residence 
Time 
(ms) 

Mass 
Release 
(daf wt 
%, Ash 
Tracer) 

Mass 
Release 

(as 
rec’d  
wt %, 

Direct) 

Ash 
(dry 
wt 
%) 

Apparent 
Density ρ 

(g/cc) 

Swelling 
Ratio d/d0 

*15 1681 0.75 46 42.35 N/A 12.65 0.124/0.134 
**1.81/1.76 

+1.89 
15 1681 10 414 47.23 80.10 13.66 0.197/0.207 1.51/1.48 
15 1681 10 414 46.34 76.71 13.46 0.162/0.223 1.62/1.45 

 

*15 1918 0.75 41 42.58 73.81 12.69 0.196/0.257 
**1.55/1.42 

+1.79 
15 1918 10 389 49.37 92.54 14.15 0.174/0.176 1.55/1.55 
15 1918 10 389 43.98 81.58 12.97 0.166/0.220 1.63/1.48 
15 1918 16.25 660 51.55 N/A 14.70 0.213/0.221 1.44/1.42 

 

*15 2160 
(really 1918) 0.75 46 42.58 N/A 12.69 0.196/0.257 

**1.55/1.42 
+1.75 

15 2160 3 115 46.67 N/A 13.53 0.142/0.184 1.69/1.55 
 

*10 1722 0.75 42 47.17 N/A 13.64 0.152/0.195 
**1.65/1.52 

+1.93 
10 1722 3 122 51.09 69.52 14.58 0.127/0.273 1.71/1.32 

 

*5 1702 0.75 38 52.27 N/A 14.88 0.137/0.345 
**1.66/1.22 

+1.61 
5 1702 0.75 38 52.54 75.12 14.96 0.189/0.316 1.48/1.25 

5 1702 10 367 55.91 N/A 15.91 0.146/0.187 1.59/1.46 
5 1702 10 367 54.55 N/A 15.52 0.183/0.185 1.48/1.48 

 

The mass release and swelling ratios for these data with in-situ pyrolysis are reported on a coal basis. 
The char separation procedure was used for these data. The ash and mass release numbers reported here are 
weighted averages of the separated top and bottom fractions unless noted otherwise. The densities and swelling 
ratios are reported in terms of top/bottom.  
*Initial condition 

** Indicates the swelling ratio that was used for kinetic modeling in this study 
+Indicates swelling ratio from the swelling model developed in this work 
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Table I.5. Kentucky #9 CO2 gasification data with char reinjection 

Pressure 
(atm) 

Peak Gas 
Temperature 

(K) 

Collection 
Height 

(inches) 

Residence 
Time 
(ms) 

Mass 
Release 
(daf wt 
%, Ash 
Tracer) 

Mass 
Release 
(daf wt 

%, 
Direct) 

Ash 
(dry 
wt 
%) 

Apparent 
Density ρ 

(g/cc) 

Swelling 
Ratio d/d0 

The first 2 conditions below are the freshly pyrolyzed chars. The swelling ratios and mass release for these two 
conditions are based on the coal. The next two conditions are the 75-106 µm fractions of the sieved chars that 
were used for reinjection experiments that are presented in the rest of the table. The char mass release and 
swelling ratios in the next part of the table are based on these sieved char reference states rather than the coal. 

10 1907 1.5 78 45.21 60.22 13.81 0.112 1.782 
15 1834 1.5 83 44.84 57.58 13.73 0.137 1.721 

10 1907 sieved 1.5 78 Ref. State Ref. 
State 14.49 0.184 Ref. State 

15 1834 sieved 1.5 83 Ref. State Ref. 
State 13.51 0.173 Ref. State 

 
*10 1764 2 106 7.18 22.19 15.44 0.194 0.901 
10 1764 8 424 20.45 42.51 17.56 0.151 0.893 

 
*15 2023 2 110 28.30 23.37 17.88 0.193 0.891 
15 2023 8 456 39.83 40.37 20.60 0.187 0.838 

 
*Initial condition  

 

Table I.6. Kentucky #9 CO2 gasification data omitted from kinetic analysis  

Pressure 
(atm) 

Peak Gas 
Temperature 

(K) 

Collection 
Height 

(inches) 

Residence 
Time 
(ms) 

Mass 
Release 
(daf wt 
%, Ash 
Tracer) 

Mass 
Release 
(as rec’d 

wt %, 
Direct) 

Ash 
(dry 
wt 
%) 

Apparent 
Density ρ 

(g/cc) 

Swelling 
Ratio d/d0 

10 1764 2 106 16.78 24.24 
(daf) 16.92 0.199 0.890 

A different batch of char was made for the reinjection experiment above without re-measuring ash content, 
hence the ash tracer yield unreasonable mass release numbers. However, the direct numbers were consistent with 
replicate experiments. 
The densities and swelling ratios below are reported in terms of top/bottom. 

 

15 2160 0.75 46 45.18 
(bottom) N/A 13.21 0.127/0.239 (N/A)/1.43 

10 1722 3 122 45.04 82.47 13.18 (N/A)/0.241 (N/A)/1.43 
5 1702 3 113 45.54 N/A 13.29 0.126/0.191 1.77/1.54 
5 1702 3 113 51.33 N/A 14.64 0.152/0.287 1.61/1.30 
5 1867 3 116 49.59 N/A 14.21 0.226/0.234 1.42/1.41 
5 1867 3 116 49.67 N/A 14.22 0.234/0.239 1.40/1.40 
5 1867 10 388 49.38 N/A 14.15 0.170/0.248 1.57/1.38 

10 1967 0.75 46 
53.75 

or 54.87 
bottom 

64.98 15.29 0.171/0.232 1.52/1.38** 

10 1967 3 114 54.40 
bottom 60.16 15.47 0.128/0.284 (N/A)/1.28 
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Table I.7. EBA CO2 gasification data with in-situ pyrolysis. 

Pressure 
(atm) 

Peak Gas 
Temperature 

(K) 

Collection 
Height 

(inches) 

Residence 
Time 
(ms) 

Mass 
Release 
(daf wt 
%, Ash 
Tracer) 

Mass 
Release 

(daf wt %, 
Al/Si avg 

tracer) 

Ash 
(dry wt %) 

Top 
Apparent 
Density ρ 

(g/cc) 

Swelling 
Ratio 
d/d0 

*15 1681 0.75 46 
45.77 
51.49 
NS 

60.62, or 
61.41 (as 

rec’d 
direct) 

12.02 0.156 1.62 
++1.89 

+15 1681 0.75 46 75.98 N/A 23.58 0.156 1.30 
1.49/1.09 

15 1681 3 122 48.06 
51.23NS 

60.62, or  
68.24 (as 

rec’d 
direct) 

12.49 0.228 1.41 
1.58/1.31 

15 1681 10 414 50.68 
53.35NS N/A 13.06 0.185 1.49 

1.55/1.44 
 

*15 1918 
(really 1681) 0.75 46 45.77 N/A 12.02 0.156 1.62 

++1.75 

15 1918 3 111 49.67 
48.80NS 59.39 12.84 0.221 1.42 

?15 1918 16.25 660 48.55 N/A 12.59 0.203 1.47 
 

*5 1867 3 116 53.13 
52.55NS 56.32  13.65 N/A ++1.51 

5 1867 10 388 59.37 
47.85NS 

65.12 (as 
rec’d 

direct) 
15.43 0.293 1.21 

1.25/1.10 

+5 1867 10 388 50.11 
49.22NS N/A 12.93 0.230 1.39 

1.47/1.30 

+5 1867 16.25 662 45.42 
43.19NS 

64.94 (as 
rec’d 

direct) 
11.95 0.220 1.45 

1.52/1.34 
  

+5 1702 0.75 38 53.35 
63.49 (as 

rec’d 
direct) 

13.71 0.158 
1.55 

1.65/1.49 
++1.55 

+5 1702 3 113 50.17 
52.56NS 61.02 12.95 N/A N/A 

+5 1702 10 367 50.11 
49.22NS N/A 12.93 0.230 1.39 

 

*Initial condition 
+Omitted from kinetic analysis 
++ Indicates swelling ratio from the swelling model developed in this work 
 NS Indicates a portion of the sample was ashed for tracer analysis prior to using the separation procedure 
The densities and swelling ratios are reported as top/bottom; a weighted average was provided when possible 

 

 

 



290 

Table I.8. EBB CO2 gasification data with in-situ pyrolysis. 

Pressure 
(atm) 

Peak Gas 
Temperature 

(K) 

Collection 
Height 

(inches) 

Residence 
Time 
(ms) 

Mass 
Release 
(daf wt 
%, Ash 
Tracer) 

Mass 
Release 
(daf wt 

%, Al/Si 
avg 

tracer) 

Ash 
(dry wt 

%) 

Top 
Apparent 
Density 
ρ (g/cc) 

Swelling 
Ratio d/d0 

*15 1681 0.75 46 40.88 N/A 9.34 0.150 **1.73/1.45 
++1.79 

15 1681 3 122 45.06 N/A 9.98 0.201 1.54/1.43 

15 1681 3 122 49.16 
47.06NS N/A 10.70 0.218 1.51/1.40 

15 1681 10 414 54.46 N/A 11.80 0.137 1.68/1.58 
15 1681 16.25 692 48.47 N/A 10.58 0.227 1.45/1.30 

 

*15 1918 
(really 1681) 0.75 46 40.88 N/A 9.34 0.150 1.73/1.45 

**++1.59 

15 1918 3 111 45.45 
44.80NS N/A 10.05 0.197 1.53/1.44 

+15 1918 16.25 662 45.36 N/A 10.03 0.200 1.52/1.47 
 

*5 1702 0.75 38 39.38 N/A 9.13 0.210 
**1.50/1.51 

++1.49 
+5 1702 0.75 38 41.80 N/A 9.48 0.196 1.59/1.49 
+5 1702 3 113 53.40 45.01 11.57 0.227 1.31/1.59 
5 1702 10 367 42.88 N/A 9.64 0.242 1.45/1.39 

+5 1702 16.25 611 38.30 
44.07NS N/A 8.99 N/A N/A 

 

*5 1867 
(really 1702) 0.75 38 39.38 N/A 9.13 0.210 

**1.50/1.51 
++1.46 

5 1867 3 116 40.36 
43.38NS 42.35 9.27 N/A N/A 

5 1867 10 388 44.06 N/A 9.82 0.243 1.39/1.41 
+5 1867 16.25 662 32.59 N/A 8.29 N/A N/A 

 

*Initial condition 
+Omitted from kinetic analysis 
++ Indicates swelling ratio from the swelling model developed in this work 
 NS Indicates a portion of the sample was ashed for tracer analysis prior to using the separation procedure 
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APPENDIX J. 1ST-ORDER MODEL WITH STEAM GASIFICATION DATA  

The Wyodak 2010 coal was gasified in an H2O-rich environment using the 2-inch burner 

and the nichrome wire heaters. Due to high costs in terms of time and damage to the burner, only 

one gas condition was used at 2.5 atm. An overall gas flame equivalence ratio of 1.07 was used 

with 84 mol % H2 and 16 mol % CH4 in the fuel line. The peak centerline gas temperature was 

1653 K and the equilibrium composition of the post-flame gas was 27.4% H2O, 3.0% CO2, and 

1.1% CO, with the remainder being N2. Pyrolysis was conducted in-situ, but a fully pyrolyzed 

case at a lower residence time subsequently became available when the CO2 gasification 

conditions came into use using the 1-inch burner. The nichrome wire heaters were used to 

maintain gas temperatures above 1400 K. The conversion profile is shown with the 1st-order 

model in Figure J.1 and the predicted χ factors (~0.07) are included in Figure 6.5. 

The 1st-order model was not able to optimize the activation energy for the H2O 

gasification data set due to the narrow range of experimental temperatures at residence times 

below 150 ms. Therefore, only a constant rate was derived for this condition. The 1st-order model 

predicts complete conversion by 170 ms. Even when the activation energy was fixed at 100 

kJ/mol, no significant change in the residence time required for full conversion occurred. This 

data set is too small to fit to a kinetic model, and the 1st-order model is not capable of modeling 

low rates that are typically observed at high conversion levels (Hurt et al., 1998). It is probable 

that annealing and ash inhibition reduced the overall rates at residence times above 150 ms. 
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Figure J.1. Gasification of Wyodak 2010 coal in 0.68 atm steam with predicted 1st-order rate. 

 

The single rate derived from this data set was more than 2 orders of magnitude higher 

than the Wyodak 2010 rate constant for CO2 gasification at the same temperature. This 

difference in rates seems excessively large, since H2O gasification rates have previously been 

found to exceed CO2 gasification rates for bituminous coals by a factor of 3 to 4 (Mühlen et al., 

1985).  

It seems probable that a small amount of O2 was present in the reaction zone due to 

incomplete mixing of the gaseous fuel and oxidizer at the surface of the 2-inch burner. This 

would result in the measurement of coal conversion rates that were influenced by both 

combustion and H2O gasification. Oxidizing conditions could also have occurred if the H2 mass 

flow controller was poorly calibrated, yielding an actual flow rate lower than the measured flow 

rate. Flows of H2 can yield nonlinear signals when measured with electronic mass flow meters, 
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especially when a conversion factor is used for a meter that was calibrated for a different gas 

(Honeywell, 2011; MKS, 2011; Omega, 2011).  

It was found that the peak centerline gas temperature occurred 4 inches above the surface 

of the 2-inch diameter burner. The peak centerline temperature always occurred at less than 1 

inch above the burner when CO flames were used in the 1-inch diameter burner and also the 

atmospheric FFB. The high H2 content of the flame used in these experiments should have 

caused a higher flame speed, for which there was ample evidence (see glowing burner surface in 

Figure B.1). Imperfect mixing in the large burner could have caused a lengthened combustion 

zone, which would explain the anomalous location of the peak temperature. These findings serve 

to endorse the change to the 1-inch diameter burner with a CO flame. 

The elemental analysis of the Wyodak coal used and the chars produced are shown in 

Table J.1. The mass release (MR), density and swelling data are shown in Table J.2. SEM 

images of the coal and chars are shown in Figure J.2. 

 

Table J.1. Ultimate analysis of Wyodak coal and chars produced at 2.5 atm and 1698 K (daf wt%) 

Sample C H N S O (diff) 
Wyodak Coal 72.25 5.30 0.94 0.50 21.01 
76 ms char 91.14 1.11 1.06 0.27 6.42 
147 ms char 92.50 1.16 0.86 0.39 5.10 
548 ms char 92.69 1.22 0.94 0.53 4.62 
 

Table J.2. Mass release, apparent particle densities and swelling ratios of Wyodak coal and chars 

Sample Wyodak Coal 76 ms char 147 ms char 548 ms char 
MR (% daf) 0.00 67.2 87.1 90.5 
ρp (g/cc) 1.49 0.76 0.63 0.59 
d/d0 1.00 0.86 0.72 0.71 
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Figure J.2. Wyodak coal (top left) and chars produced at peak centerline temperature of 1698 K, pressure of 2.5 

atm, residence times of 76 ms (top right) 147 ms (bottom left) and 548 ms (bottom right). 

 

HPFFB Gas Conditions for Steam Gasification of Wyodak 

Table J.3. Steam gasification gas flow rates and post-flame gas compositions from the NASA-CEA code 

Pressure and 
Peak Temperature 

2.5 atm 
1698 K 

Adiabatic Temp (K) 2341 
Ф (Equiv. Ratio) 1.0747 

Carrier N2 (SLPM, 
coal entrainment) 0.046 

CH4 (SLPM) 0.90 
H2 (SLPM) 4.8 
Air (SLPM) 19.1 

Equilibrium post-flame gas compositions 
CO2 mol % 3.02% 
H2O mol% 27.36% 
CO mol % 1.14% 
H2 mol % 1.80% 
N2 mol % 65.37% 
O2 mol % 0.06% 
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Table J.4. Residence times for 2.5 atm HPFFB steam gasification experiments 

Height above 
burner (in) Residence times (ms) 

*0.75 33 
2.25 76 
4.75 147 

18.25 548 
*From a 20% CO2 condition at the same pressure 
A velocity of 87.7 cm/s was used at 1 inch with a scaling temperature of 1600 K. 

 

Table J.5. Radiation-corrected HPFFB temperature profiles with steam and Nichrome wire heaters at 2.5 atm 

Height above 
burner (inches) 

Long Profile 
with Heaters 

Height above 
burner 
(inches) 

Short Profile 
with Heaters 

0.125 1386 0 1549 
0.375 1556 0.25 1557 
0.625 1596 0.5 1566 
1.125 1619 0.75 1586 
2.125 1667 1 1594 
3.125 1690 1.5 1623 
4.125 1698 2 1643 
5.125 1679 2.5 1650 
6.125 1659 3 1653 
7.125 1634 3.5 1644 
8.125 1608 4 1627 
9.125 1577 4.5 1611 

10.125 1571 4.75 1593 
11.125 1556   
12.125 1543   
13.125 1529   
14.125 1513   
15.125 1494   
16.125 1468   
16.625 1448   
17.125 1431   
17.625 1409   
18.125 1400   

 

Coefficients for equation Tsurr
 = A·z2 + B·z + C where Tsurr is the surroundings 

temperature in Kelvin and z is the distance above the burner in inches. 
A -3.0386E+00  -3.2325E+01 
B 5.1685E+01  1.6846E+02 
C 1.1997E+03  1.1519E+03 
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APPENDIX K. EFFECTIVENESS FACTORS FROM CCKN 

 

 
Figure K.1. Wyodak 2010 η and χ factors from CCKN with n = 0.5, indicating Zone II behavior. 
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Figure K.2. Wyodak 2011 η and χ factors from CCKN with n = 0.5, indicating Zone II behavior above ~1400 K. 

 

 

Figure K.3. Illinois #6 η and χ factors from CCKN with n = 0.5, indicating Zone II behavior above ~1500 K. 
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Figure K.4. Kentucky #9 η and χ factors from CCKN with n = 0.5, indicating Zone II behavior above ~1500 K. 

 

 

 

 

Figure K.5. EBA η and χ factors from CCKN with n = 0.5, indicating Zone II behavior above ~1500 K. 
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Figure K.6. EBB η and χ factors from CCKN with n = 0.5, indicating Zone II behavior above ~1500 K. 
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APPENDIX L. CORRELATIONS FOR NMR PARAMETERS 

The 13C-NMR parameters used in this work are defined in Table 2.1. For convenience, 

these parameters were predicted from correlations with the ultimate and proximate analyses for 

use in the swelling and CO2 reactivity correlations in this work. These correlations were 

developed for use with the CPD model (Fletcher et al., 1992) by Dominic Genetti (Genetti et al., 

1999). The correlations for the NMR parameters are included in spreadsheet format on the CD 

that accompanies this dissertation. These correlations have the form:  

 2
98

2
76

2
54

2
321 VMVMOOHHCC xcxcxcxcxcxcxcxccy ++++++++=  

(L.1) 

where y is one of the correlated NMR structural properties, x represents a mass fraction on a dry, 

ash-free (daf) basis, and the subscripts C, H, O, and VM refer to carbon, hydrogen, oxygen, and 

volatile matter (from the ASTM Volatiles test). The coefficients are shown in Table L.1. 

Additionally, the CPD code uses the empirical parameter c0 to account for the effect of thermally 

stable bridges on pyrolysis behavior. The correlation for c0 at high heating rates is:  

 ( ) }{[ ] ( ) }{[ ]0.0,175.0014.0max,15.0min0.0,1.10118.0max,36.0min0 −+−= CC xxc  
(L.2) 
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Table L.1. Coefficients used to predict NMR parameters (Genetti et al., 1999) 

y Mδ MW p0 σ + 1 
c1 4.220E+2 1.301E+3 4.898E-1 -5.2105E+1 
c2 -8.647E+0 1.639E+1 -9.816E-3 1.639E+0 
c3 4.639E-2 -1.875E-1 1.330E-4 -1.076E-2 
c4 -8.473E+0 -4.548E+2 1.555E-1 -1.237E+0 
c5 1.182E+0 5.171E+1 -2.439E-2 9.319E-2 
c6 1.154E+0 -1.007E+1 7.052E-3 -1.657E-1 
c7 -4.340E-2 7.608E-2 2.192E-4 4.096E-3 
c8 5.568E-1 1.360E+0 -1.105E-2 9.261E-3 
c9 -6.546E-3 -3.136E-2 1.009E-4 -8.267E-5 
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APPENDIX M. ADDITIONAL DETAILS REGARDING CCK DEVELOPMENT 

It was assumed that any typographical errors found in the CBK/G publication (Liu and 

Niksa, 2004) were not present in the code itself, meaning the published correlations for rate 

constants are still valid for use with the correct equations in CCK. A typographical error in the 

coded annealing mechanism was corrected in CCK. This error in the implementation of the log-

normal distribution caused some of the highest activation energies in the distribution to be 

omitted and dates back to the earliest versions of CBK (Figure M.1). A test of the fixed 

annealing distribution in CBK/E using the default coal and gas input parameters showed a 

difference of only 0.3% in char conversion (daf mass %) at 100 ms, compared to a total of 58%. 

Therefore, the annealing correction does not require regression of new kinetic parameters for any 

of the CBK or CCK codes. 
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Figure M.1. Log-normal annealing distribution from CBK and corrected CCK version. 
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APPENDIX N. THERMOGRAVIMETRIC ANALYSIS 

Thermogravimetric Analyzers (TGAs) heat coal or char at low heating rates (0.1 K/s-100 

K/s). TGAs operate in regimes that are free of mass transfer limitations if the heating rates, 

temperatures, and sample sizes are sufficiently low and the gas flow rates are sufficiently high. 

The BYU High Pressure TGA (HPTGA) has been used previously to measure intrinsic O2 

reactivities of chars produced in flat-flame burners (Hecker et al., 2003; Zeng et al., 2005). In 

this study, the HPTGA was used to compare or rank the intrinsic CO2 reactivities of the chars 

that were produced in the HPFFB for high temperature CO2 gasification studies via reinjection.  

A linear temperature ramp at 10oC/min to 900oC was used in this study. The maximum 

temperature was maintained for 60 minutes after the ramp. The CO2 reaction was found to be 

sufficiently slow to prevent full conversion in the course of a practical experiment. The 

reactivities of the coal chars were compared at different conditions by determining the 

temperatures at which the mass started to decrease and the initial rate of decrease in mass.  

As in previous HPTGA studies, a sample mass of ~4 mg was used and a total flow rate of 

4 SLPM through the reactor was used to minimize mass transfer effects (Hecker et al., 2003; 

Zeng et al., 2005). CO2 made up either 42 mole % or 90 mole % of the total flow rate at 10 and 

15 atm, with helium making up the balance of the gas flow. These gas compositions were 

selected to be similar to those used in the HPFFB.  

Buoyancy makes a significant contribution to the mass measurements made in the 

HPTGA (Hillier, 2011), so a correction procedure was applied to the HPTGA data. An empty 
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basket was used under the experimental conditions of interest to measure the effects of buoyancy 

in the absence of chemical reactions. A curve-fit of the basket mass versus temperature was 

made over the temperature range of experimental interest. Sometimes the fit was a polynomial, 

as was the case for Hillier (2011). However, at the high temperatures used in this study, it was 

found that polynomials did not always provide a good fit over the whole temperature range. 

Logarithmic fits of the buoyancy data were found to yield better fits with fewer coefficients in 

most cases.  

After the buoyancy curve was subtracted from measurements of the char mass, the offset 

and any residual buoyancy effects were removed by fitting a linear portion of the mass versus 

temperature curve (generally 250-500oC) to a straight line. The mass data were then rescaled by 

subtracting off the fitted line and adding the independently measured initial sample mass and 

subtracting the ash content. Data collected at temperatures below ~150oC often had residual 

buoyancy and/or moisture vaporization effects and were generally omitted for the purposes of 

this study.  

The TGA data are included in spreadsheet format on the CD that accompanies this 

dissertation. The chars studied include Kentucky #9, Illinois #6, and Wyodak 2011. The 

bituminous chars were the same samples that were used for gasification experiments via 

reinjection in the HPFFB. The Wyodak 2011 char was from the low residence time experiments 

with 90% CO2. The Wyodak data appeared to be comparable in reactivity to the bituminous 

coals, which was surprising. This might mean that the conditions used were not free of mass 

transfer limitations. The Illinois #6 chars appeared to be the most reactive. 
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APPENDIX O. HPFFB OPERATING MANUAL 

Thanks are due to the students who helped develop and document these procedures. Most of this 
version was written by Gregory Sorensen, Kade Fowers, and Joseph Hogge. 
 

1. Turn on the blue box that controls the heaters and displays temperatures. 

Start-Up Procedures: Cleaning the Vessel 
 

2. Lower the burner from the vessel and cover the vessel hole with duct tape. Undo the 
oxidizer line’s quick-connect and blow out the burner with air through the oxidizer line. 

3. Clean the feeder tube out by running a wire through, then blow through it from both ends, 
using the small bent tube on the burner end. 

4. Remove the probe from the vessel and cover the vessel hole with duct tape. Brush out the 
probe with the brush hanging next to the house air. 

5. Cover the probe with duct tape, then climb up the platform and blow through the filters. 
Proceed by opening filters 2 and 3 and closing filter 1 and the char trap, blowing through 
from filter 3, then close filter 2 and opening the char trap, blowing through from filter 3, 
and finally closing the char trap and removing the duct tape from the probe, again blowing 
through filter 3. 

6. Cover the burner with duct tape, then remove the duct tape from the top and bottom of the 
vessel and blow through it, from the top down. 

7. Get a wet paper towel and clean the o-rings where the burner enters the vessel 
8. Center the quartz tube, insert the burner two inches, and verify that the inner quartz tube is 

centered, both visually (with the mirror) and with the measuring tape. 
9. Lower the probe to ignition position. 
10. Weigh filters and install them. (See Changing Filters During the Run) 
11. Verify that all the valves are appropriately open or closed. The green valves for filters 2 

and 3 should be open, the green valve for filter 1 closed, the secondary should be closed, 
the 3-way valve that purges the burner or the wall should be set to the wall, the valve from 
the cyclone to the char-trap should be open, but the valve leaving the char trap should be 
closed. The three valves on the platform should all be directing flow to the board (not 
facing the plastic lines). 
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12. Close Filter 1, 2, & 3 valves on the board and make sure the cranks on the probe and burner 
are secured. Close the manual vent valve on the board.  

Conducting a Pressure Test 
 

13. Make sure all flows are set to zero. 
14. Open the N2 tanks 
15. Open the Quench N2 valve until the pressure reads about 15 psi above operating pressure.  

Once it has reached this pressure, close the Quench N2 valve. 
16. Snoop connections to make sure there are no leaks, particularly the filter assemblies and the 

coal feeder vessel. 
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17. Open filter 2 until vessel is about 5 psi below operating pressure, allowing the pressure 
regulator to kick in. 

Igniting the Flame 
 

18. Turn on cooling water and adjust the cooling water to the appropriate flows. 
19. Make sure the CO/ N2 three-way valve is set to flow N2 
20. Open Filters 2 and 3 on the board 

 
21. Set the Carrier, Quench N2 and CO (running nitrogen) to the desired flows. 
22. Crack open the manual vent 
23. Turn on the air tanks and the N2 Oxidizer line, then set them to the ignition settings. 
24. Turn on the glow plug. 
25. Verify pressure, water, and all flow rates. 
26. Verify that the H2 set point is zero on the mass flow controllers, double check pressure, 

water, flow rates and the glow plug, and then  
27. Open the H2 and CO tanks 
28. Switch the CO/ N2 valve to CO and set the H2 to the ignition settings 
29. After lighting, set all flows except carrier to experimental conditions, especially the 

quench flow rate. 
a. For pyrolysis: 

i. Turn H2 to the run setting 
ii. Turn on the N2 in the fuel line slowly, checking to see if the burner is flat 

iii. Turn on the N2 in the oxidizer line 10% at a time making sure the burner is 
still lit 

iv. Turn the air and CO to the run settings 
30. If the burner is still lit, turn off the glow plug 
31. If using, make sure the heaters are set to ‘manual’ mode and set them to 100 using ▲ key. 

This can be done before ignition. 
*the A/M button toggles between manual and automatic  

32. Open the ‘secondary to wall’ valve, which introduces N2 as you lower the probe to  
prevent thermal shock to the quartz tube.  

33. Lower the probe to the desired operating height 
34. Close the ‘secondary to wall’ valve about a minute after lowering the probe. 
35. Adjust the burner to the desired operating height. 
36. Adjust filters 2 and 3 as desired. Typically, we want about three times as much flow 

through filter 2 as through filter 3. 
37. Once the pressure has stabilized, lower the carrier to the set point and double check all 

other flows. 
38. Turn on the electric vibrators 
39. Turn on the pneumatic vibrator 
40. Step the motor forward slowly until particles begin to drop in the funnel. Set the speed to 

the desired feeding rate and length, and then commence feeding. 
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41. Make sure all char is collected (see next section) 

Shutting Down 
 

42. Close the H2 and then the CO tanks. 
43. Once CO has drained, switch the three-way valve so N2 flows, then close the air and N2 

oxidizer tanks. 
44. Once air has drained, increase the H2 to about 20% so it drains faster. 
45. While the H2 is draining, pump the char trap until all char is removed, weigh and store the 

char in a bottle under argon. 
46. Once H2 is drained, purge the system by opening the secondary valve. While secondary is 

flowing, raise the probe to ignition position, depressurize slowly, and reduce quench to 
about 0.2 

47. After purging for 10 minutes, turn off secondary, close the N2 tanks, and let the system and 
line depressurize. 

48. Weigh and scrape the filters. 
       

1. Stop stepper motor 

Collecting Char 
 

2. Stop pneumatic vibrator 
3. Tap feeder line to help residual coal to feed through 
4. Turn off electric vibrators 
5. Make sure burner is in a visible position  (2” or lower) to verify that it is clean 
6. Turn up CO ~15% to prevent flame from blowing out 
7. Open Filter 1 
8. Close Filter 3 
9. While stabilizing the char trap with one hand, tap the cyclone with a hammer to help char 

drop into char trap 
10. Isolate char trap from the process with large green valve 
11. Cycle small green vent valve open and closed after assuring that the needle valve 

downstream is closed 
12. Partially vent the pressurized vent line with the needle valve (usually vent half the pressure 

or less), then close the needle valve. 
13. Open the small green vent valve. The pressure gauge should go back up most of the way. 
14. Open the large green valve quickly to blow extra char into the trap. The pressure gauge 

should go up to the operating pressure. 
15. Close the large green valve 
16. Close the small green vent valve 
17. Repeat steps 12 to 16 several times 
18. Isolate the char trap from the process by closing the large green valve 
19. Open both the small green vent valve and the needle valve to depressurize the char trap 
20. Remove char trap, weigh char, clean trap, and replace char trap 
21. Close small green vent valve and needle valve 
22. Slowly open large green valve to make the char trap part of the process again; most char 

should drop straight in from the cyclone 
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23. Open Filter 3 
24. Close Filter 1 
25. Turn CO back to operating set point 
26. Make sure burner is at its proper operating height 
27. Check balance of flows between Filters 2 and 3 
28. Turn electric vibrators on 
29. Turn pneumatic vibrator on 
30. When appropriate, start stepper motor. 

 

1. Stop feeding (stop stepper motor, pneumatic vibrator, electric vibrators) 

Changing Filters During the Run* 
 

2. Attach the personal CO monitor to your person 
3. Open the valve on filter 1 (make sure it is also open on the board) 
4. Close the valve on desired filter (one or the other, but not both) 
5. Turn on the vacuum 
6. Turn the valve for the desired filter ON THE PLATFORM to let the line for the filter vent 
7. Unscrew the filter clamps 
8. Remove filter carefully with tweezers 
9. Turn off vacuum 
10. Clean filter assembly with a wipe 
11. Turn on vacuum 
12. Replace filter on flange 
13. Screw the filter back onto collection system 
14. Turn the valve for the filter on the platform back to starting point 
15. Turn off vacuum 
16. Open valve for the filter 
17. Close the valve for filter 1 
18. Recheck the flow balances on the board 
19. Resume feeding 

 
*If not during a run, only steps 4-16 are necessary 
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1. Make sure the vessel is cold and unplug the power cords to the heaters 
Replacing the Small Quartz Tube 

2. Remove probe and burner from the vessel 
3. Feed a wire with a hook at the end down the top of the vessel 
4. Hook the end of the wire under the bottom of the small quartz tube 
5. Pull the wire and tube out carefully* † 
6. Hook the end of the wire under the bottom of the new quartz tube 
7. Lower the tube gently down into the vessel 
8. Unhook the wire from the tube 
9. Remove wire 

 
*If the small tube is broken, you may have to do the procedure for replacing the large 
quartz tube to remove the pieces 
 

†If the small tube is longer than 4”, it may be necessary to remove the top cap in order to 
pull the tube out using this method 
 

1. Make sure the vessel is cold and unplug the power cords to the heaters 

Replacing the Large Quartz Tube 
 
WARNING: THIS IS A 2 PERSON JOB 
 

2. Remove probe from the vessel 
3. Undo all lines running into and out of the lower cap (cooling water, secondary, 

thermocouples, etc.) 
4. Unscrew the lower cap of the vessel (including the support plate running diagonally across 

the cap) 
5. Lower the cap of the vessel by lowering the burner stand 
6. Lift the large tube and gently remove the small tube from underneath 
7. While holding the burner in place, unscrew the two allen wrench screws 
8. Raise the large quartz tube up to the vessel, and remove the burner and clamp from the 

system 
9. Lower the quartz tube out of the vessel 
10. Insert new large quartz tube 
11. Screw burner and clamp back onto stand 
12. Insert small quartz tube like before 
13. Redo lower cap and diagonal support 
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1. Cut the large diameter tube to about 34” in length (one length of tube makes 2 feeder tubes 
with an inch or two to spare) 

Making/Removing the Feeder Tube 
 

2. Insert the small diameter tube into the large diameter tube 
3. Epoxy the ends of the small tube to the inside of the large tube (one side should be flush 

with the large tube, the other poking out about 14”) 
4. Let set overnight 
5. Widen the mouth of the large diameter side using the Dremel Tool.  You may want to wrap 

that end in Teflon tape to ensure a snug fit with the glass funnel. 
6. Polish the tube to remove extra epoxy that would make insertion difficult using red 

polishing material 
7. Remove the old feeder tube by unscrewing the ferrule on the feeder vessel side first, 

followed by the burner side, then gently removing the tube without bending the small tube 
in the burner 

8. Insert small-tube end of the new feeder tube into the burner until the large tube portion 
touches the bottom of the burner 

9. Screw the feeder tube into the burner using an 1/8” steel ferrule 
10. Bend the feeder tube gently towards the feeder vessel to reduce strain 
11. Apply several layers of duct tape onto the head of the burner, allowing the extra portion of 

feeder tube to poke through 
12. Cut the feeder tube flush with the burner head using the Dremel Tool (BE CAREFUL to 

not harm the burner head) 
13. Put ferrule pieces onto the other end of the feeder tube 
14. Undo and remove the carrier N2 flow line into the feeder tube 
15. Insert feeder tube into the feeder vessel and glass funnel.  Try to center the funnel using a 

tube or pipe inserted through the hole for the carrier N2 flow.  If the funnel starts cracking 
and breaking before the tube is in, you’ll have to take off the feeder vessel (see next 
section) 

16. Screw the ferrule onto the underside of the feeder vessel 
17. Be sure to snoop both of the ferrules during pressure tests 

 

1. Make sure that the plunger and carrier N2 flow line are out of the vessel 

Removing/Replacing the Feeder Vessel 
 

2. Remove the duct tape from the nuts on top of and below the feeder vessel 
3. Loosen the nuts immediately below the vessel 
4. Loosen and remove the nuts on top of the vessel 
5. Lift the top of the vessel off of the plastic cylinder 
6. Lift the plastic cylinder off of the stand while being careful to not let the glass funnel fall 
7. Clean off the floor of the vessel using air/wipes 
8. Insert the feeder tube into the funnel carefully 
9. Slightly tighten the ferrule on the feeder tube, holding the feeder tube and funnel in place 
10. Clean the bottom o-ring off and place in groove along edge of the vessel floor 
11. Clean the top and bottom of the plastic cylinder 
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12. Spread silicone grease onto bottom and top of cylinder 
13. Place cylinder on top of o-ring in the groove 
14. Place o-ring on top of cylinder 
15. Place top of vessel onto cylinder, making sure the o-ring lines up with the groove in the top 
16. Align plunger hole with the stepper motor (it may help to move the stepper forward and 

place an old plunger in the vessel) 
17. Screw the nuts back onto the top of the vessel, then keep screwing while holding the nuts 

immediately below the vessel in place (this provides the pressure seal for the vessel) 
18. Align the plunger with the stepper by screwing the nuts on the underside of the frame while 

holding the very top nuts in place.  Tighten each nut a little at a time, while moving from 
nut to nut in a circle 

19. Finish tightening the ferrule on the feeder tube 
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Figure O.1. Piping flow diagram of HPFFB. 
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Symbol Meaning
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Figure O.2. Piping diagram for gas outlets on HPFFB. 
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Figure O.3. Gas supply system for the HPFFB. 
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