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ABSTRACT 

The conversion of coal and char nitrogen has been investigated 

during fuel rich combustion. The experiments were done with the objec

tive of clarifying the roles of NO, HCN, and NH^, and char nitrogen in 

the post-combustion gases in the first, fuel rich stage of a staged 

combustor. 

The experimental apparatus includes a downflow combustor of 

15 cm internal diameter and 180 cm length constructed of fibrous alumina 

insulation surrounding a central tube composed of vacuum-formed alumina 

cylinders. The combustion gases and solids were sampled in situ with a 

water-cooled and -quenched probe. Neither the combustor nor the sample 

probe were found to be reactive towards NO. 

Temperatures of the gases and walls were measured with Type K 

thermocouples and the particle temperatures were determined with a seven 

wavelength infrared pyrometer. 

Gas compositions were measured chromatographically using a 5A 

molecular seive for permanent gases (I^, O2, N2, CO, and CH^) and 

Poropak T for polar gases (CO2 and HCN). A chemiluminescent analyzer 

measured NO. NH^ and HCN were measured in the quench water with ion 

electrodes. The C, H, N, ash compositions of the char were measured 

with an elemental analyzer. 

xii 
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Experiments of the fuel rich conversion of char nitrogen show 

that at all stoichiometries (SR = 0.8, 0.4) the concentrations of HCN 

and NHg in the post-flame gases are small compared to the concentration 

of NO. Char nitrogen conversion was stoichiometric or greater. NO 

destruction was found to be controlled by a heterogeneous mechanism 

involving the char carbon surface. The mechanism is deactivated by 

oxygen, as has been determined previously. 

The fuel rich conversion of coal nitrogen was investigated with 

a Utah bituminous coal. At moderate fuel rich conditions (SR = 0.8), 

the residual char nitrogen conversion is 90 percent or greater and NH^ 

and HCN concentrations were less than 20 ppmv. NO peaked at 1200 ppmv 

(1850 K) and declined to 600 (1580 K) ppmv over 1.8 seconds. Coal nitro

gen conversion is dominated by NO formation at this stoichiometry. 

At extreme fuel rich conditions (SR = 0.4), coal nitrogen con

version is 85 percent. The gas is dominated by HCN, NO, and NH^. HCN 

decayed from 600 ppm to 300 ppmv, NO from 350 to 50, and NH^ increased 

from 200 to 375 ppmv, indicating that interconversion reactions in the 

gas phase are dominating. Global homogeneous kinetics, similar to gas 

flame results, were found to describe the post-flame nitrogeneous spe

cies concentration. 

v1 = ^[HCN] =-5.5xl017 exp(-83.3 K/RT) [HCN][H20] /[H2]1/2 

cm s 

r2 = = -2.2xl016 exp(-54.4 K/RT) [NO] [NH3] / [H2]1/2 



xiv 

These equations yield rates for free radical reactions that are 

very similar to those determined in gas flame experiments. 

A one-dimensional combustor model has beem formulated which 

accounts for the heterogeneous combustion and gasification of the coal 

and char. This model includes the devolatilization of the coal and 

homogeneous oxidation of carbon monoxide and devolatilized species. 

The water-gas shift reaction is assumed to be equilibrated. The model 

also includes the mass, momentum and energy balances of the particles 

but obviates the solution of the combustor heat balance by using the 

measured gas temperature in the solution. The model accurately predicts 

the gas and elemental conversions and particle temperatures observed in 

the experiments, and supports the homogeneous and heterogeneous kinetics 

of post-combustion fuel nitrogen conversion. 



CHAPTER 1 

INTRODUCTION 

The increasing demand for energy, coupled with the dramatic 

rise in the costs of fuels and the decreasing domestic supplies of clean 

fuels (such as natural gas) are leading to the increasing emphasis on 

coal for electrical power generation and industrial heating. Coal is 

an abundant source of energy in the developed countries. It is inex

pensive compared to the domestically deregulated cost of petroleum and 

natural gas, but it is a dirty fuel, especially compared to the latter. 

Coal contains quantities of major contaminants such as sulfur and 

nitrogen which can be emitted to the atmosphere as sulfur oxides and 

nitrogen oxides, and non-combustible particulate matter, emitted as 

fly ash. Minor contaminants emitted with the gases and solids include 

radon gas and radioactive solids, and toxic metals like arsenic and 

lead. Coal-fired power plants emit small amounts of carbon monoxide as 

a consequence of the practical difficulty in achieving complete combus

tion. 

This work is directed towards describing some of the chemical 

kinetic processes which affect the conversion of chemically-bound nitro

gen in coal to gaseous pollutants such as NO, HCN, and NH^, and of the 

interconversion reactions of these species, especially those that form 

N2 and thereby minimize pollutant emissions. 

1 
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The experimental portion of this work was conducted under fuel 

rich conditions. Fuel rich conditions are known to be important in the 

reduction of NO^ emissions from a variety of combustion processes. An 

important case is that of staged combustion of pulverized coal. Staged 

combustion is characterized by an initial fuel rich combustion zone 

followed by a fuel lean stage for fuel burnout. The nitrogenous species 

which lead to NO emissions are partially converted to N9 in the fuel 
X z 

rich stage. 

Fuel rich conditions also occur locally in laminar and turbulent 

diffusion flames and in a variety of industrial firebox designs which 

take advantage of the NO reductions which are possible through delayed 
X 

air mixing with the fuel. The chemical and mathematical descriptions 

of fuel nitrogen conversion under fuel rich conditions in pulverized 

coa], systems are important for the optimal design of industrial furnaces 

utilizing some form of staged combustion for NO^ control. 

Staged Combustion for N0x Control 

Staged combustion is an effective technique for NO control. 

In staged combustion, a portion of the combustion air is diverted from 

the air supply to a burner, causing the initial combustion zone to be 

oxygen deficient (fuel rich). The air which was diverted is added to 

the initial combustion products forming an oxygen rich (fuel lean) zone 

wherein the unburned fuel is consumed. In the first zone (or stage), NO 

is formed and then partially reduced to N2, thereby reducing N0x emis

sions to the atmosphere (Wendt et al., 1979). 
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Experimental work relevant to staged combustion of pulverized 

coal includes field testing of commercial combustion devices to deter

mine the NO emissions alone, and laboratory scale experiments which have 

usually been restricted to describing the formation and destruction of 

NO as a function of reaction conditions, fuel types, burner loading and 

other global parameters. Few experiments have been undertaken to 

characterize the detailed chemistry involved in fuel nitrogen conver

sion to reactive species with the goal of formulating a theoretical 

framework of the important processes. The design engineer must rely 

on case-by-case testing of coal types, burner configurations, and air 

mixing schedules in evaluating coal nitrogen conversion to NO in his 

equipment, since the theoretical details of the chemical and physical 

processes are fragmented or unknown. 

Field testing in industrial fireboxes (Crawford et al., 1975) 

and early pilot studies (McCann, Demeter and Bienstock, 1973; Armento 

and Sage, 1975) showed that simple burner modifications to provide 

delayed air mixing were extremely effective in reducing NO emissions. 

Crawford et al. (1975), from their field data, showed that there is a 

marked variation in NO emissions due to differing burner configurations, 

firing patterns, and flame swirl, all of which affect the air mixing 

with the pulverized coal. Their data showed for wall fired units, for 

example, a maximum of 800 ppmv NO and a minimum of 350 ppmv of NO in 

the flue gases at 20 percent excess air. The differences were due 

primarily to the rapidity of air mixing, with better mixing leading to 

higher emissions. 
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Armento and Sage (1975) found that at a first stage stoichio-

metry of 80 percent of theoretical air, N0x emissions could be reduced 

by 38 percent compared to the emissions at normal operating conditions. 

Selker (1976) demonstrated that in tangentially fired burners, NO 
X 

reductions in excess of 30 percent could be achieved under staged 

burner conditions, with the reduction increasing as stage separation 

increased (increasing residence time) . Hollinden, Moore and Zielke (1976) 

found that about a 20 percent reduction could be achieved in a full-scale 

wall fired furnace by delaying air mixing. These early studies demon

strated that variations in the air mixing schedules had a discernable 

effect on NO emissions, but shed no light on the coal nitrogen balance 

or on controlling mechanisms attendant to the observed NO^ reductions. 

Pershing and Wendt (1977) showed conclusively from experiments 

in a laboratory-scale pulverized coal combustor that the bulk of N0x 

emissions are due to fuel nitrogen oxidation rather than from thermal 

fixation of atmospheric nitrogen. They compared the NO emissions 
X 

using air as the oxidant to those from an artificial oxidant (nitrogen 

free). The artificial oxidant reduced NO emissions only fifteen per-

cent compared to the base case. 

Brown et al. (1976) provided one of the first definitive studies 

of the global effects of first stage residence time and stoichiometry 

on first stage flue emissions. Their pilot study on a 1.5 million 

BTU/hr pulverized coal combustor showed that long first stage residence 

times (greater than 2.5 sec) and moderate to extreme fuel rich 



stoichiometrics (less than 80 percent of theoretical air) led to flue 

emissions as low as 100 ppmv, similar to those from a natural gas 

flame. They did not attempt to define controlling mechanisms respon

sible nor did they address the fuel nitrogen balance or intermediate 

species (NH^, HCN) in their work. 

Wendt et al. (1979) and Wendt, Lee, and Pershing (1978) de

scribed for the first time the in-flame time-temperature history of NO 

formation in a 200 Kcal/hr one-dimensional premixed laboratory-scale, 

staged combustor. NO was found to be formed rapidly in the presence 

of oxygen on a time scale of 0.1 second. It was reduced much more 

slowly after the disappearance of oxygen over a period of several 

seconds to an asymptotic level. Second stage emissions were controlled 

largely by unidentified fuel nitrogen carryover which led to increasing 

second stage emissions as first stage stoichiometry was reduced. Addi

tional work (Wendt et al., 1979) on the effect of coal composition 

showed iii general that as coal proximate volatility increased, first 

stage NO was reduced at the expense of increased second stage NO formed 

from first stage volatile nitrogen (HCN, NH^ it was speculated) carry

over. Second stage NO was found to decrease, increase or remain 

constant, pointing to the existence of complicated chemical kinetic 

mechanisms which control the conversion of coal nitrogen in the first 

and second stages. A chemical kinetic rate expression was developed 

which could describe NO formation and reduction in the case of a low 

volatile coal char. The authors indicated that it was not possible to 



fit a rate to their coal data since more information on intermediate 

species (HCN, NH^, 1^* etc.) was required to properly evaluate the 

mechanisms involved. 

Lee et al. (1979), from testing of different coals on a labora

tory scale premixed combustor, found little effect of coal type on the 

flue emissions of NO at all first stage stoichiometrics. The minimum 

NO emitted for all coals was similar. A major effect was noted in a 

particle size experiment. A 45 micron mean size Utah bituminous coal 

was tested against a narrow cut of 35 microns and one of 165 microns. 

The large size particles gave significantly less NO emissions in both 

normal and staged combustion. The small size cut was similar to the 

normal distribution. At first stage stoichiometric ratios less than 

0.8, the differences in the flue emissions for all of the sizes were 

minimal. Particle size may consequently be of minor importance in NO 

formation mechanisms, indicating that homogeneous kinetics might play 

an important role in the global fuel nitrogen conversion processes. 

Rees, Smoot, and Hedman (1978) attempted to develop a complete 

description of coal nitrogen conversion. They measured intermediate 

species (HCN, NH^, CH^) and the char nitrogen from fuel rich experi

ments in a premixed combustor. Their results are clouded by obvious 

poor mixing, incomplete first stage oxygen consumption and emphasis on 

flue conditions rather than in-flame axial sampling, which precluded 

kinetic evaluations from their data. 
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Altenkirch, Peck, and Chen (1981) studied fuel nitrogen conver

sion in a flat flame, but were unable to quantify the kinetics of HCN 

and NO conversions from their data. 

A few studies have been restricted to describing NO reduction 

on char surfaces (Levy et al., 1981; de Soete, 1980), about which more 

will be said in later sections. 

These state-of-the-art studies show the quantitative and semi

quantitative progress which has been made in characterizing coal nitro

gen conversion in combustion systems. Although the major global 

parameters such as residence time, first stage stoichiometry, burner 

swirl, are known to have discernable, albeit unpredictable effects on 

NO emissions, the controlling mechanisms are unknown or only suspected. 

Pulverized Coal Combustion and NO Formation 

The combustion of pulverized coal has historically been thought 

of as occurring in several distinct subdivions. Although these subdi

visions are conceptually distinct, chey occur simultaneously to some 

extent. 

As the coal particle enters the hot oxidizing environment, it 

is first rapidly heated. This initial heating causes free water to 

be vaporized and expelled. The weaker bonds in the coal "molecule" 

rupture, releasing volatile matter to the gas surrounding the particle. 

The early volatile matter is rich in water, carbon monoxide, carbon 

dioxide (Suuberg, Peters, and Howard, 1979) and has a low heating value. 

Further heating will rupture stronger bonds in the coal with more 
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volatile matter released. At some point, depending on the coal compo

sition and temperature, mass loss will cease and the particle will 

ignite heterogeneously and burn out, leaving ash as a residue. 

Each of these seemingly simple steps in the combustion sequence 

has an attendant effect on the formation of pollutants, especially NO. 

Each step in the sequence has been investigated quantitatively with 

varying degrees of success in formulating a theoretical framework which 

has practical significance for coal in general. The applicability of 

this work to coal nitrogen is far less significant. 

Heterogeneous Oxidation and 
Gasification of Coal Nitrogen 

The reactions which govern the oxidation and gasification of 

coal have not been examined in the context of coal nitrogen conversion. 

This neglect has led to the assumptions in published works that fuel 

nitrogen forms molecular nitrogen during gasification or is ignored 

altogether in combustion. 

Wen and Ghuang (1979) for example, in their work on entrained 

flow reactor simulations state, without support that molecular nitrogen 

is the primary product of oxidation and gasification reactions. Smith 

and Smoot (1979) do not treat coal nitrogen at all in their one-

dimensional combustor model. Field et al. (1967), in their extensive 

review of coal combustion, do not mention coal nitrogen as a reactant 

during oxidation. Malte and Rees (1979) cite data which indicate that 

most of the coal nitrogen forms ammonia during gasification but show 

that most of it was actually unaccounted for. There is obviously a need 
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for substantial effort to determine the fate of coal nitrogen under 

gasification conditions. This has an immediate impact on the theoreti

cal basis of staged combustion since the first stage is a mild gasifier 

in the post-flame zone. 

Coal Devolatilization 

The description of the devolatilization processes occurring in 

coal combustion may be as important in regard to pollutant formation as 

heterogeneous combustion. The types of compounds evolved and the time 

history of their evolution will strongly affect the free stream oxygen 

concentration, the rate of volatilized fuel nitrogen oxidation to NO, 

and the amount of fuel nitrogen remaining in the char. If, for example, 

as Wendt (1980) describes, the early volatiles are nearly nitrogen-free 

and combustible, the oxygen that is consumed will be unavailable for 

volatile nitrogen oxidation, thereby reducing NO formation rates. If, 

on the other hand, much of the early volatile material is non-combustible 

(^0, C^) and if substantial amounts of fuel nitrogen are released 

quite early in the combustion zone, NO formation is expected to be accen

tuated. 

These effects are quite important in staged combustion since 

first stage NO formation, volatile nitrogen (HCN, NH^) and char nitrogen 

carryover to the second stage will all be strongly affected by the 

devolatilization characteristics. Glass and Wendt (1979) and Wendt et 

al. (1979) presented time-resolved staged combustion data on seven 

different coals and chars which show that as overall proximate volatility 
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increases among the coals, less first stage and, in general, more 

second stage NO is formed, with the low volatile bituminous coals and 

chars having the lowest flue NO emissions. The high volatile coals 

presumably consume oxygen through early volatile oxidation before sig

nificant amounts of fuel nitrogen are evolved. The devolatilized 

nitrogen (HCN and NH^ were not measured) apparently passes through the 

first stage and is oxidized in the second stage, negating the low NO 

concentration in the first. 

The relative rates of coal mass versus coal nitrogen devolatili-

zation have been studied by several groups. Pohl and Sarofim (1977) 

showed that about 15 percent of the coal mass is lost before the evolution 

of coal nitrogen. They determined that the fuel nitrogen can be complet

ely removed as volatile nitrogen, given sufficient reaction time. The 

volatilized nitrogen does not take part in secondary reactions which lead 

to char formation. Their work also shows that the efficiency of coal 

nitrogen conversion to NO is affected strongly by the local oxygen 

concentrations, pointing to the effect that non-nitrogenous volatile 

combustible matter will have on the NO emissions if they consume oxygen 

before the nitrogen is evolved. 

Blair, Wendt, and Bartok (1977) showed that at temperatures in 

the range 1000-1400 C, 90 percent of the nitrogen was evolved in tars 

with boiling points about 900 C. HCN was the major gaseous product 

evolved directly. 

Ubhayakar et al. (1977) estimate that about one-third of the 

mass lost is transformed to soot by secondary pyrolysis. Since tars 
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are the precursors to soot, the nitrogen content of the tars and soot 

should be determined to further track the history of the devolatilized 

nitrogen, along with a description of the ultimate speciation of the 

evolved coal nitrogen. It may be important to know if it forms HCN, 

NH^ or perhaps even , especially for the qualitative description of 

the devolatilization process. 

Solomon and Colket (1979) reported that between 300 C and 

1000 C, nitrogen is released in molecules of the same general composi

tion as the parent coal and at rates that are similar to the mass loss 

rate. Only at higher temperatures, above 1000 C, was the nitrogen lost 

as light gases (HCN and NH^) and at a rate similar to that proposed by 

Blair et al. (1977). Suuberg et al. (1979) demonstrated that tar and 

liquids comprised the bulk of the volatile matter, especially near 1000 

C where 40-45 percent of the mass loss was in these materials. 

There is little direct information existing on the rate of the 

tars released during devolatilization. Studies of the decomposition of 

pyridine (Axworthy, Schneider, and Dayan, 1976) show that at typical 

combustion temperatures, the half life of pyridine in an inert atmos

phere is 0.2 seconds or less. Hydrogen cyanide was determined to be the 

primary gaseous nitrogeneous product at 1100 C, but half of the original 

nitrogen was still accumulated in a carbonaceous residue of the pyrolysis 

at 960 C. In the case of pyridine, only 2-8 percent of the nitrogen was 

evolved as ammonia. 

Wendt (1980) presents data which quite graphically show the 

differences between mass loss and nitrogen loss at infinite reaction 



(terminal yields). His data for a Pittsburgh high volatile bituminous 

coal shows that at 1000 K, 28 percent of the nitrogen can be removed 

compared to 35 percent of the mass. At 1800 K, the nitrogen has been 

completely devolatilized compared to only 40 percent of the total mass. 

These data show conclusively that if oxygen can be depleted by early 

mass loss and combustion, the delayed nitrogen evolution into a less 

oxidizing environment might be used advantagenously to reduce fuel N 

conversion to NO. This has strong implications in staged combustion 

sin.ce the long residence times in the fuel rich first stage might be 

used to destroy volatile nitrogen and minimize second stage NO formation, 

if the oxygen is first consumed by nitrogen free volatile combustible 

matter. 

The literature shows qualitatively that coal devolatilization 

can be characterized by the following points: 

1. Mass loss precedes nitrogen loss. Early volatiles evolution 

might be used advantageously to consume oxygen and reduce the 

oxidation of devolatilized nitrogen to nitrogen oxide in a 

staged combustor. 

' 2. Nitrogen can be completely removed from the coal, but secondary 

reactions leading to tar condensation within the coal limits 

mass loss at a given temperature. Depending on the time and 

temperature history of the coal, char nitrogen may well have 

less overall significance in staged combustion, especially in 

the second stage, than do volatile nitrogen species formed from 

first stage devolatilized tar pyrolysis. 
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3. Soot nitrogen may be important since tars will pyrolyze to 

form some light gases and a nitrogeneous soot residue which 

might be oxidized in the second stage. This point has not 

been addressed in published work. 

4. The ultimate product of nitrogen devolatilization appears, 

qualitatively, to be hydrogen cyanide. Ammonia is possibly a 

small contributor to volatile nitrogeneous products of devola

tilization. 

5. The selectivity of NO versus formation from coal nitrogen 

during devolatilization and the early stages of combustion is 

unknown. Wendt (1980) speculates that it is controlled by the 

internal transport of volatile material as it escapes the 

particle and externally as it mixes with reactive species and 

oxygen in the bulk gas. 

Devolatilization Kinetic Models 

Since the progress which has been made in the understanding of 

the physical processes involved in devolatilization is limited, it is 

not surprising that the mathematical description of the phenomena is 

also limited in scope. The kinetic models which have been proposed fall 

into two broad groups. The first are empirical models, typically first 

order in the amount of volatile matter yet to be evolved. The second 

class, of which the model of Solomon and Colket (1979) is the only 

representative example, describes the kinetics as a set of reactions of 

functional groups contained in the coal in question. This formulation 
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may have future importance if coals can be characterized in sufficient 

detail to make use of this approach. Currently, the properties are 

difficult to obtain and this model has little engineering utility. 

The empirical models use a single Arrhenius parameter to describe 

volatile evolution in the form (Anthony and Howard, 1976): 

~ = K exp(-E/RT)(V*-V) 

where V is the volatile matter removed and V* is the terminal volatile 

yield, which is constant. The rate parameters K and E differ for dif

ferent coals and V* must be estimated on a case-by-case basis. Typical 

rate constants are given in the review by Anthony and Howard (1976). 

The great variation in the rates speaks for the general utility of this method. 

The terminal volatile yield is different from the ASTM proximate 

yield of volatiles. The terminal yield can be as much as 30 percent 

greater than the proximate yield (Anthony and Howard, 1976). Badzioch 

and Hawksley (1970) have correlated the results of eleven experiments 

to determine V*. Even so, their results require an experimental evalua

tion of the ultimate yield. Wendt (1980) reports a correlation of 

nitrogen yield which has more significant engineering utility. 

K, x VM + K2 exp(-E/RT) 
V* = 

1 + K2 exp(-E/RT) 

with K' = 0.486, K" = 3545 and E = 20460 Kcal/mol. VM is the ASTM 

proximate volatile yield. He reports a correlation coefficient of 0.92 
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for twenty coals and two chars in the data base, a clearly significant 

result. This formulation also predicts the terminal yield with tempera

ture which is required in any reasonably general devolatilization kinetic 

scheme. 

Some success in modeling has been reported in the use of a 

distribution of activation energies in describing mass devolatilization. 

With the distribution f(E) where f(E)dE is the fraction of mass involved 

via reactions which have activation energies in the interval E to E+dE. 

The mass loss can be described (following Wendt, 1980): 

r00 ft 

exp[-ko 

3 Jo 

V (t) = 1 - 1 

/2TF 

E-E 
exp(-E/RT)dt - 1/2 (—r—) dE J 

o 

Unfortunately this method predicts complete mass loss at infinite time, 

clearly not in accordance with the known facts. 

Kobayashi, Howard, and Sarofim (1977) have shown that with two 

competing reactions, the dependence of terminal yield on the temperature 

can be modeled. According to this model: 

^Volatile 1 + Residue 1 

Coal K„ 

x1 (1-X^ 

12 
-Volatile 2 + Residue 2 

x2 (i-x2) 

Six parameters (two for each rate constant and the two X's) are needed 

in this model for the coal under study. 

It is apparent that as knowledge of the physical processes in

volved in devolatilization is limited, so is the ability to describe the 
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observations mathgmatically. The models proposed are empirical simpli

fications yet have been used successfully in some applications for 

describing total mass loss (Smith and Smoot, 1979; Wen and Chuang, 1979). 

Describing nitrogen loss and speciation is more difficult since it is 

only recently that attention has been focused on this element in coal 

conversion processes. It is perhaps fortuitous that insofar as com

bustion processes might occur on time scales much longer than the 

devolatilization time scale, the mathematical description of devolatili-

zation might be insensitive to the choice of method used in the descrip

tion. The devolatilization events might appear to be infinitely rapid 

in comparison to the combustion and gasification rates, in which case 

the terminal yield will be all that is necessary to adequately describe 

the process. Wendt's (1980) terminal yield as a function of the 

temperature of the particle would assume a large role in the engineering 

description of devolatilization, in this case. 

Thermal Nitrogen Fixation 

In the absence of nitrogenous precursors which can be oxidized 

to NO in a combustion system, atmospheric nitrogen can be converted to 

NO, or 'fixed' via the Zeldovitch reactions (Zeldovitch, Sardovnikov, 

and Frank-Kameneskii, 1947): 

N2 + 0 -»• NO + N 

N + 02 -v NO + 0 

The 'extended' Zeldovitch mechanism (Bowman and Seery, 1972) 

accounts for the effect of the oxidant OH on atmospheric nitrogen: 
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OH + N + NO + H 

These three reactions account for the bulk of homogeneous post-

combustion NO formation in the absence of fuel nitrogen. Fenimore 

(1973) premised the formation of "prompt" NO via: 

CH + N2 ->• HCN + N 

to account for finite NO concentrations he found in the early flame zone 

in hydrocarbon flames. This has been disputed in the works of others 

(Bowman and Seery, 1972) who claim that the observed NO is due to the 

action of high levels of oxygen atoms operating within the Zeldovitch 

mechanism. 

Pershing and Wendt (1977) showed that in coal combustion, the 

fixation of atmospheric nitrogen accounts for less than 15 percent of 

observed NO under fuel lean conditions. Wendt et al. (1977), in their 

work, found that under staged combustion conditions, very little atmos

pheric nitrogen was converted, presumably since the first-stage tempera

tures are too low to support the reactions. 

Homogeneous Reactions of Fuel Nitrogen 

The homogeneous processes affecting nitrogeneous pollutant 

formation in gas flames have been studied primarily with the simpler 

compounds like hydrogen cyanide, ammonia, and nitrogen oxide. These 

are the major nitrogeneous species observed in flame products, al

though in coal systems much of the fuel nitrogen might be evolved as 

higher-molecular-weight nitrogeneous tars which subsequently are 

pyrolyzed or oxidized to these more fundamental compounds. 
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It is now generally held by workers in the field that the 

global features of homogeneous fuel nitrogen conversion are similar 

in concept to the schematic representation in Figure 1.1 (following 

Malte and Rees, 1979). Coal devolatilization, for example, will supply 

HCN and some NH^ directly or indirectly via secondary tar pyrolysis. 

NO will be supplied via coal nitrogen oxidation and volatiles oxidation. 

Hydrogen cyanide is apparently oxidized as HCN or CN formed via 

equilibration of HCN (Haynes, 1977a). Hydrogen cyanide is converted to 

ammonia, possibly due to the following reactions (Haynes, 1977a; Fenimore, 

1976, respectively): 

HCN + OH HNCO + H 

HNCO + H ->• ... NH. 
x 

or via OCN (Mulvihill and Phillips, 1975; Haynes, 1977a): 

CN + OH •> NCO + H + ... -*• NH. + CO 
x 

The NH^ (i=0,l,2,3) pool is oxidized with 0 and OH to NO, while 

competing reactions with NO give rise to molecular nitrogen (Haynes, 

1977b; Fenimore, 1976, respectively): 

N + NO N2 + 0 

NH2 + NO N2 + H90 

It is possible that reactions within the NH^ pool could also 

lead to the formation of nitrogen, but only under extreme fuel rich 

conditions (Malte et al., 1976). 



(N^'HCN Selectivity7) 

Coal N 
(Pyrolysis) 

Ultimate Product 
for NOx Control 

+ NH: 

+0 2,oh 

NO 

+ch3? 

Figure 1.1. Reactions of volatile nitrogeneous species. 
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Heterogeneous Kinetics of Coal Nitrogen Conversion 

The few chemical kinetic studies of heterogeneous coal nitrogen 

conversion have been restricted to char since the complications of 

incorporating devolatilization into the analysis is largely avoided. 

Wendt et al. (1979) fit NO formation and reduction for the case of an 

FMC char under first-stage fuel rich conditions in a staged combustor 

with the following kinetic expression: 

= 3.3 x 107 exp(- ̂ 0)pg'4 ̂  

/ -i -I ^4 / 47 ,000n„0.6 xi i / - 4.7 x 10 exp( ——)XNQ WASR mol/cc-sec 

Po2 = oxygen partial pressure, atm 

C^ = moles N in char/volume of reactor, moles/cc 

= mole fraction NO 

W.otj = Sm ash/volume of reactor, g/cc 
Aon 

T = bulk gas temperature, K 

Levy et al. (1981) determined an NO reduction rate for a char 

in the temperature range 1250-1750 K to be: 

/ , 0 -.,4 , 34,700x „ „ = 4.18 x N exp(- —£=—)AP. 
dNO 
dt RT '"e*NO 

2 Ag = m /g external particle area 

= NO partial pressure, atm 

A slight enhancement of the reaction rate in the presence of 

CO was found, the enhancement presumed to be from a surface catalyzed 
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NO/CO reaction or reaction of CO with deactivated surface sites. Water 

and oxygen were found to inhibit the reaction due to formation of a 

chemisorbed oxygen layer. This is an important point since it offers 

an explanation for the lack of NO reduction in fuel lean systems and 

for the observation of Wendt et al. (1979) that NO reduction begins as 

oxygen is being depleted under fuel rich conditions. 

De Soete (1980) has made extensive measurements of heterogeneous 

HCN, NH^, and NO reductions over solids commonly found in coal combustion 

systems. His tests include differential fixed-bed studies over soot, 

alumina, and graphite. His results show that NO can be reduced over all 

of these materials. The rate for NO reduction over a heavy fuel oil 

soot composed of cenoshpheres similar to those found in coal combustion 

products is (X is mole fraction of reactant) : 

®  -2.1k 10 1 0  e x p ( -  - f l -
cm -g-s 

This rate has not been tested in combustion systems, so that its applica

bility to coal, for example, is unknown. 

Global Homogeneous Mechanisms of 
Fuel Nitrogen Conversion 

Fenimore (1977) has successfully correlated fuel nitrogen con

version in both methane and flowing hydrogen/water/nitrogen mixtures. 

His method involves the assumption (which he justifies indirectly) that 

the ammonia concentration is equilibrated via: 

NH3 + OH = NH2 + H20 
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Fenimore's hydrogen cyanide kinetics become: 

HCN + OH ->• NH2 + CO 

= 2.5 x 1013 exp(- 10,000/RT)~ 1012 cc/mol-sec 

and for the reaction of ammonia and nitrogen oxide: 

NH2 + NO = N2 + H2O 

k2 = 5 x lO 2̂ mol/cc-sec 

Haynes (1977a), on the other hand, proposed for the same hydrogen 

11 
cyanide reaction, that k^ = 2 x 10 mol/cc-sec and for cyanide radical 

at high temperature, both Haynes and Morley (1976) find: 

CN + OH OCN + H T > 1950 K 

k^ = 5.6 x lO^"3 - 6.0 x lO'*'3 cc/mol-sec 

Haynes(1977b), in contrast to the results of Fenimore for the 

ammonia/nitrogen oxide system, claims that nitrogen atoms rather than 

amide are reactive with nitrogen oxide, so that: 

N + NO -»• N2 + 0 

k2 = 4 x lO"*"3 cc/mol-sec 

Although the results of the two authors differ, they agree that 

the reactive NH^ species is equilibrated with ammonia, so that the ammonia 

concentration can be used in the rate expression as a part of the appro

priate equilibrium expression: 

NH± = NH3K1(^-)3"1 i = 0, 1, 2, 
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De Seote (1973) proposed an alternate scheme whereby NO is 

reduced directly by both NH^ and HCN: 

NO + HCN -»• N2 + ... 

,„9 m-l/2 , 27,000, = 8 x 10 T exp( ^—) mol/cc-sec 

NO + NH3 + N2 + ... 

k2 = 8 x 10^ mol/cc-sed (1727 C) 

According to the review of these reactions by Hayhurst and 

Vince (1980), these reactions do not lend themselves well to the de

tailed physical chemical justifications as do the global expressions of 

Fenimore and Haynes. 

Further complicating the analysis of homogeneous fuel nitrogen 

conversion is the possibility that cyanide could be generated from 

hydrocarbon-NO recycle (Haynes, 1975 and Engleman et al., 1973): 

CH3 + NO •* HCN + H20 

CH + NO ->• HCN + 0 

The important conclusion from these reactions is that NO must 

be present in a fuel rich combustion system to destroy the NH^ pool 

and NO simultaneously. Without sufficient NO present initially, the 

reactive nitrogen (HCN, NH^) will eventually tend to be bottlenecked 

in the NH^ pool where it can be oxidized to NO in a fuel lean stage. 

The destruction of the total reactive nitrogen pool requires the proper 

choice of temperature and time for sufficient reaction to nitrogen to 
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occur, plus the provision of sufficient initial NO to provide the path

way to nitrogen. Under globally fuel lean flame conditions, the NIL 

will be oxidized to NO more rapidly than it can be destroyed simply 

because of the vast amount of oxygen present. Under very fuel rich 

conditions, there will be too little initial NO to facilitate destruc

tion of the NH^ pool which can then be oxidized to NO if oxygen becomes 

available. In any case, the focus is not so much on the cyanide pool 

since it must be converted to NH^ to eventually be eliminated. 

This is an important point in staged combustion systems which, 

if homogeneous reactions are controlling, conditions in the fuel rich 

stage must be established to provide for an optimum path to nitrogen. 

Some of the initial fuel nitrogen must be converted to NO to open the 

path to nitrogen. Too little or too much initial NO is self-defeating 

as a pollutant-control process since either too much ammonia or too 

much NO will be passed through to the second stage. Given an infinite 

reactor, equal amounts of total HCN plus NH^ to NO should be supplied 

to provide for complete fuel nitrogen destruction to nitrogen. 

Scope of This Research 

The preceding review shows that there is much to be done in 

developing a reasonably complete theoretical framework of the processes 

which affect the conversion of fuel nitrogen in pulverized coal combus

tion, and in particular, in staged combustion for NO^ control. The 

fuel nitrogen balance in the fuel rich first stage has not been properly 

evaluated. The relative concentrations of char nitrogen, nitrogeneous 
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intermediates and nitrogen oxide are virtually unknown as functions of 

the first-stage stoichiometry and residence time. This knowledge is 

presupposed in addressing the kinetic processes which lead to observed 

NO formation and reduction phenomena. Especially important questions 

relating to the contributions of homogeneous versus heterogeneous post-

flame volatile nitrogen reactions remain unanswered. This determination 

is required for the optimization of staged combustion where the effects 

of changing combustion temperature, residence time, and first-stage 

stoichiometry are known on a qualitative basis, but which must be exam

ined experimentally for a particular coal and combustion configuration 

to generate data useful to the design engineer. 

The literature dealing with coal nitrogen conversion is frag

mented. There are no unifying works which serve to connect the gas 

chemistry of nitrogen conversion to the phenomena observed in coal sys

tems. Devolatilization and pyrolysis of coal is known to evolve nitro-

geneous species, but work to date serves only to establish the phenomeno-

logical aspects: the ratio of nitrogen loss to mass loss and terminal 

yields, without much information on nitrogen speciation. Such kinetic 

evaluations that have been done refer only to the destruction of nitrogen 

oxides on char. The reactions of nitrogeneous intermediates are only 

now being addressed. 

Staged combustion of pulverized coal cannot be fully understood 

on the basis of NO measurements alone. This work seeks to provide some 

additional insight into the conversion of coal nitrogen by considering 

the totality of the processes occurring in a pulverized fuel combustor 
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under fuel rich conditions. In addition to NO measurements, HCN and 

NH^ and the residual char nitrogen content will be determined in the 

combustion environment. The following questions as they pertain to the 

conversion reactions of fuel nitrogen and volatile nitrogeneous species 

in the first stage of a staged combustor will be addressed. 

1. What is the level of conversion of coal nitrogen in the first 

stage? 

2. What chemical kinetic processes affect the concentrations of 

volatile nitrogeneous species, especially in the post-flame 

gases? 

3. Are the observed volatile nitrogen reactions controlled by 

homogeneous or heterogeneous mechanisms? 

4. Can the reactions affecting the first-stage volatile nitrogen, 

concentrations be manipulated to minimize NO formation in the 

second stage? 

These questions will be addressed through experiments conducted 

on a premixed tubular downflow combustor, using pulverized coal and 

char as fuels. The combustor has been designed to satisfy the following 

requirements: 

1. Minimum temperature loss (pseudo-isothermal conditions), to 

provide for controlling the experimental conditions and to 

assist in evaluating the resultant combustor data. 

2. In situ sampling of the combustion gases and solids along the 

combustor axis to provide a time/temperature history of the 

chemical and physical processes. 
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3. Measurement of the major combustion species to characterize 

the combustion gases (0̂ , CO, CO ,̂ CH^). 

4. Measurement of minor nitrogeneous species (HCN, NH^, NO) to 

more fully explain the volatile nitrogen reactions and provide 

for the development of kinetic expressions which govern the 

concentrations. 

5. Measurement of the C, H, N content of the partially burned coal 

and char to explain the relative importance of char nitrogen 

carryover to the overall first-stage fuel nitrogen conversion. 

6. Measurement of the combustion gas, particle and combustor wall 

temperatures to provide a basis for mathematical modeling and 

kinetic evaluations of the data. 

A simplified mathematical model of the combustor will be devel

oped to assist in the determination and validation of the chemical 

kinetics derived from the experimental data. 



CHAPTER 2 

EXPERIMENTAL FACILITIES 

Combustor Design and Construction-Design Basis 

The experimental combustor used in this work is intermediate in 

scale between the single-particle drop-tube experiments used in coal 

devolatilization experiments (Pohl and Sarofim, 1976) and the semi-

industrial-scale furnaces used in coal-burner modification experiments 

(Brown et al., 1977) The scale of this combustor (2-4 Kg/hr of fuel) 

leads to easily defined hydrodynamics which enhances data reproduction 

and mathematical modeling of the physical system. 

Previous works on combustors of this scale have been subject to 

heat losses in excess of those which are permissible if industrial-scale 

combustion is to be simulated experimentally (see, for example, Glass 

and Wendt, 1979). Excessive heat losses are especially unsatisfactory 

for staged combustion experiments. Large heat losses in the fuel rich 

first stage leads to a low second-stage entrance temperature. The addi

tion of large amounts of "cool" second-stage air further cools the com

bustion gases and can cause lower-than-acceptable second-stage carbon 

burnout. 

Mathematical modeling is facilitated by isothermal or nearly 

isothermal conditions, especially if there is some temperature control 

available for parametric experiments. Since it is difficult to achieve 

28 
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truly isothermal conditions in combustion (especially in the combustion 
) 

zone), a minimum loss of post-flame enthalpy to minimize temperature 

losses is a more reasonable goal. Parametric investigation of tempera

ture effects can then be completed with stepwise intercooling of the 

combustion products or large air preheater temperature changes. 

The combustor design is based on the following parameters: 

1. Coal feed rate of 2-4 Kg/hr as dictated by the availability of 

compressed air and the capacity of the existing screw feeder. 

2. Gas-phase residence times of 2-4 seconds similar to industrial 

and utility coal furnaces at typical combustion conditions. 

This implies a length of about 2 meters. 

3. Internal diameter of 15 cm. Most readily available forms and 

other construction materials are available in this size (6 in.). 

Further, it is not known if a 10 cm (4 in.) I.D. would provide 

enough surface area to induce coal heating and ignition by 

radiative heat transfer from the walls at the flow rates envi

sioned herein. 

4. Previous work in a similar combustor (Wendt et al., 1979) showed 

that castable refractory walls are susceptible to large heat 

losses, especially at the modest heat releases of this experi

ment (300 Kcal/hr). A variety of alternative materials were 

reviewed for insulating qualities and structural strength. The 

most acceptable combustor tube materials were vacuum-formed 

fibrous alumina cylinders manufactured by Zircar, Inc. and 

Babcock and Wilcox Company. 
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Experimental Combustor Design 

The mechanical details of the "experimental combustor are given 

in Figure 2.1. The design is similar in overall dimensions to that used 

by Pershing and Wendt (1977), except that axial sampling has been re

placed by sideport sampling for laboratory safety considerations. 

Pulverized coal and preheated air enter the top of the combustor 

from the premixing chamber. A cast refractory quarl to provide a smooth 

expansion and heating zone occupies the first 8 inches (20 cm) of the 

top. The quarl has a conical expansion zone which enlarges from 2 in. 

(50 cm) at the entrance to the full 6 in. (15.2 cm) combustor internal 

diameter. The quarl is radiatively heated by the burning fuel from 

below and transfers this heat radiatively to the entering coal, thereby 

providing energy feedback to ignite and stabilize the pulverized coal 

flame. 

The char, ash and combustion gases exit at the bottom of the 

combustor to the flue or to the convection section where the gases are 

cooled before being exhausted to the laboratory fume hood ventilation 

system. 

The combustor consists of a central combustor tube composed of 

three concentric Zircar vacuum-formed fibrous alumina cylinders. The 

cylindrical arrangement is 11 in. (28.0 cm) in outside diameter, as 

shown in detail in Figures 2.1 and 2.2. The position of the combustor tubes is 

stabilized by vanes made of 1/2 in. Babcock and Wilcox Kaowool 2600 insu

lating board. The space between the combustor tubes and the 30 in. 
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Figure 2.1. Experimental combustor. — See notes on 
Figure 2.2 (dimensions in centimeters). 
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Section <^> — <^> 

Figure 2.2. Combustor schematic. — (1) 2" Sch. 40 pipe, welded to 
shell; (2) 2" I.D. mullite; (3) 4" I.D. mullite; (4) 
6" I.D. cort refractory; (5) Zircas cylinder, 6" I.D. 
x 7" O.D. x 12"; (6) Zircas cylinder, 7" I.D. x 9" O.D. 
x 12"; (7) Zircas cylinder, 9" I.D. x 11" O.D. x 12"; 
(8) Kaowool 2600 bulk fiber; (9) Cort refractory quarl; 
(10) 1/4" steel shell; (11) T/C wells, 1/4" closed-end 
mullite. 
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(76.2 cm) O.D. x 1/4 in. steel shell is filled with Babcock and Wilcox 

Kaowool 2600 bulk fiber packed to a density of 8-10 lb/ft"'. 

These materials were chosen to overcome the high heat losses 

associated with castable refractory materials commonly used in 

laboratory-scale combustors of moderate heat release (see Wendt et al., 

1979). Since the vacuum-formed combustor tubes are not as durable as 

cast refractory, provisions have been made for replacing the tubes if 

necessary. Past experience has shown that the major reason for combustor 

tube deterioration is the accumulation of slag on the walls, which leads 

to reduced internal diameter. It is believed that the superior insulat

ing qualities of the present materials will lead to wall temperatures 

which are hot enough to permit slag to remain molten and flow to the 

furnace bottom vault where it can be removed as necessary by way of a 

cleanout port (see Appendix A for more discussion of the expected 

combustor temperatures). 

Since the Zircar tubes are somewhat porous, a glaze (Zircar 

Rigidizer) was applied during construction to seal the internal tube 

surfaces. In addition, Zircar moldable alumina insulation was used to 

seal the interstitial spaces at tube joints to prevent gas bypassing. 

Thirteen sample/utility connections are provided for external 

access to the combustor. The connections are made of 2.0 in. (5 cm) 

and 0.75 in. (1.9 cm) I.D. mullite tubes. The connections to the ex

terior steel shell are fitted with an expansion joint to prevent crack

ing of the ceramic tubes. The joints between the sampling tubes and 
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combustor tubes were sealed with moldable insulation and glazed. Two 

4 in. (10.2 cm) utility connections, primarily for inserting cooling 

coils, are constructed in a similar fashion. The 4 in. ports are sealed 

with fibrous insulation to minimize radiative heat losses when they are 

not in use. 

Ten wall thermowells and ten centerline gas thermowells are 

provided. The construction of the wells is similar to the utility con

nections except that 1/8 in. (0.049 cm) I.D. mullite tubes, closed at 

the measurement end, are used. 

All external connections are valved to prevent leakage and to 

provide access for probes. The external sealing is a simple combination 

of common steel unions to which fittings can be attached to permit probe 

access. Probes can be attached, the external valves opened, and probes 

inserted without gas leakage to the laboratory area. 

Premix Burner 

The function of the premixed burner is to intimately mix the 

incoming pulverized coal/transport air and the preheated combustion air 

streams. The burner detail is shown in Figure 2.3 and consists of a 

2 in. type 304 stainless steel pipe tee within which the mixed air/coal 

streams impact against a flat surface, mix and are transported to the 

combustor through a 3/4 in. pipe to the refractory quarl. 

The fuel/air mixture passes through a double layer of 40 mesh 

stainless steel screens at the junction of the 3/4 in pipe and the 2 in. 

I.D. bank of 1/4 in. cooling tubes to provide some turbulence for 
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Figure 2.3. Premixed burner. 
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radial mixing in the 2 in. section. The two rows of cooling tubes are 

followed by a row of 1/4 in. O.D. ceramic radiation shield tubes. The 

cooling tubes and radiative shields are introduced to prevent radiative 

heating of the incoming fuel and thereby prevent preignition in the 

mixing chamber. 

Air and Fuel Supply System 

Air from the laboratory compressed-air system is supplied by way 

of oil and water coalescers and pressure regulators, as shown schematic

ally in Figure 2.4. Air for coal transport and second-stage air is 

supplied at ambient temperature while the main combustion air is supplied 

at up to 800 F (700 K) from an electrical preheater. All of these air 

streams are measured with laminar flow elements which have a maximum 

accuracy of 1/2 percent of the indicated flow. 

Natural gas is available for the pilot/ignitor and for heating 

the combustor prior to burning pulverized coal. Pulverized fuel is 

supplied from a screw feeder system. Transport air is used to pick up 

the fuel from the screw and supply it to the premixing chamber. A 

typical screw feeder calibration curve is given in Figure 2.5. 

Safety Systems 

Since the combustor is subject to the same safety problems as 

are larger-sized furnaces, the combustor control system is provided with 

solenoid-operated valves which are activated by the following to shut 

off the fuel supply: 
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1. Loss of supply air pressure. 

2. Loss of low-pressure air. 

3. Loss of cooling water flow, either total flow or flow to/from 

specific coils, probes, etc. 

4. High radiant shield cooling water outlet temperature. 

5. High burner-area temperatures. 

When natural gas is used as fuel, loss of flame detection (by 

U.V. emission) is the primary shutdown event. In the event of failures 

in St6ps 1-5 above, the natural gas is also shut down. In no case is 

the air shut down as a result of a peripheral failure. To do so would 

invite an explosive ignition if fuel were available when the air flow 

were suddenly reinitiated. 

Sample System 

In situ sampling of combustion gases and solids is done with 

the stainless steel probe shown in Figure 2.6. This water-cooled and 

quenched probe is inserted to the furnace centerline laterally from the 

sample/utility ports at up to 8 positions in the combustor. This probe 

is assembled with compression fittings to facilitate repairs and modi

fications. 

Sampling is not isokinetic. In order to draw sufficient sample 

for solids analysis, a 100 cc/min (STP) rate is used. No effect of the 

sampling rate on the gas analysis has been noted. In addition, little 

effect of the quench water rate on the gas analysis has been noted either. 
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The quench water rate of 100 cc/min is sufficient to keep the probe 

washed free of ash and soot particles so that probe plugging is mini

mized. The probe is required to operate at a fixed sampling position 

for up to 20 minutes as dictated by the minimum amount of solid sample 

required for analysis. The small probe outside diameter of 1/2 in. 

(1.25 em) helps to prevent the probe cooling the combustor walls during 

an experiment. 

The sample system flow is shown schematically in Figure 2.7. 

The combustor sample/quench water mixture flows to a stainless steel 

water separator under vacuum, produced by the sample vacuum pump. The 

quench water is separated and flows to a barometric leg by which the 

pressure is controlled to a minimum of 500 torr. 

The gases are further cooled to 277 K and any condensed water 

is removed in a second stainless steel separator. Any particulate 

matter remaining in the gases is removed in a fiberglass filter. The 

clean, dry gases are then supplied to the continuous analyzer section 

and to the gas chromatograph for analysis. 

The water/solid suspension which accumulates in the barometric 

leg is continuously collected and analyzed with ammonia and cyanide-

specific electrodes. The solids are filtered from the water and re

tained for C, H, N and ash analysis by the University Analytical Center. 

Analytical Systems 

The analytical systems used in this work include continuous gas 

analyzers for CO, CO_, 0„ and NO ; chromatographic analysis for 
<1* Z X 
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aforementioned gases and for H2, CH^, and HCN; ion electrode analyses 

of quench waters for HCN and NHg, and elemental (C, H, N, ash) analysis 

of the char separated from the quench water. 

Continuous Analyzers 

The continuous analytical system consists of the following 

analyzers: 

02: Beckman Paramagnetic Model F3 

Beckman Polaragraphic Model 715 

CO: Beckman I.R. Model 864 

CC>2: Beckman I.R. Model 864 

NO : Thermo Electron Chemiluminescent NO/NO Analyzer with 
X X 

stainless steel Converter Model 10 AR 

SO : Thermo Electron Pulsed Fluorescent Model (currently inopera-

tive) 

Each is zeroed with nitrogen and calibrated upscale with an 

appropriate concentration of Matheson Research Quality Calibration gas. 

Gas Chromatograph 

Gas chromatographic analysis of combustor gases for , 0^, N^, 

CH^, CO, CO^, HCN is done with a Perkin-Elmer Sigma I analysis system. 

The permanent gases are sequentially separated on a 0.3175 cm 

(1/8 in.) O.D. x 0.21 cm I.D. x 366 cm Linde 5A molecular sieve column. 

CO2 and HCN are separated on a 0.3175 cm (1/8 in.) O.D. x 0.25 cm I.D. x 

183 cm Porapak T column. Both columns are operated with a carrier gas 
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flow of 60 ml/min under pressure control for smooth early response. An 

oven temperature of 100 C is common to both columns. 

A gas sample is first injected to the 5A mol. sieve column. 

After 4 minutes, a second gas sample is injected to the Porapak T column. 

The run time on the Porapak column is dictated by the retention time of 

the HCN. This compound is eluted about 11 minutes after the start of 

the run, 7 minutes after sample injection to the Porapak column. In 

the current configuration, the two columns are connected to alternate 

sides of the thermal conductivity (hot wire) detector. The output from 

the Porapak-HWD then can be routed to either the nitrogen-phosphorus 

detector (NPD) or to the flame ionization detector (FID) with an auto

matic 8-port gas-switching valve. The output is currently connected to 

the NPD for HCN analyses. It is not possible to run both the FID and 

NPD simultaneously since they share an amplifier. 

Ion/Gas Electrodes 

The fixed nitrogen content of the quench water is measured with 

ammonia- and cyanide-specific electrodes. The quench water is collected 

into base (NaOH) to protect the sample from loss of NH^ and HCN. The 

samples are analyzed for NH^ and then treated to precipitate sulfides 

which interfere with the silver in the cyanide electrode. About 0.1 g 

CdSO^ is used as the precipitant similar to the method of Blair et al. 

(1977). The treated sample is then analyzed for cyanide. The solids 

(char and ash) in the quench water are vacuum-filtered from the water, 

dried, and stored in sealed vials before analysis. The details of these 

procedures are given in Appendix B. 
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Multiwavelength Infrared Pyrometer 

The Multiwavelength Infrared Pyrometer is intended to supplement 

the thermocouple measurements of the gas and of the combustor walls by 

measuring the I.R. emission from the hot coal particles and thereby 

deduce the particle temperatures. Multiple measurements along the fur

nace axis provide time-resolved particle temperatures which can be used 

to calibrate the particle heat balance in mathematical modeling of the 

combustion and fuel nitrogen conversion processes. 

Theory of Pyrometer Operation 

The operation of an optical pyrometer is based on Planck's law, 

which describes the temperature-dependent radiance from a blackbody: 

C C 
Eb(A;T) = ~ [exp(^|) - l]"1 (2.1) 

A 

where E^ is the radiant flux density per unit wavelength interval; A, 

the wavelength of the radiant emission; T, the blackbody temperature. 

Equation 2.1 can be used to measure the radiant emission at any 

wavelength provided that a suitably sensitive detector is available and 

that the signal is free of interferences from undesirable sources such 

as those from hot gaseous combustion products. As a consequence of the 

high temperatures in combustion systems, infrared emissions are powerful 

and easy to detect. 

In the measurement of the emissions from a hot surface, it is 

convenient to assume that the surface is a greybody, i.e., that the 

emissivity of the surface is less than unity but independent of the 
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wavelength in the region within which the measurement is made. Equation 

2.1 becomes, for greybody emissions: 

Eg(T;A) = eE^A) (2.2) 

A suitable combination of narrow bandpass filters, a photo-

detector and amplifier can provide an electrical response to the emitted 

radiation. If the transducer system is linear in response, the output 

voltage is related to the greybody emission by: 

V(T;A)R = aE (T;A) (2.3) 
A g 

where V is the detector signal and is a temperature-independent 

response factor for the detector at the measured wavelength, and a is a 

wavelength and temperature-independent scale factor to account for the 

limited angle of view of the detector and for units conversions. 

Equation 2.3 is useless for measurements in a single wavelength 

since it contains the two unknowns a and e. If at least two wavelengths 

are used, the product a*e can be removed from immediate consideration by 

forming the ratio: 

W Eg(T;A..) 

v"ir̂  (2*4) 
W Eg(T;A2) 

from which the temperature can be determined. 

Further improvements in the determination of the temperature 

can be made using Wien's approximation to Planck's law. The exponential 

term in Equation 2.1 is sufficiently greater than unity that the latter 

can be ignored for values of the wavelength-temperature product, AT, 
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that are less than 3000 micron-K (Siegel and Howel, 1972, p. 23). This 

condition, at the maximum wavelength of 1.0 micron used in this work, is 

satisfied for measured temperatures less than 3000 K, far greater than 

any temperature measured in the experiments. 

Hence, Plank's law for the pyrometer system, using Wien's 

approximation, becomes: 

C C 
VaRa = (ae)-j exp(- ̂ |) (2.5) 

A 

which can be linearized to: 

W5 c 
ln[ ln 36 (2l6) 

This is in the linear form: 

y = mx + b (2.7) 

for which, in the case of C2/A as the independent variable, and the 

left-hand side as the dependent variable, the slope of the equation is 

identified with the inverse temperature. A simple linear regression of 

the pyrometer voltages against the wavelength of the response gives the 

required temperature. Mutiple measurements (in the present case, seven) 

can be used to improve the accuracy of the regression and provide a 

measure of the precision of the calculated temperature from the correla-

2 
tion coefficient, r . 

This method does not depend on the flame thickness for accurate 

responses as long as provisions are made for viewing the flame against 

a cool background or the background combustor walls are cold. 
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The emissivity of the coal/gas suspension can be determined 

directly once the temperature has been determined (Cashdollar, 1978). 

For a particle-laden cloud: 

e = l-exp(- | Q (2.8) 

in which Q is the scattering coefficient, c is the mass concentration 

of the particles, p the particle bulk density, dp the average particle 

diameter and 1 the radiation pathlength. The scattering coefficient, Q, 

approaches unity for particles which are large compared to the wavelength 

of the radiation [udp/\ > 5] (Cashdollar, 1979). For measurements in1 

the near infrared (about 1 micron wavelength) dp > 2 satisfies this 

condition. Since most coal particles are of the order of 30-40 microns 

diameter, this criterion is satisfied insofar as particle size degrada

tion, ash and soot are ignored. Since these effects are not usually 

amenable to quantitative determination in most coal systems, it is con

venient to ignore the effects of scattering. For small particles, Mie 

theory (Siegel and Howell, 1972) could be used to account for scattering. 

Pyrometer Design 

Although any wavelength could, in theory, be chosen for the 

temperature measurements, practical considerations restrict the wave

lengths to the near infrared (0.5 - 1.0 microns) where the output 

signals will be greatest. Below 1 micron, the radiance drops rapidly 

in accordance with Planck's law (Equation 2.1) and in thin flames, the 

low emissivity further reduces the measured responses. At wavelengths 
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1 micron, water and carbon dioxide absorption of radiation becomes 

significant. Cashdollar (1979) has taken advantage of these gas emis

sions and absorbance-free windows in the mid infrared to make both 

particle and gas temperature measurements in thick flames. Following 

Cashdollar's three wavelength near-infrared design, which he finds suit

able for thin flames, the pyrometer uses seven wavelengths (0.7, 0.75, 

0.80, 0.85, 0.90, 0.95, and 1.0 microns). Although this number might 

seem excessive, it has been found that the low response of the detector 

circuit (owing to a small viewing angle) at low temperatures can par

tially be compensated by this number of measurements. Further, the 

simple design of the optical cell and filters makes these measurements 

very easy to obtain. 

The electrical circuit follows Cashdollar's design, as shown in 

Figure 2.8. A simple filter holder and quartz glass viewport plus a 

voltmeter complete the design, Figure 2.9. 

The pyrometer was calibrated against a calibrated tungsten lamp 

for which the emissivity of the tungsten as a function of wavelength was 

taken into account. Cashdollar recommends the use of a blackbody for 

calibration, but the system used here is deemed accurate enough for the 

proposed use. Response factors, as a function of wavelength and tempera

ture were determined and are shown in Table 2.1. 

In Appendix C, the listing of an HP-41C pocket calculator program 

to perform the least squares fit of the measured voltages to the average 

temperature is included to show the overall ease of making the calcula

tions. 
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Table 2.1. Pyrometer response factors, R^* 
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T, °K 

Microns 1000 1400 1800 2200 Average 

700 0. ,521 0. ,477 0, .520 0. .468 0. .484 

750 0. ,520 0. ,517 0. ,498 0. ,513 0. ,511 

800 0. ,634 0. ,631 0, .628 0. .630 0. ,631 

850 0. ,716 0. ,723 0. ,725 0. .725 0. ,722 

900 0. ,804 0. ,805 0, .805 0. .800 0. ,804 

950 0. ,904 0. ,883 0. ,944 0. ,901 0. ,908 

1000 1. ,000 1. ,000 1. ,000 1. ,000 1. ,000* 

* Normalized to R 1.0 = 1.0 

Graphical Method 

Figure 2.10 shows a graph of Equation 2.4 wherein the reference 

wavelength is 1.0 y. The pyrometer outputs as a function of this ratio 

can be plotted directly, from which six temperatures can be determined. 

The main drawback of this method is that any error in the reference 

output will be reflected in the measured temperatures at all of the 

other wavelengths. We have, as a result, chosen to use the least 

squares method for reported temperatures while this method is used for 

quick estimation purposes only. 

Facility Validation 

Combustor Wall Effects 

Other researchers (De Soete, 1980) have shown that NO can be 

decomposed on hot alumina surfaces in the presence of CO. Although 
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this has been shown not to be a problem in previous work on a combustor 

of this size (Glass and Wendt, 1979), it was important to verify that 

the Zircar alumina cylinder utilized in this project was not active for 

surface reduction of NO under similar conditions. 

The walls were glazed and slagged prior to the tests reported 

herein, and so results apply to conditioned walls only. An inlet mix

ture of 2 percent CO, 400 ppm of NO in ̂  flowed (Reynold's Number Re = 

400) into the combustor, whose walls had been preheated to a temperature 

greater than 1000 K. The test was completed quickly and without repe

tition, in order to prevent excessive wall cooling. Figure 2.11 shows 

the wall and gas temperatures measured, as well as the CO and NO axial 

profiles. Results were similar to previous work; other than an unex

plained 50 ppm discrepancy in the measured NO compared to the inlet 

value, there was not measurable variation in the axial NO profile from 

24 cm to 160 cm from the burner exit. Therefore, we conclude that the 

combustor walls are not active, as farr as post-flame phenomena are 

concerned. 

Radial Variations of Gas Compositions 

Tests of the radial variation of the gas composition show that 

while the hydrodynamic flow is laminar (Reynold's numbers in the range 

of 800 to 1800, depending on the air-flow rate), the combustor exhibits 

a pseudo one-dimensional (plug) flow character as indicated by "flat" 

radial gas composition profiles. Figures 2.12 and 2.13 illustrate the 

results of this testing of the major and minor species compositions 

during fuel rich (SR = 0.8) combustion of Utah bituminous coal. 
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In this experiment, the sample probe was positioned at the 

combustor centerline at + 5 cm from the centerline. The results show 

minimal variation in the gas compositions at all positions. These 

results are similar to those determined in a similar combustor by 

Wendt et al. (1978), and indicate that the combustor flow may be con

sidered well-mixed in the radial direction, assuming an approximate 

plug flow character. This result is important in the formulation of 

the mathematical model (Chapter 3) and found by Wendt et al. (1978) to 

be necessary in assuring that the experimental results in their systems 

were reproducible. 

Sample Probe Effects 

The sample probe was tested to determine if the probe performance 

was affected by the rates of quench water to sample gas flow. The mini

mum amount of water which can satisfactorily quench the sample is 

desirable since excessive water will result in excessive absorption of 

gases at low concentrations to be measured by the analyzer and chroma-

tograph. The exceptions are the absorption of HCN and NH^ for which it 

is desirable to have high quench water flows for absorption. Since 

the combustor gases, and, hence, the quench water from the probe will 

contain acid gases, the absorption of NH^ should be nearly complete. 

Conversely, the absorption of acid gases (CC^, HCN, SO^, B^S) should be 

suppressed as the quench water/gas ratio is reduced. 

Within the range of water/gas ratios tested, there is little 

noticeable effect of the water rate, except that on CC^, which exhibits 
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a slight decrease as the water is increased, Figure 2.14. The indic

ated point of normal operation is one at which the system exhibits 

unusual stability. This data is based on the fuel rich coal case 

(Chapter 5). 

The recovery of ammonia in the sampled quench water was tested 

in a cold run (no heat) in which a 160 ppm NH^ calibration gas was 

sampled in the combustor. The actual NH^ concentration in the gas was 

back-calculated from the known quench water and sample gas flows, 

using the ammonia-specific electrode results of quench water analysis. 

The resulting ammonia concentration compares quite favorably (within 7 

percent) of the known amount of ammonia in the calibration gas (Figure 

2.15). The amount of ammonia lost is quite small, as verified by 

bubbling the sample gas through a 0.01M acetic acid solution (1 liter). 

Only trace amounts of ammonia were detected with the specific electrode. 

At this point it should be noted that HCN might not completely 

dissolve in the quench water, so both the quench water and the sample 

gas must be analyzed for dissolved and gaseous HCN, respectively. 

Fuel Characterization 

This experimental work was completed with a pulverized Utah 

bituminous coal and its pulverized char as fuels. The gross proximate 

and ultimate and analyses of these fuels are shown in Table 2.2. 

Both fuels were air-jet sieved to survey the effect of particle 

size on the chemical composition. The composition of these sieved fuels 

is shown on Figures 2.16 through 2.19. These fuels are unremarkable in 

the distribution of C, H, N, ash through various particle sizes. 
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Table 2.2. Fuel compositions 

Volatile Matter Fixed Carbon Moisture Ash 

Proximate Analysis 

Utah Char 

Utah Coal 

6.9 

40.6 

70.3 

44.3 

1.5 

5.6 

21.4 

9.4 

Oxygen 
Carbon Hydrogen Sulfur Nitrogen (difference) 

Ultimate Analysis 

Utah Char 72.9 1.31 1.16 1.22 2.01 

Utah Coal 66.0 4.86 0.92 1.15 12.01 
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Elemental Analysis 

The analysis of the C, H, N content of the unburned coal separ

ated by filtration from the sample probe quench water sample was per

formed by the University Analytical Center using a Perkin-Elmer elemental 

analyser. 

The analyzer system was calibrated using a standard sample of 

the Utah bituminous coal which had been analyzed by both the University 

Analytical Center and by Hazen Research, Inc. (4601 Indiana St., Golden, 

Colorado 80401). The report of the analysis of the standard sample is 

reproduced in Appendix D. 

The procedure used by the University Analytical Center consisted 

of first drying the sample (0.1 g) at 95 C for 24 hours and analyzing 

it according to ASTM procedure D-3172. 

The conversion of the elements C, H, N in the sample was deter

mined by using carbon as a tracer, which the author finds to provide 

more consistent data than does using ash as a tracer. The carbon con

version is known from a material balance on the carbon oxides in the 

gas sample, and the conversions of hydrogen and nitrogen are known from 

material balances on the raw coal and on the analyzed sample. 

Data Reduction 

The data reduction methodology used in this work is standard for 

reporting coal combustor data. The reader is referred to Wendt et al 

(1978) for a complete description of the salient features of the data 

reduction procedures used in this work. 
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Gas compositions are reported on a dry, as-measured basis since 

tihe gas sample is cooled and dewatered before analysis. The "stoichio

metric" basis used in many works, in which the gas compositions are 

reported on a stoichiometric air basis, can be determined by multiplying 

the indicated compositions by the experimental stoichiometric ratio. 

The "stoichiometric ratio" used in this work is the inverse of the 

"equivalence ratio" often used in gas flame experimental work, and is 

the fraction of the theoretical air required for burning the fuel to 

carbon dioxide and water. 

The measured gas temperatures have been corrected for radiation 

cooling errors by the method reported in Glass (1978) and are standard 

for this application. The reader is referred to West and Westwater 

(1953) and to Warshawsky (1957) for the details of the heat balance 

procedures used to determine the magnitude of the radiation correc

tions which can be expected from thermocouples. In this work, owing 

to the high temperature of the combustor walls which minimizes the 

radiational cooling of the gas-thermocouple system, the corrections 

to the measured gas temperatures amount to a moderate 20 K at a meas

ured temperature of 1400 K to a maximum of about 57 K at a measured 

temperature of 1700 K. 

The data have been presented in terms of the original axial 

position of the sample probe, rather than in terms of the derived 

measurement of the gas-residence time at the sampling position. This 

has no effect on the analysis of the data via the mathematical model 



or on the development of kinetic relationships governing the nitro-

geneous species concentrations. It does eliminate the possibility 

of introducing spurious errors into the analyses from errors in the 

residence-time calculation, although they are expected to be minimal 

compared to the precision of the gas composition measurements. 

I 



CHAPTER 3 

MATHEMATICAL MODEL 

The purpose of the mathematical model described herein is to 

provide a tool which can be used to simulate the phenomena observed 

experimentally on a physically sound basis. The results of the experi

ments can then be reproduced, using various hypotheses regarding the 

kinetics, to gain some insight into the methodology required to control 

the flue gas concentrations of the volatile nitrogeneous species. 

The mathematical modeling is not a primary objective of the 

work. Certain approximations and simplifications to the complete 

mathematics have been made to facilitate solution with the full knowl

edge that the model results are first-order approximations to the fully 

developed conservation equations. More detailed treatments of the 

mathematical description of entrained flow combustors can be found 

in Sprouse (1980), in Smoot and Pratt (1979), and in Wen and Chaung 

(1979). 

The model is based on the following a priori assumptions: 

1. One-dimensional flow of gases and of particles. 

2. Particle size is self-preserving (particle attrition and agglom

eration processes are neglected). 

3'. Coal devolatilization is a first-order process in the amount 

of material yet to be removed. 

70 



71 

4. Devolatilized compounds are oxidized instantaneously (devola-

tilization controls oxidation) 

5. The FORTRAN code is formulated to consider up to ten separate 

size fractions of pulverized coal. The work reported herein 

is based on a single fraction of average particle size. 

6. Axial and radial molecular diffusion of gases is neglected. 

7. Gas phase mixing is instantaneous. 

8. The water-gas shift reaction is equilibrated. 

9. Axial heat transfer is neglected. 

Assumption (1) has been found to be satisfactory in cases where 

good initial particle-gas mixing has been achieved at long residence 

times (Sprouse, 1980), and has been tested in this combustor (Chapter 2) 

wherein flat composition profiles were confirmed. 

Assumption (2) is required in the absence of a theoretical and 

practical framework within which to describe the particle attrition and 

agglomeration processes affecting the particle size distribution. Since 

the center-to-center particle distances are large (15-30 diameters) in 

this type of flow system, there is little reason to expect that particle-

particle interactions are important. Pohl, in a seminar at the Univer

sity of Arizona (1980) described the formation of cenospheres (hollow 

shells) of markedly different sizes during coal combustion which would 

affect the particle size distribution. This assumption must, however, 

be invoked for reasons of practicality at the present time. 

Assumption (3) is justified on the basis that first-order 

devolatilization rates have been shown to be adequate in the absence 
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of more sophisticated and practical approaches (Anthony and Howard, 

1976) .  

Assumptions (4) and (5) are justified largely a posteriori on 

the grounds that the computed results adequately describe the post-

flame experimental results. Moreover, (4) is required by the fact that 

speciation during devolatilization is unknown so that finite combustion 

rates cannot be applied. 

Assumptions (6) through (9) are the weakest and can be justified 

on the basis that they have little effect on the calculated results com

pared to the experimental. In past experiments (Wendt et al., 1979), 

as in this work, it has been the case that composition profiles are 

relatively flat (except in the combustion zone) , or that the absolute 

concentrations are so small that the axial gradients are small, leading 

to a small axial diffusion correction to the convection flow. Instan

taneous gas mixing, assumption (7), is usually assumed (Smoot and 

Pratt, 1979; Sprouse, 1980). Except in the combustion zone itself, 

where the time scale of events is small owing to the speed of combustion 

which can lead to substantial particle-gas temperature and composition 

gradients, this assumption is expected to have little effect. 

Assumption (8) is based on the fact that coal is known to be 

catalytically active for the water-gas shift reaction, speeding the 

attainment of equilibrium. Since the reaction time in this system is 

large, on the order of seconds, equilibrium may indeed be attained. 

Assumption (9) has been shown to be valid in cases where the 

radiation path length is small compared to the dimensions of the flame 
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(Hottel and Sarofim, 1967). This is not the case in either the axial 

or radial directions in this combustor, where the pathlength is of the 

order of one meter, compared to the two-meter axial length and 15 cm 

radius of the combustor. This is partially compensated by the fact 

that the gas temperature is not calculated, but rather fixed as a 

boundary condition from the results of the experiments. The particle 

temperature is calculated by heat balance, but is scaled to known local 

temperatures of the gas and walls to which it radiates. Except near the 

entrance and exit of the combustor where the particles have an intimate 

view of the cold.er surfaces in addition to the hot walls, the axial 

transfer of radiant energy not accounted for by the gas and"' wall 

temperature is expected to be small. 

Sprouse (1980) gives similar justifications for some of these 

assumptions. He recommends that the ultimate utility of the conditions 

can only be considered on a case-by-case comparison of the results of 

the calculations to the reality of the equipment under consideration. 

Smith and Smoot (1979) have developed a dispersed flow gasification 

model in which many of these assumptions have not been made. Their 

results show that the quality of the solutions obtained in their work 

was not more accurately representative of their experiments than the 

simpler models of Sprouse (1980), and Wen and Chaung (1979) to theirs. 

General Property Balance for Particulates 

Application of the general property balance over a control 

volume in which the particles are assumed to have negligible volumetric 

interactions with the gas (Smith and Smoot, 1979) yields: 
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8t>i. _ _ 
El-g^+V • bijUj - Btj] «.l) 

= total time rate of change of property i per unit volume 

for particle size j 

b„ = reactor density of property i 

IL = velocity of particle j 

The initial number of particles of size class j is preserved, 

so that: 

n.U.  = (n.U.) (3 .2 )  
3 3 3 3 ° 

n_. = particle number density 

(n.U.) db! . 
•D = -1 -1 O /q q\ 
Bij V dt (3-3) 

(n.U.) 

uj 

b^ = property per particle of size j 

Since the system is considered one-dimensional and at steady 

conditions: 

d , _ d 
3t " 0 and V ° to 

The general property conservation relationship for a particle 

of size j then becomes: 

db! . db! . 
U.  (3 .4 )  
j dx dt 
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which is a Lagrangian formulation for the particles. 

The right-hand side of Equation 3.4 is expressed in terms of the 

rate of change of a property of a single particle, such as the chemical 

kinetic rate of mass conversion, the friction factor between the par

ticle and the gas, and the heat transfer coefficients between the 

particle and gas and the particle and the combustor walls. The total 

contribution of the particles to the reactor mass conservation is given 

by Equations 3.1 and 3.3. The particles are assumed to have no effect 

on the gas momentum or reactor pressure drop. The gas temperature is 

specified externally, obviating solution of the overall reactor energy 

balance and eliminating the overall effect of the particles on the 

reactor energy balance. 

Particulate Phase Mass Conservation 

Application of Equation 3.4 to the mass of a single particle 

of size j yields: 

Major heterogeneous reactions of the particles include the 

carbon/oxygen, carbon/carbon dioxide and carbon/water gasification 

reactions. The oxidation reaction is based on Field et al. (1967) 

dm. 
(3.6) 

Mj = total mass of particle j 

nu.. = mass of elemental component i (C, H, 0, N, S) 

r^k = reaction rate k of component i of size j 

d.. = devolatilization rate m of component i of size i 



with a high temperature internal diffusion modification based on Field's 

data: 

1/2 02 + C*(H*, 0*, N*, 1/2S*) = C0(1/2H20, CO, NO, 1/2S02) 

(3.7) 

k = 8710 exp (-35,700/RT)gc*/cm^ s atm (3.8a) 
o 

T < 1650 K 

k' = 256 exp (-35,700/2RT); T > 1650 K (3.8b) 
o — 

The stoichiometry represented by Equation 3.7 is required 

since there is no extent data available to describe the element-by-

element conversion during coal and char combustion, except for the fact 

that CO is known to be the major combustion product of carbon oxidation 

(Smith, 1971) . Similar ad hoc stoichiometrics have been commonly used 

(Wen and Chaung, 1979). 

A temperature-dependent C0/C02 selectivity factor has often 

been included in the oxidation reaction to account for the products of 

combustion according to these kinetics (Wen and Dutta, 1979). However, 

the calculated selectivity is 40 at 1500 K and 110 at 2000 K in favor of 

CO. This selectivity has accordingly been neglected and sole formation 

of CO has been assumed. 

A smooth transition between Equations 3.8a and 3.8b is provi

ded by: 

1/k = 1/k + 1/k' (3.9) 
c o o  
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The carbon oxidation reaction is the predominant reaction 

occurring when oxygen is present. Since the reaction is fast, external 

mass transfer resistances are included so that: 

1/k' = 1/k + 1/k (3.10) 
o c 

where k' is the overall rate coefficient and k and k, are the chemical 
c d 

and diffusive rates of carbon comsumption at the external particle sur

face. The parameter q is a stoichiometric coefficient to convert from 

mass of oxygen transferred to mass of carbon consumed. 

The Sherwood number for the external convection and diffusion 

of iCCO^j C>2, *^0) to the particle (in slow flow relative to the gas) is 

given by (Bird, Steward and Lightfoot, 1950): 

K_ d 
= (2.0 + 0.60 Re1/2 Pr1/2)q. (3.11) 

Vi 1 

where q_^ is a mass conversion factor, c* consumed per i transferred. 

The diffusivity of component i transferred to the particle 

surface is computed by the Slattery and Bird method at 1400 K, and 

extrapolated according to (Bird et al., 1960): 

Dn /N = 3.01 (T /1400)1"65 (3.12a) 

D.n /N = 2.37 (T /1400)1"65 (3.12b) 
2 ni 

D• n/N. = 3.98 (T /1400)1'65 (3.12c) 

at T , the mean gas/particle temperature. 
m 

The carbon/carbon dioxide gasification rate from Mayers (1936) 

and Coates (1977) carbon/water gasification rate are: 
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C02 + C*(H*, 0*, N*, S*) = 2C0(H20 + CO, CO, N , S02> 

Kco = 6.35 exp (-19500/T) kg/m2s kPa (3.13) 

and 

h2o + c* = co + h2  

_ = 1.4 x 10"* exp (-15600/T) g/g s (3.14) 

The stoichiometry again is an ad hoc method to account for 

the elemental conversion in the absence of firm data. In both cases, 

the kinetic constants have been noted in Smoot and Pratt (1979) as 

representative of the gasification reactions in the temperature range 

expected in this work. 

Coal Devolatilization 

Devolatilization can be neglected when modeling char combus

tion. Coal particles are permitted to devolatilize according *:o simple 

first-order kinetics. In the usual form (Anthony and Howard, 1967): 

where v and v* are volatiles removed and terminal volatiles yield. 

For computational reasons, these have been rewritten in the form of 

mass loss: 

I? " -kDEV(v-v*) (3.15) 

dm 
dt 

dv 
dt 

so that Equation 3.15 becomes: 
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dm . 
,~.Jm = -k. . (m. . - m*.-) • - (3.16) 
dt ljm ij ij' 

Wendt (1980) and Kobayashi et al. (1979) have demonstrated 

that the terminal volatiles yield is a function of the temperature of 

devolatilization. Accordingly, for the coal modeling, Wendt's terminal 

yield correlations have been used in this work. For C, 0, S in the coal 

m* = [1.0 - (0.1722 + 1.604 x 10"4T.)]m°. (3.17) 
C.0.S J IJ 

while for hydrogen, all of the hydrogen can be removed, so that: 

m* = 0.0 

and for nitrogen: 

m* = 1 0 - [D + 1485 exP(-17500/RT)] . o 
V. [1.0 + 1485 exp(-17500/RT)] mij (3.18) 

The parameter A was set at -1.0 in these computations to force 

the coal nitrogen content to fit the experimental nitrogen conversion re 

results, since the original parameter (0.484) led to systematic under

production in early model tests. 

A single rate for devolatilization of all mass components has 

been used. It was found that the van Krevelin (1957) rate (as reported 

by Anthony and Howard, 1967) fit the data best although the rates 

determined by others, which are slower than van Krevelin's, have little 

effect on the computed mass conversion. From van Krevelin: 

kD = 8.56 x 105 exp(-22,500/RT)S_1 (3.19) 

Altenkirk, Peck and Chen (1981) also found that the observed 

rapidity of devolatilization in their flat flame work required a rapid 
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rate such as the above. Similar results were indicated in the coal 

gasification modeling of Wen and Chaung (1980). 

This study is primarily concerned with the measurement of 

mass yields in the post-flame zone. The observation that a rapid devo-

latilization rate is required must be tempered by the fact that the 

present facilities are not capable of resolving the details of the 

devolatilization processes as they occur. In the pre- and in-flame 

zones, the details of selectivity of devolatilized fuel nitrogen yields 

can be expected to be confused by the diffusion of material both within 

and external to the particles so that a single first-order rate will in 

all eventuality not be sufficient to describe the processes. It is in 

the context of the approximations permissible as a result of this lack 

of definition that the first-order devolatilization rate and the 

temperature-dependent terminal yields are satisfactory. 

Particulate Phase Momentum Conservation 

Application of Equation 3.14 to the momentum of a particle, 

for the case of slow flow relative to the gas which the particle exerts 

no influence on the gas momentum, gives: 

d dU" ? dM-u.-r-(M.u.) = m.u. -j2- + u -r1 (3.20) 
Jdx j 2 J J dx dx 

9 dM. 
= F . - F - F . + U -r-*1 

gj b] dj dx 

where 

F . = gravitational force on particle j 
S3 

F, . = bouyant force = 0 
DJ 

F . = drag force 
dj 
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where the last term on the right-hand side accounts for the momentum 

loss from the particle due to mass loss from reaction and devolatiliza-

tion. 

The particle momentum equation becomes, on simplification: 

dU. 
M.U. -r1 = F . - F - F,. (3.21) 
j j dx gj bj dj 

The drag force is defined such that, for spherical particles in 

slow flow (Byrd et al., 1967) : 

f = 24/Re; Re < 0.1 (3.22a) 

- 18.5/Re ; Re > 0.1 (3.22b) 

where the friction factor is defined as: 

f = FD(l/2 pU *). 

The particle/gas slip velocity is defined so that the force is directed 

properly as: 

U2. = (U - U.)/U. - U / (3.23) 
3 gas 2 3 gas 

Particulate Phase Energy Conservation 

Application of Equation 3.4 to the internal energy of a particle 

yields: 
d(e.M.) de. dm. 

U. = M.U. -71 + U.e. —-1 (3.24) 
3 dx J J dx 3 J dx 

where the last term on the right-hand side accounts for energy lost from 

mass evolution to the gas. 

Since, by definition: 
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de. = C.dT. 
3 3 3 

Equation 3.16 becomes: 

dT. 
M.U.C. = -Q. (3.25) 
J 3 3 dx ' 

wherein: 

n - r v  r x  _ l .  R A D  ̂  C O N V  ,  R A D  . . .  
Qj " K i ri3k «k + "J PW + "J pg + Ij pg <3"26> 

1TX 
"r_^^q^ = energy of reaction k for component i in particle j 

= particle/wall radiant energy transfer rate 

4 4 
= -A.G a(T. - T ) 

3 pw j w 

CONV fc. . . 
q = partxcle/gas convectxve transfer rate 
Pg . 

= -A.h .(T.-T ) 
3 Pg] ] g 

^PgD = particle/gas radiant energy transfer rate 

4 4 = -A.e a(T. - T ) 
J Pg J g 

The convective heat transfer coefficient is based on slow flow 

of a spherical particle such that the Nusselt number is given by (Byrd 

et al., 1967) : 

1/2 1/3 
NUj = 2.0 + 0.60 Re ' Pr (3.27) 

The thermal conductivity in Equation 3.27 is taken as that for nitrogen 

(Rohsenow and Hartnett, 1972): 

1/2 
0.5815T 

^ = 208.8 ,n-2/T cal/cm-s-K (3.28) 
z 1 + —~ 1U m 

m 

Emissivities are difficult to estimate, but following Hottel and Sarofim 

(1967), the following values have been assigned: 



e  =  (1 /e  +  l / e  -1 )  
pw w p 
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-1 

£w = 0.5 (for refractory) 

e =0.9 (for carbon) 
P 

The value for the gas emissivity is calculated using the method 

given by Cashdollar (1979) and assumes no contribution from polar gases 

such as water and carbon dioxide. In the optically thin system in this 

work, the contributions of polar gases to the emissivity in the radial 

direction are small. The emissivity is determined by: 

e  =  1  - exp(-3/2 ̂ ) (3 .29 )  • 
g Pd 

based on the mean particle diameter d, density p, and mass concentration 

c. 

Particle Residence Time 

The particle residence time in the combustor is determined from 

the particle velocity such that: 

dTa -i 
" uj <3-30> 

Gas Phase Mass Conservation 

The system of conservation equations for the gas phase, based 

on the assumption of negligible molecular diffusion, is straightforward 

except for the algebraic manipulations required for incorporating the 

equilibrium of the water-gas shift equilibrium. 
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For each component in the gas phase, species continuity requires 

dN 
—• = R. + S. (3.31a) 
dx x 1 ' 

R. = Z a. r. (3.31b) 
x p xp xp 

dM. 
S. = - £ ? b. . n. U. —r-^- (3.31c) 
i q j i j q j j d x  

where 

R^ = overall homogeneous reaction rate for component i 

r^ = homogeneous rate p of component i 

a. = stoichiometric coefficient of i for reaction p 
ip 

= sources of i from particle devolatilization and hetero

geneous reaction 

b.. = stoichiometric coefficient for i from reaction q affecting 
ijq 

particle of size j 

dM. 
-U. m. -r-aL = rate of mass loss from particles 

J J dx 

The water-gas shift equilibrium for the reaction: 

CO + h2o = co2 + h2 

is defined as (in mass units) (Srinivas and Amundsen, 1980): 

* idrr - o-"" *10 <3-32> 
(_«L) "2 

where 

A = -1.6945 + 1855.6/T 

Equation 3.32 is a material balance constraint which is coupled 

with elemental material balances on the fluxes of the participating 



species similar to the method used by Srinivas and Amundsen (1980). 

These balances include overall conservation (1=00^; 2 = CO; 3 = H^; 

4 = H20> 

dA , 

"to " to (N1 + "2 + N3 + V " I <\ + V <3'33> 

a hydrogen balance on the reactor as a whole: 

dA3 d N 
"diT ~ dx W ~ £ \(\ + sk) (3.34) 

and a carbon balance on the reactor as a whole: 

dA d „ 

•ir" ̂  (| <kV " I + V «-35> 

where c^ and h^ are carbon and hydrogen mass fractions in gas species k. 

Algebraic manipulations of Equations 3.21 through 3.24 yield 

the equilibrated concentrations in terms of the integrands: 

Ax = N2 + N2 + N3 + N4 (3.36a) 

A2 = 12(N1/44 + N2/28) (3.36b) 

A3 = N3 + 2N4/18 (3.36c) 

The actual mass fluxes of the water-gas equilibrated species 

are determined directly as: 

N3 = A3(l + 2/18 K^g Nj/ N2)-1 (3.37a) 

= 9(A3 - N3) (3.37b) 

N2 = 28(A2/12 - Nx/44) (3.37c) 

Nx =[-b + (b2 - 4ac)l/2]/2a (3.37d) 
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The quadratic coefficients are determined from the relation

ships 

a = 16/44(1 - 9 x 28 x K^g/44) (3.38a) 

b = 8A3 - AJ + 16 x 9 x 28 x K Ĝg/44(A /12 - AJ/16) (3.38b) 

c = -9 x 28 x KWGgA2Aj/12 (3.38c) 

A^* = Ax - 28/12 x A2 - A3 (3.38d) 

The system of equations which must be solved includes 3.20 for 

all species not involved in the water-gas shift, and 3.21 and 3.22-3.24 

for those that are influenced by the equilibrium. 

Overall mass conservation gives the total gas phase mass flux: 

CTUg = ?Ni = NT (3,39) 

C = mass density 

U = gas velocity 
§ 

and the gas residence time is determined by: , 

% = U"1 (3.40) 
dx B 

Gas phase constitutive relations include the ideal gas law, from 

which the mass-molar interconversion relations follow: 

PM 
CT = ̂ T- (3.41) 

g 

M = Z w./M.; w. = N./N_ (3.42) 
i x x x i T 

y. = w.M/M. (3.43) Ji x x 
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Homogeneous Reaction Rates 

It is an assumption of this model that the devolatilized compo

nents will react instantaneously with available oxygen to form combustion 

products according to the following scheme: 

CO + 1/2 02 = C02 

H2 + 1/2 02 = H20 

2HCN + 7/2 02 = H20 + 2C02 + 2N0 

H2S + 3/2 02 = S02 + H20 

Carbon monoxide is the sole homogeneous combustion reaction 

which occurs in the model at a finite rate. For carbon monoxide, fol

lowing Morgan (1967) , 

^ = -1.8 x 1013PC()(P0 PR Q)1/2 exp(-25000/RT)-^^- (3.44) 
2 2 cm s 

Solution Procedure 

The system of equations describing the combustion and pollutant 

formation processes are solved using a sixth-order Runge-Kutta-Fehlberg 

algorithm (Lapidus and Seinfeld, 1971) in which the step size is con

trolled by an imbedded error monitor. Input to the model includes the 

air rate, coal composition, and the gas and wall temperatures as a func

tion of axial distance in the combustor. At any given point between 

two data points, the gas and wall temperatures are determined with a 

Lagrangian interpolation routine to accurately reproduce the experi

mental curvature. 
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Since the coal and heated air are contacted prior to being fed 

to the combustor, the model assumes that the proximate moisture is 

removed and added to the air as an internally generated initial condi

tion. The solution then marches down the furnace axis. Results are 

displayed at user-defined intervals. A full description of the FORTRAN 

code, FUELN.F4, and a block computational flow diagram, are supplied in 

Appendix A. 

The number of equations which must be solved include, for each 

particle size fraction: 

5 devolatilization reactions (each element) 

5 heterogeneous combustion/gasification reactions (each element) 

1 energy balance 

1 momentum balance 

1 residence time 

and, for each species in the gas (not including water-gas shift parti

cipants) : 

1 species conservation 

for the water-gas shift: 

1 overall balance 

1 carbon balance 

1 hydrogen balance 

and for the gas phase as a whole: 

1 residence time 
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Overview of Combustor Model Results 

A case-by-case comparison of the model results are deferred 

until Chapters 4 and 5, wherein the calculated versus experimental 

composition profiles of gas-phase species and solid elemental conver

sions will be presented. Some generally applicable results of the 

calculations, determined in the course of the model development and 

testing are of interest since the results reflect on the overall 

validity of the assumptions. The general features of the particle 

momentum and energy balances and the consequences of neglecting the 

axial molecular diffusion of the gas species will be discussed in this 

section. 

Table 3.1 gives a tabulation of the particle velocities calcu

lated as a function of particle size and gas velocity in the case of 

non-reacting particles. The calculated velocities do not include the 

attenuation of the gravitational acceleration caused by the mass lost 

from reaction. The tabulated results show the maximum deviation which 

could be expected between the gas and particle velocities as a function 

of particle size, calculated at one-second residence time of the gas. 

As Table 3.1 shows, the effect of drag on the particle becomes 

more important as particle size increases and gas velocity increases, 

accelerating the particle to the gas velocity. The particle velocity 

becomes more nearly the same as that of the gas since the drag dominates 

the gravitational acceleration of the particle in the case of increasing 

gas velocity. The gravitational force on the particle, as a fraction 

of the total forces, is reduced as the increasing gas velocity accelerates 



Table 3.1. Comparison of gas and particle velocities 

- - - - Gas Velocity, cm/s - - - -

250 122 61 

Particle Velocities at Indicated Gas 
Velocities^* 

65 105.0 309 182 121 

80 88.5 292 164 104 

100 74.5 280 152 91 

150 52.5 265 139 76 

200 37.0 257 129 68 

250 31.5 255 127 66 

270 26.5 254 126 65 

325 22.0 252 125 64 

- - - - Particle Size - - - -

sl 4 
Mesh Radius, cm x 10 

a 3 
Particle density = 1.3 g/cm 

k At gas residence time = 1 sec 



the particle via the drag force. At very low gas velocities, smaller 

particles will exhibit a large deviation from the gas velocity. If an 

arbitrary 5 percent deviation in velocities is used as the criterion 

for which the differences in velocity can be ignored, as the gas velo

city increases, the particle size cutoff for this criterion is seen to 

increase from 270 mesh to 150 mesh at the highest velocity. Particles, 

even though they might be small, cannot be assumed to be at the gas 

velocity under all gas flow conditions. Nonetheless, the gas-particle 

velocities in these experiments are calculated to be very nearly the 

same, the average deviation being less than 2 percent for all of the , 

cases calculated. This is a consequence of the very small particle 

sizes and the more or less continuous mass loss at constant external 

size which reduces the gravitational force markedly as combustion 

proceeds. The result is a large surface area on which drag forces can 

operate compared to small gravitational forces. 

The particle temperatures calculated by heat balance are very 

nearly the same as the gas temperatures. The calculated results from 

the char study, in which case the exothermic heterogeneous oxidation 

of carbon is the major thermal effect on the particle, are summarized 

in Table 3.2. The coal is not considered in this comparison since so 

much of the mass is lost by (assumed) thermoneutral devolatilization 

that the heat effects on the particle are much smaller than in the case 

of the char, resulting in an even smaller gas-particle temperature 

difference than is found in the calculated char results. 



Table 3.2. Calculated particle temperatures, Utah char 

- - -Temperatures, K, SR = 0.8- - - - - -Temperatures, K, SR = 0.4- - -
Axial Position 

cm Gas Particle Wall Gas Particle Wall 

20 1,460 1,472 l.,275 1,413 1,420 1,280 

30 1,742 1,743 1,386 1,610 1,597 1,292 

40 1,759 1,749 1,527 1,572 1,557 1,299 

50 1,745 1,734 1,577 1,514 1,504 1,325 

NJ 
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These results are believed to be specific to the fuel-rich 

cases studied in this work. Smith (1971), in a study of the major pro

ducts of coal combustion, showed with two-color pyrometry that the 

particle temperatures could exceed that of the gas by as much as 500 K 

during combustion. It is important to note that Smith's work was done 

under globally fuel lean conditions such that the particles could burn 

out completely. 

In this work, the globally fuel rich conditions essentially 

limit the rate of combustion through oxygen depletion, instead of through 

fuel depletion in the case of Smith's work. In the latter case (fuel 

lean combustion), the rate of heat generation is rapid from the rapid 

reaction caused by the high oxygen concentration. The thermal capaci

tance of the particles can be small, especially as they burn out and 

the mass is reduced. The result can be a large temperature rise via 

the heat of reaction, which takes some time to be offset by radiant 

and convective cooling to the gas and combustor walls. 

In the present work, combustion is limited by oxygen depletion 

while substantial mass remains in the particle. As the particle heats, 

the heat generation rate is constantly being reduced as the oxygen is 

consumed. The low global rate of heat release (about 150 Kcal/hr at 

SR = 0.8 and 80 Kcal/hr at SR = 0.4) further limits thermal feedback 

from the surrounding gas/particle cloud, which in the case of a higher 

heating rate would tend to supply energy and accelerate the surface 

reaction and heat storage rate on an individual particle. 
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Consequently the present results which show that the particle 

velocity and temperature are nearly the same as those of the gas should 

be considered to be specific to the fuel rich conditions, and not to be 

generally applicable to other experiments or to fuel lean conditions. 

Therefore, no simplification in the model formulation is proposed to 

remove the particle momentum and energy balances, since to do so will 

undoubtedly restrict the applicability of the model to other condi

tions. This would be expected to most seriously affect the results of 

fuel lean and multiple particle size model calculations. 

In order to test the assumption that molecular diffusion can be 

neglected as a correction to the convective flow of the gas species, 

the code contains a calculation of a pseudo-diffusion correction which 

is reported along with the convective flows and compositions of the 

gas species. This pseudo flux is based on the backward difference 

approximation to the composition gradient: 

N N-1 
Wi ~ wi 2 

N- • = - ["t; r] C^D. g/cm sec 
1,diffusive N N-1 T l & 

x - x 

w^ = mass fraction of component i, at the backward (N-1) and 

current (N) position 

x = axial position 

3 
Cj = gas phase mass density, g/cm 

D 2» 
i = diffusivity of species i in ̂ » cm /sec 

The resulting diffusion flux is tabulated for the nitrogen oxide 

profile calculated in the char combustion experiments, Table 3.3, where 



Table 3.3. Calculated diffusion flux, Utah char NO 

- - - - Flux, 
2 c/cm s, SR = 0.8 - - - -Flux, 

2 c/cm s, SR = 0.4 

Axial Position 
cm 

NO, ppmv Convective 
x 106 

Diffusive 
x 108 

NO, ppmv Convective 
x 10° 

Diffusive 
x 108 

20 138 2.56 -4.88 295 3.52 -3.76 

30 853 16.4 -4.52 979 11.7 -0.75 

40 1,056 20.3 -0.44 910 10.9 +0.70 

50 1,005 19.8 +0.37 782 9.4 +0.90 

vo 
Ln 
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both positive and negative diffusive fluxes would be expected as the 

NO is formed and subsequently reduced in.the post-flame gases. As 

the tabulated results show, the pseudo diffusion correction is small, 

less than 2 percent of the convective flux in all cases. It is safe 

to conclude for the nitrogeneous species and major combustion products 

that neglecting molecular diffusion leads to only a minor error. 

Further examination of the simulation calculations will be done 

as the experimental results are presented in Chapter 4 (char) and 

Chapter 5 (coal). 



CHAPTER 4 

FUEL RICH COMBUSTION OF UTAH BITUMINOUS COAL CHAR 

Introduction 

The fuel rich combustion of Utah bituminous coal char is exam

ined in this chapter. The experimental data for this fuel, at two 

fuel rich stoichiometric ratios of 0.8 and 0.4 are presented. The 

experimental data include axial combustor profiles of major combustion 

products; particle elemental conversions; gas, wall, and particle temp

erature profiles; and most importantly, the profiles of the gaseous 

volatile nitrogen species. 

The combustor model, as it applies to these char studies, is 

shown to appropriately simulate the combustion phenomena within the 

limits imposed by the approximations in the model formulation. 

The kinetics of NO reduction are presented. The experiments 

demonstrating that in the absence of char devolatilization on a signifi

cant scale, the concentrations of HCN and NH^ are minimal and may be 

neglected in the analysis. 

Char was chosen as a fuel type since it not only is derived from 

the Utah bituminous coal, the principal fuel in this work, but has been 

more or less completely devolatilized. The mechanisms that are impor

tant in char combustion will form a subset of those occurring during 

coal combustion, especially in the post-flame zone during char burnout 

97 
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in the latter case. It will be shown from the bituminous coal experi

ments that the presence of volatiles evolved prior to and during combus

tion has a significant influence on the total nitrogeneous species 

evolution from the combustor. A simplification of the kinetic processes 

affecting gaseous nitrogen species can be assumed in the char studies; 

namely, that since char devolatilization is largely nonexistent, the 

observed destruction of NO can only be due to heterogeneous kinetics. 

The heterogeneous volatile nitrogen conversion kinetics from the 

char experiments will be applied as a subset of kinetics evaluated from 

the coal experiments. The important question of the magnitude of pos

sible homogeneous volatile nitrogen conversion kinetics can then be more 

easily resolved from the coal data. 

Two stoichiometric ratios were used as a basis for the char 

studies. A moderately fuel rich condition (SR = 0.8) and an extreme 

fuel rich condition (SR = 0.4) were chosen. These conditions were used 

by Wendt et al. (1980) in previous work with an FMC char. The present 

results will complement previous data with measurements of minor 

nitrogeneous species (HCN and NH^) and char elemental conversions, espe

cially char nitrogen, which were not measured in previous work. 

Moderate Fuel Rich Conditions (SR = 0.8) 

The major species profiles for moderate fuel rich conditions 

(SR = 0.8) are shown in Figure 4.1. The external combustor conditions 

for these data are a coal feed rate of 5.0 lb/hr (.63 g/s) and an air 

rate of 5.60 SCFM (2500 cc/s) at 486 K. 
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Figure 4.1. Major species, Utah char, SR = 0.8. 
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As Figure 4.1 indicates, ignition is delayed as a result of the 

small amount of volatile matter in the char which can support homo

geneous ignition. Oxygen depletion is complete at 70 cm (0.90 sec), 

verifying that subsequent events take place under true locally fuel 

rich conditions. The major combustion product is carbon dioxide. There 

is little char hydrogen available to support water and carbon monoxide 

formation via the gasification and water-gas shift reactions. No methane 

was detected. 

The combustion system temperature profiles, Figure 4.2, show 

that the temperature rise is slow as a result of late ignition. A peak 

gas temperature of 1780 K at about 40 cm (0.6 sec) is coincident with 

the peak in CO^ concentration, the gas temperature rising with homogene

ous oxidation of CO. The wall temperatures are about 200 K below the 

gas temperatures, and infrared pyrometer measurements of the particle 

temperatures show that the particles are about 100 K below the gas, 

midway between the gas and wall temperatures. These results are in 

accordance with the modeling (Chapter 3) which show that for the 30 x 

-4 10 cm average particle size, the particle temperatures should be just 

equal to the gas temperature. Larger particles, if unburned, will be 

cooler than the gas. Larger particles will then contribute more to the 

infrared emissions, especially if the smaller have burned out. The 

model will not consider this effect of the particle size since it is 

based on average particle diameter. 

The elemental conversions in the solids, based on carbon as a 

tracer, are interesting since they show that carbon and nitrogen are 
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approximately stoichioraetrically converted, whereas hydrogen is almost 

completely removed. The small amount of hydrogen contained in the char 

is presumably devolatilized quickly. There is too little hydrogen to 

remove substantial amounts of carbon and nitrogen as volatile matter, 

supporting the contention that devolatilization of the char is small 

insofar as the char carbon and nitrogen are concerned. These data are 

shown in Figure 4.3. 

This conclusion with regard to the importance of char devolatili

zation must je tempered by comparisons of the nitrogen loss data from 

devolav.ilization given by Wendt (1980). His data for a low volatile 

FMC char show that at a peak temperature of 1800 K, 80-90 percent of the 

char nitrogen had been evolved, similar to the elemental nitrogen con

version in this experiment. This suggests that devolatilization of char 

might, in fact, be more important chan has been presumed in this analysis. 

Figure 4.4 shows that NO is the major volatile nitrogen species 

in the gas. A small burst of hydrogen cyanide is evident near the 

burner, perhaps due to a small amount of char nitrogen devolatilized as 

HCN. The hydrogen cyanide and ammonia concentrations are at low back

ground levels, 1-2 ppm. A subsequent slow rise is indicated, perhaps 

by slow heterogeneous reactions of water or hydrogen on the remaining 

char nitrogen or from slow devolatilization. 

The NO concentration follows the "classical" fuel rich formation 

and destruction profile (Wendt et al., 1979; Glass, 1978). Presumed 

heterogeneous oxidation of the char nitrogen leads to the rapid increase 

in the WO to a peak of 1150 ppm in 0.25 seconds at 1780 K. A slower, 
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presumably heterogeneous NO destruction to 780 ppm over 1.8 seconds 

follows the NO peak. NO accounts for only 20% of fuel nitrogen in this 

case, as shown in Figure 4.5. 

Second-stage air injection in the post-NO-peak region will lead 

to a small, possibly insignificant second-stage NO contribution from 

residual char nitrogen burnout. The major contribution to second-stage 

NO emissions in this case will be from first-stage NO carryover and its 

dilution with air in the second stage. This conclusion is based on the 

results of Glass (1978) where for a similar FMC char, similar results 

were obtained in the second stage. 

Extreme Fuel Rich Conditions (SR = 0.4) 

The experimental profiles for the char under extreme fuel rich 

conditions (SR = 0.4) are similar to those under moderate fuel rich 

conditions. The differences, which are minor, include more rapid oxygen 

depletion and higher concentrations of both carbon monoxide and hydrogen 

(Figure 4.6). Again, no methane was found since devolatilization is 

minimal. The combustor temperatures, Figure 4.7, are lower than in the 

previous case since the heat release is reduced at the more fuel rich 

stoichiometry. The peak gas temperature is 1635 K and the wall tempera

ture is nearly constant at 1300 K. In this case, the measured particle 

temperatures are about 60 K below the corrected gas temperatures. Since 

the model calculations indicate a temperature only a few degrees lower 

than the gas, the same conclusions relevant to the effects of particle 

size must be drawn in the present case. 
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The elemental conversions in the particles, Figure 4.8, show 

the same general features: carbon loss is stoichiometric and hydrogen 

loss is complete in the post-flame region. Nitrogen removal is 150 

percent of stoichiometric, showing either some loss from devolatiliza-

tion, or preferential oxidation. 

Again, the FMC char data from Wendt (1980) shows that at a peak 

temperature of 1650 K, about 60-65 percent of the char nitrogen was 

devolatilized, compared to about the same nitrogen conversion in this 

case. The nitrogen conversion in this case is assumed to be from hetero

geneous oxidation, although the comparison to the devolatilization losses 

given by Wendt might indicate that other causes should be considered. 

The nitrogeneous species profiles, Figure 4.9, show that there 

is, indeed, a very minor devolatilization process occurring which leads 

to the slow formation of hydrogen cyanide (40-60 ppmv). Only 10 ppmv 

of ammonia is evident. The rapid formation of nitrogen oxide, the peak 

in its concentration, and the subsequent slow destruction in the post-

flame gases is quite similar to the previous case. NO reduction begins to 

dominate in the presence of oxygen, leading to the observed 1050 ppmv peak. 

Second-stage air injection in this case will lead to a small 

increase in NO from HCN oxidation and, presumably a larger but slower 

increase from residual char nitrogen oxidation. The predominant source 

of NO emissions will be first-stage NO carryover to the second stage. 

As shown in Figure 4.10, NO accounts for a maximum of about 18% 

of the char nitrogen losses, the majority of char nitrogen forning ̂  

Residence times are given in Figure 4.11 for the char experiments. 
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Char Combustion Modeling 

The combustor model simulation of the experimental combustion 

gas profiles are shown in Figure4.12 for the case of SR = 0.8, and in 

Figure 4.13 for SR = 0.4. The heterogeneous combustion kinetics dis

cussed in Chapter 3 fit the experimental oxygen and carbon dioxide 

profiles quite well, as the figures illustrate. There is a systematic 

underprediction of the carbon monoxide and hydrogen concentrations. 

It is thought that this is a result of an imbalance in the water-gas 

shift equilibrium due to underprediction of the water content of the 

char feed to the combustor in the model, or in the non-attainment of 

equilibrium in the experiment. Trials in which the water and carbon 

dioxide gasification rates were increased by factors of up to five 

had little effect on the underpredicted concentrations. Since neither 

the hydrogen or the carbon monoxide have any effect on the heterogeneous 

nitrogen oxide reduction kinetics (to be discussed in the next section), 

and since the same kinetics seem to be adequate in the case of the coal 

modeling, no further work was done to improve the predicted profiles. 

The model is judged to adequately represent the combustion of 

the char. Further improvements might be made by considering a slow 

char devolatilization rate to fix the level, primarily, of the nitrogen 

loss from the solid to that of the experimental data. The model shows 

that char combustion and gasification alone cannot account for the 

observed hydrogen and nitrogen losses. Figures 4.3 and 4.8 show that 

the hydrogen loss is nearly complete in the experiment, and that nitro

gen losses exceed stoichiometric conversion. The combustor model, in 
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the absence of devolatilization, predicts nearly stoichiometric conver

sions of both elements. 

Char Nitrogen Conversion Kinetics 

The kinetic mechanism of char nitrogen conversion leads to the 

formation primarily of nitrogen oxide (and nitrogen) and its subsequent 

post-flame destruction. Only a small contribution from HCN and NH^ are 

indicated, and then only at extreme fuel rich conditions. Devolatiliza

tion has been neglected in the modeling, as has the superstoichiometric 

conversion of char nitrogen at SR = 0.8, since there is no adequate 

mechanism to account for the observed conversion if devolatilization is 

excluded. The char nitrogen may be removed in the form of a polycyclic 

hydrogen-deficient tar, which remains in the gas phase. This tar may 

slowly decompose under the attack of small quantities of hydrogen and 

water to contribute to the growth of HCN in the extreme fuel rich case. 

Within these rather gross assumptions, a trial and error deter

mination of heterogeneous NO destruction kinetic parameters in the 

combustion model leads to the following rate expression, which applies 

to both SR = 0.8 and SR = 0.4 NO decay profiles: 

= "kN0 exp (-EJJQ/RT Q̂A S gmol/sec-particle (4.1) 

where 

2 k^ = 500 mol/cm sec 

= 37500 Kcal/mol 

2 
Ap = particle external area, cm /particle 

S = surface activity parameter 
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0.21 - X 
2 

= (1 - DAF carbon conversion) ( g-21 ^ 

= mol fraction NO in the bulk phase 

The surface area activity parameter, S, assumes that the hetero

geneous reduction of NO is due to interaction with carbon and that the 

net surface area decreases in proportion to the carbon. Smith (19 71) 

shows that while a 2/3 power is expected on a shrinking core basis, 

and unity results from uniform conversion at constant size. The oxygen 

inhibition follows MIT studies (Levy et al., 1980), which purports to 

show that an oxide layer apparently covers the active sites in the 

presence of free oxygen, thereby interfering with NO adsorption on the 

active carbon sites. 

The formation of NO via oxidation of the char nitrogen can be 

lumped into a NO/^ selectivity parameter operating on the oxidation of 

char nitrogen occurring at the same rate as that of char carbon: 

R = —2. = 25 exp(-5500/RT) (4.2) 

so that 
dN 

dNO _ R d(char N) . 2 _ 1 d(char N) 
dt 1+R dt ' ~ dt 1+R dt 

d(char N) _ d(char C) 
dt w dt 

c 

That is, nitrogen is oxidized at the same rate as char carbon, and the 

selectivity parameter lumps the effects of intrapore and boundary layer 

NO reduction into a single global parameter. 
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The model-calculated NO profiles aregiven in Figures 4.14 and 

4.15. The simplified scheme works quite well in describing the experi

mentally observed NO profile. No universal applicability of the NO 

selectivity (Equation 4.1) can be claimed, since the oxidation reaction 

does not explain all the char nitrogen losses in the extreme fuel rich 

case in the absence of a char devolatilization reaction. The global 

destruction rate of NO will have general validity since it is based on 

reasonable assumptions pertaining to the long residence time post-

flame zone and predicts the experimental data in this region. The 

entire scheme is offered as a simple global means of describing NO con

version in chars which may have some utility in similar systems, as a 

consequence of its overall simplicity. 

The results from this work are compared to the heterogeneous 

kinetics of NO destruction developed by Wendt et al. (1979), Levy et al. 

(1980), and de Soete (1980), in Table 4.1. This comparison is based 

on the experimental data from both char runs with particle densities 

of 1320/cm^ (SR = 0.8) and 2910/cm^ (SR = 0.4). The table shows that 

the calculated rates using Equation 4.1 are consistently larger than 

the others, with the closest comparable rate that of de Soete, although 

all of the rates are of the same approximate order. It is interesting 

to note that the ratio of the CO concentrations for the two runs, taken 

to de Soete's 0.7 power, is approximately the same, 0.36, as the ratios 

of the surface activity parameters used in the current case, 0.33. This 

would seem to indicate that it is a possibility that either formulation 

could be considered representative of the present data. 
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Table 4.1. Heterogeneous kinetics of NO reduction 

- - - - - - - - - - - - - - - -  -  A u t h o r  - - - - - - - - - - - - - - - - -

This Work Wendt et al. (1978) Levy et al. (1980) de Soete (1980) 

SR = 0.8 (1750 K) 8.8 x 10_8 7.3 x 10_9 9.5 x 10~9 1.2 x 10~8 

SR = 0.4 (1650 K) 2.8 x 10_7 3.8 x 10~9 1.1 x 10~8 6.2 x 10~8 

Reactor Data Gas Particulate 

6 2 3 -3 
x 10 Xco M , g A , cm WASH, g/cm S NT> cm 

SR = 0.8 1150 0.007 8.0xl0-9 2.8xl0_5 6.7 x 10"6 0.2 1317 

SR = 0.4 1050 0.03 1.2xl0~8 2.8xl0~5 8.4 x 10~6 0.6 2912 
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The results of this analysis will be applied to the Utah bitu

minous coal experiments which are described in the next chapter. 



CHAPTER 5 

FUEL RICH COMBUSTION OF UTAH BITUMINOUS COAL 

Introduction 

The fuel rich combustion of Utah bituminous coal is examined in 

this chapter. The experimental determination of the major combustion 

products and the minor nitrogeneous species, measured along the combus-

tor axis, as well as the temperature profiles and the CHN profiles of 

the unburned material, are presented 

The combustor model, as it applies to these coal studies, will 

be shown to appropriately simulate the observed combustion and devola-

tilization phenomena within the limits imposed by the model formulation. 

The fundamental question of the relative contributions of homo

geneous and heterogeneous mechanisms of volatile nitrogen species con

versions is addressed in detail. Both approximate analytical and 

numerical solutions of the chemical kinetics affecting the volatile 

nitrogen concentrations in the post-flame gases are determined and 

discussed. It will be shown that the predominant mechanisms of volatile 

nitrogen conversion are homogeneous in nature and compare well to known 

gas phase kinetic mechanisms and rates q£ reaction. 
I 

The results of the experiments conducted with the Utah bitumi

nous coal as the fuel include data taken at two fuel rich stoichiometrics. 

Previous work (Wendt et al., 1979; Glass, 1978) have shown that the most 
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interesting NO reduction phenomena occur at moderate to extreme fuel 

rich stoichiometries. NO controls second-stage NO in the former case, 

while it was suspected that the HCN and NH^ controlled in the latter 

case. Consequently, as is the case with the char study, stoichiometric 

ratios of 0.8 and 0.4 were chosen to maximize the informational content 

which could be obtained from the experiments. 

an estimate of the accuracy of the measurements to be made. This is 

important for the hydrogen cyanide and ammonia analyses which, as a 

result of sample dilution in the water-quenched probe, are near the 

lower limit of detection with the ion/gas electrodes in some cases. 

The experimental conditions for the experiments are shown in 

Table 5.1 

Table 5.1. Utah bituminous coal combustor conditions 

Three experiments were done at each condition. This allows 

Stoichiometric Ratio (SR.) 

0 . 8  0.4 

Coal feed rate 5.4 (0.68) 5.4 (0.68) 
lb/hr (g/s) 

Air feed rate, 
SCFM (cm3/s) 

10.8 5.4 „ 
(5.13 x 10J) (2.36 x 10 ) 

Inlet Air Temperature, K 490 340 
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Moderate Fuel Rich Conditions (SR = 0.8) 

The experimental results at moderate fuel rich conditions (SR = 

0.8) are described in Figures 5.1 - 5.5. These figures include major 

gaseous combustion product profiles; gas, wall and particle tempera

ture profiles; fuel CHN elemental conversion profiles; and, most impor

tantly, the minor nitrogeneous species profiles to which the most 

attention will be devoted. 

The major combustion product profiles for SR = 0.8 are plotted 

in Figure 5.1. There is no measurable oxygen since it is consumed near 

the burner entrance above the first sampling point, by devolatilized 

combustible material. The major species profiles show that the system 

is largely stabilized at constant post-combustion conditions at 40 cm 

(0.25 sec). The shifts in the compositions are due to the combined 

effects of slow gasification of the residual char and of the changing 

water-gas shift equilibrium. 

The combustor temperatures, Figure 5.2, further indicate that 

combustion is taking place near the burner entrance since the tempera

ture is declining at the first measurement. The peak gas temperature 

of 1850 K declines approximately linearly according to: 

T = 1897 - 2.857 X, r2 = 0.96 (5.1) 

where T is in degrees Kelvin and X is the axial distance in cm. The 

wall temperatures are lower than the gas temperatures by about 200 K 

initially. The temperature difference declines as the gas cools in 

the post-flame region. 
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The downstream particle temperatures are very nearly the same 

as the gas temperatures, just a few degrees cooler. The numerical 

results indicate (Chapter 3) that the particles would be about 1-2 K 

cooler, showing that the radiative cooling to the walls is well balanced 

by convective heating from the gas. This is as expected for extremely 

small non-reactive particles in a stagnant gas. 

The first measurement of the particle temperature may indicate 

that the particles are initially coolr., by about 100 K, than the gas. 

If the combustion were taking place homogeneously as a result of 

rapid devolatilization rather than heterogeneously, which would 

heat the particles, this might be expected, especially if the devola

tilization is highly endothermic. It is not possible to examine this 

possibility with the mathematical model since devolatilization is con

sidered to be thermoneutral in the absence of generally applicable 

thermal data for the decomposition of coal. (See, for example, 

Suuberg et al., 1979, for a discussion of the thermal effects of the 

boundary layer flows of products and the heat effects attendant to 

devolatilization. 

The solid conversion data in Figure 5.3 show that, in fact, 

the particles have not reached a stable composition at the first samp

ling point. As much as 10% of the carbon remains to be removed, com

pared to the data at the second point. The combustor model indicates 

that this mass loss is primarily due to devolatilization (as controlled 

by the terminal yield in the kinetics used to describe this process). 
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In the case of hydrogen, Figure 5.3 shows that it has largely 

been completely removed, presumably by early and rapid devolatilization. 

Some nitrogen is removed slowly, although at a first approximation, 

nitrogen removal is nearly complete at the first point. 

The small post-flame rate of removal rate of nitrogen has an 

important impact in the kinetic evaluation of the conversion of the 

volatile nitrogen species shown in Figure 5.4. The volatile nitro-

geneous species concentrations in this case are characterized by low 

constant levels of HCN (15-20 ppm) and NH^ (5-10 ppm) and a dominating 

level of NO. The NO decreases rapidly in 0.8 seconds to an approximate 

325 ppmv assymptote 1600 K from the initial measured 1200 ppm at 1800 K. 

This is consistent with previous reports (Wendt et al., 1979) of NO 

destruction under similar conditions with similar coals. This NO decay 

is much more rapid than that observed in the char experiment (Chapter 4) 

under similar reaction conditions and temperature. 

Under staged conditions, very little second-stage NO would be 

formed since there is little (if any) char nitrogen, HCN, or NH^ in the 

post-flame gases and solids to be oxidized. The gas phase NO in this 

case will simply be diluted when the second-stage air is added, contri

buting exclusively to the NO emissions from the second stage. As 

Figure 5.5 shows, NO accounts for only 25% of the fuel nitrogen. 

The final result from these experiments is the comparison of the 

residence times and axial positions in Figure 5-6. As the figure shows, 

the residence time is approximately a linear function of distance. The 
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particles and gas have nearly the same velocity such that the residence 

times are nearly equal also. 

Extreme Fuel Rich Conditions (SR = 0.4) 

The combustion gases at extreme fuel rich conditions (SR = 0.4), 

Figure 5.7, are characterized by high concentrations of hydrogen and of 

carbon monoxide, and again, very low levels of methane (about .15%), 

showing that devolatilized methane must be produced and consumed in the 

flame. No oxygen is evident; it has been consumed by the volatiles 

evolved. The compositions are stable in the post-flame gases, similar 

to the previous stoichiometry. The slow changes in composition are pre

sumably from shifts in the water-gas equilibrium and from slow gasifi

cation of the residual char. 

The combustion temperatures are lower, Figure 5.8, with a maximum 

at 1580 K. The gas and wall temperatures are lower, with the former 10-50 

K above the latter. Particle temperatures could not be measured because 

of the soot in the flame that coated the pyrometer window and limited 

the response. It is reasonable to presume that the particle temperatures 

and gas temperatures are nearly equal. The small gas-wall temperature 

difference will support gas-particle temperature equilibration. 

The gas temperature is linearly correlated with axial distance 

by: 

T = 1644 - 2.200 X, l2 = 0.94 (5.2) 

The elemental balances of the particles, Figure 5.9, show that 

the compositions change very little along the combustor axis following 
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the second sampling point. There is some carbon less due to gasification 

but little hydrogen and nitrogen loss. Once again, only a small hydro

gen residue survives into the post-flame gases. About 20% of the 

nitrogen remains to contribute to second-stage NO. 

The volatile nitrogen species profiles, Figure 5.10, are remark

able from their dissimilarity from those in the previous case. In the 

present case, there is a substantial hydrogen cyanide which decays along 

the axis following a peak similar to those seen in fuel rich NO profiles. 

NO decays more rapidly than does the HCN, and from what appears to be a 

higher initial concentration. NO decays to almost a negligible level 

of about 50 ppmv. Ammonia is formed and stabilizes downstream at 350-

400 ppmv. HCN, NH^ and NO account for maximums of 8.5%, 4.5% and 45% 

of the coal nitrogen, Figure 5.11. 

The relationship between axial distance and gas residence time 

is plotted in Figure 5.12. This result is calculated from the combustor 

model. The particle velocity is nearly the same as the gas velocity so 

that the particle residence time is the same as indicated for the gas. 

Evidently, the second-stage NO emissions in this case will be 

controlled by both residual char nitrogen oxidation and by the gas-

phase HCN and NH^. First-stage NO contributes almost nothing to the 

second-stage emissions at longer residence times. 

Again, the present results are consistent with previous staged 

combustion studies which have shown that under similar extreme fuel 

rich conditions in the first stage, substantial second-stage NO is 



600 

500 

« 400 

^"-8L HCN x 300 

200 
Q. 

100 

NO 

160 120 140 20 40 60 80 100 

Axial Distance, cm 

Figure 5.10. Nitrogeneous species, Utah bituminous coal, SR = 0.4. o 



141 

Axial Distance, cm 

Figure 5.11. Coal nitrogen conversions, Utah bituminous 
coal, SR = 0.4. 



1.75 

% 1.50 

E 1.25-

1.00 
o 
§ 0.75 

£ 0.50 

0.25 

0 20 40 60 80 100 120 140 160 

Axial Distance, cm 

Figure 5.12. Residence time, Utah bituminous 
coal, SR = 0.4. 



143 

rich conditions in the first stage, substantial second-stage NO is 

rapidly formed in the presence of oxygen. Here is clear evidence that 

volatile nitrogen (such as HCN and NH^ which have historically not been 

measured) can have a dominant influence on the formation of second-

stage NO emissions as was suspected, but never proved in previous work 

(Wendt et al., 1979). Rees et al. (1979) report NH^ and HCN in a fuel 

rich combustor but were not able to completely consume oxygen locally 

as in the case in these experiments. 

Combustion Modeling 

The coal combustion profiles as calculated by the combustor 

model for the case SR = 0.8 are shown in Figure 5.13. The model pro

vides a good representation of the actual data. The water-gas shift 

equilibrium assumption appears to be valid in this case. There is a 

minor underprediction of ^ and a slight overprediction of CO, presum

ably due to an imbalance, perhaps, in the fuel H and proximate water 

assumed in the coal, which will lead to the calculated deviation if 

on the low side of the actual values. 

The coal elemental conversions, Figure 5.14, are likewise well 

represented by the model by the assumed form of the devolatilization 

scheme that was discussed in detail in Chapter 3. 

The similar profiles for the case SR = 0.4 are given in Figures 

5.15 and 5.16. In the case of combustor species profiles, the CO2 is 

slightly underpredicted. The same comments relative to the elemental 

conversion apply in this case. 
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The assumptions of a mean particle size for the calculation 

appears to be valid, as does the assumption of the water-gas shift 

equilibrium and the neglecting of molecular diffusion in the model, 

insofar as the post-flame predictions are concerned. 

Heterogeneous Reduction of NO 

The post-flame NO profiles for the coal experiments were first 

examined to determine the validity of the char NO reduction kinetic 

expressions derived in Chapter 4. As in all subsequent discussion of 

the kinetic aspects of the coal experiments, a special combustor model 

case was established to calculate the post-flame phenomena with initial 

conditions set'at the concentrations measured at 38 cm in all model 

runs, to provide a consistent set of comparisons of the calculated 

and experimental data. This is especially necessary for a review of 

homogeneous kinetics since the HCN profile for the SR = 0.4 case has an 

initial growth in the concentration, presumably from post-flame volatil

ization, which would complicate the evaluations if it were included in 

the initial conditions. Although the heterogeneous NO destruction 

kinetics might well have been evaluated at 22 cm (since the NO profiles 

are regular from this point), the discussion and results which follow 

are not in the least affected by the choice of initial conditions. 

The heterogeneous char-NO destruction rate, Equation 4.1, was 

applied to the coal NO data with the initial condition set at 38 cm. 

3 
Representative particle densities are 680/cm at SR = 0.8, and 1900 at 

SR = 0.4 for the two experiments. 
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The calculated NO profiles shown in Figures 5.17 and 5.18 

illustrate that the heterogeneous reduction of NO via the char surface 

reaction is far too slow to account for the observed experimental pro

files. Since as shown in Table 4.1, these kinetics are the most rapid 

of those recently proposed, the inability to simulate the experimental 

profiles indicates that, at most, the heterogeneous reduction of NO is 

a minor part of the driving force for NO disappearance in the case of 

the coal. 

Post-Flame Homogeneous Volatile Nitrogen Conversion Kinetics 

The approach used in the evaluation of the kinetics of NO 

formation in the case of the char, in which the formation of NO was 

described by a selectivity parameter in Arrhenius form, was unsuccess

ful in this case. In the coal experiments, combustion occurs so rapidly, 

as a result of the rapid evolution of volatile combustible matter, that 

the experiment cannot resolve the pre- and in-flame phenomena in suffi

cient detail to verify any hypothetical kinetic mechanisms in that 

region. In addition, the effects of microscale diffusion may be 

important. The combustor model and experiment is incapable of describing 

these effects. Although some success has been achieved in fitting the 

observed solid conversions through the use of Wendt's (1980) temperature-

dependent terminal devolatilization yield correlations, any reasonable 

set of devolatilization parameters seem to be acceptable, with the 

assumed form of the terminal yields controlling the solid conversions. 

The in-flame details of the selectivity of coal nitrogen conversion to 
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the four volatile nitrogeneous species (N2» NO, HCN, NH^) are not clear 

based on the data available, although it is possible that most fuel N 

leaves as HCN during devolatilization. Consequently, the evaluation of 

the volatile nitrogen conversion kinetics is limited to the post-flame 

regions of the fuel-rich reduction zones; that is, at greater than 20 

cm (0.15 sec) in the 0.8 case and 40 cm (0.30 sec) in the 0.4 case. 

The primary objective in this evaluation is to determine the 

relative contributions of heterogeneous and homogeneous kinetics to the 

volatile nitrogen conversions observed in the experiments. It is 

assumed that the char NO kinetics are applicable to these coal data. 

The testing of various parameters in the char experiments was 

done with the mathematical model essentially in a trial-and-error scheme 

and solely for NO formation and reduction kinetics (since there was 

little HCN and NH^ in the post-flame gases). Since the coal data is 

more complex, with all of the nitrogeneous species at significant levels, 

the kinetics in a hypothetical homogeneous case were determined by 

graphically determining the rate of change of the species and determin

ing kinetic parameters from the data locally on a point-to-point basis. 

Fenimore (1977 , 1976, 1973) has done extensive studies of the 

interactions of volatile nitrogen species in gas flames, from which he 

has developed quasi-global kinetic expressions. His approach was suc

cessfully used to evaluate the present coal flame data. Fenimore has 

proposed homogeneous volatile nitrogen conversion kinetics of the form 
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R1 = = kl [HCN][OH] (5.4) 

R2=zdl|0l= ^ [N0][NH2] (5>5) 

d[NH3] 
= R-, - R, (5.6) 

dt 1 2 

for the global reaction sequences: 

HCN + OH \ -> NH« + products 
• • • • J 

NH^ + NO ^2 -»• N2 + products 

T^he ellipses in the previous equations indicate that the actual routes 

to the end products are unknown. The rates, then are overall rates 

for the species in question. 

Fenimore further assumed that amide and hydroxyl radicals were 

equilibrated, hence: 

koh 

2H20 = H20 + 20H (5.7) 

KNHO 
OH + NH3 = NH2 + H20 (5.8) 

for which 

YOH • yH2O(KOH/YH2
)1/2 <5-9> 

and 

1 /? 
yM3 - kOH kbh3

yNH3
/yH2 <5"10> 

These equilibria can be evaluated using the JANAF Tables (1971) to give: 

K = 2.841 x 107 exp(-137.7 Kcal/RT) (5.11) 
Url 

and 
= 1.661 exp (+12.1 Kcal/RT) (5.12) 
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where the appropriate concentrations are in mole fractions. In these 

expressions, the standard state free energy of formation of NH2 has 

been set at 45.5 Kcal/mole as has been suggested by Haynes (1977a). 

Since the molar concentration of component x, Cx is: 

Y P 
[X] = CtYx = (5.13) 

(where C^, is the molar gas density and Y is the mole fraction of species 

x), the derivatives can be written as (where U is the gas velocity): 

d[x] _ dyx 
dt T dt 

(where the rate of change of the total gas density has been ignored), 

Fenimore's rate equation can be written: > 

, _ % C S , _ C T 1  ,1/ 2  
1 dx U 1 HCN H20/XH2 ' 1 K1K0H 5̂} 

NO c 
T  1  1 / 9  1 / 9  

r2 dx ~ U k2 YNOYNH3̂ YH2 ' k2 = k2K0H 5̂*15̂  

Where Fenimore's rate constants and k2 have retained their original 

units of cc/mole-sec in this development. 

It should be noted that due to the potential problems of sulfide 

interference in the hydrogen cyanide measurements with the specific 

ion electrode and the author's consequential predisposition to have 

more confidence in the ammonia analyses than in the cyanide, (note the 

scatter in the cyanide data in Figure 5.10), the preceding equations 

were coupled with the ammonia balance: 

d[NH ] 

dt = R1 " R2 
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to give two equations from which the rate constants could be evaluated. 

The slopes in the experimental profiles were measured directly from the 

graphs of the concentrations (Table 5.2) and used to evaluate the 

constants via: 

dY 
.. NH dY n H„ 

vi _ U r 3 _NO-i 2 
i o L i J 1 V dX dx YHCNYH90 

y1/2 

k, = _ _U_ dYN0 H2 

2 CT dx YNOYNH3 

The HCN profiles can then be used to test the validity of the constant 

k' V 

to be: 

The rate constants k| and k^ were determined from the coal data 

= 5.452 x 1017 exp(-83.3 K/RT), r2 = 0.86 (5.16) 

k^ = 2.239 x 1016 exp(-54.4 K/RT), r2 = 0.84 (5.17) 

The detailed coal data from which these were determined appear in Table 

5.2, and logarithmic plots of the rate constants so determined are given 

in Figure 5.9. The heterogeneous rate, Equation 4.1, was not subtracted 

from the data in this analysis. 

The "mechanistic" overall rate constants k^ and k^ can be deter

mined by dividing the equilibrium constants (5.12 and 5.13) into the 

overall constants k^ and kj, to give: 

k^ = 1.02 x 10"^ exp(-14.3 K/RT) cm^/mol-sec (5.18) 

which compares to Fenimore's (1977) correlated result: 



Table 5.2. Data for homogeneous rate equations 

mole fraction ppmv race, ppm/cm 

X, cm H_ H,0* HCN NO NH, NH, NO T, K U, cm/sec. C^NO6 

ll J 3 era-1 

SR - 0.8 30 0.012 0.093 8-10 1,120 6 -0- -12 1,820 181 6.37 

50 0.018 0.091 14 880 8 -0- - 8.6 1,770 176 6.543 

100 0.019 0.085 15 600 9 -0- - 3.6 1,580 157 7.33 

SR = 0.4 23 0.060 0.127 475+ 350 200 +16.0 -17.5 1,550 89.6 7.47 

38 0.064 0.116 610 200 325 + 2.5 - 4.5 1,530 87.9 7.56 

53 0.070 0.109 475 150 340 + 0.5 - 3.0 1,500 85.9 7.72 

68 0.070 0.103 440 100 330 -0- - 2.5 1,465 84.2 7.91 

* Estimated from combustor model 

Ln 
ON 
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k^ = 2.5 x 10"^ exp(-10 K/RT) cm^/mol-sec (5.19) 

and 

k^ = 2.6 x 10"^ exp (+2.7 K/RT) cm^/mol-sec (5.20) 

which Fenimore (1977) determined as: 

k2 = 5 x 1012 cm3/mol-sec (5.21) 

It should be noted that Fenimore's work was in the temperature 

range 1850-2200 K, substantially higher than the 1400-1850 K in this 

work. Nonetheless, the agreement in this coal flame work to Fenimore's 

gas flame data is quite good, confirming that there is a strong depend

ence on the hypothesized homogeneous mechanisms. At 1800 K, k^ is 

12 12 
1.87 x 10 (this work) compared to 1.53 x 10 (from Fenimore's con

stant). The values at 2000 K are 2.8 x lO"**2 and 2.09 x 10^. The 

agreement for k2 is similarly as good, with values from this work of 

5.53 x 10"^ (1800 K) and 5.13 x 10"*"2 (2000 K), compared to Fenimore's 

12 
estimate of 5 x 10 with little temperature dependence. The reduction 

in the constant with temperature, calculated from Equation 5.20, is due 

to the negative activation energy. 

Others have done similar gas flame kinetic evaluations which 

further lend credence to Equations 5.18 and 5.20. Duxbury and Pratt 

(1975) find k2 greater than 2 x lO"^ cc/mole-sec at 1800 K. The weak 

temperature dependence and negative activation energy of k^ was deter

mined by Kaskan and Nadler (1972) at room temperature at which it is 

12 
found to have the value 11 (+ 4) x 10 exp (+1 Kcal/RT). Haynes 

(1976), however, entirely rejects Fenimore's R2 dependence on NH2 for 
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dependence on N atoms. A review of the coal data was not successful 

in correlating it in terms of Haynes' dependence. In the author's 

opinion, this is perhaps due to the cubic hydrogen dependence in the 

ammonia equilibrium. 

The situation with regard to k^ is not so clear. Haynes (1977a) 

and Morley (1976) have disputed Fenimore's dependence of on HCN in 

favor of a dual dependence on HCN and CN. Haynes, however, favors a 

low temperature (less than 1800 K) mechanism involving HCN for which he 

11 
qualitatively indicates a value for k^ (1800 K) of 2 x 10 with an 

activation energy of less than 20 Kcal/mole, in general consistent with 

the current findings. 

These results were determined locally from the data, without 

resort to integrating the rate expressions in the combustor model. It 

is obvious from Figure 5.4 that there is simply insufficient HCN avail

able in this case to drive and thereby drive R2 to give the indicated 

NO reduction in contrast to the good local fit. In other words, there 

must be a continuing source of HCN which provides sufficient material 

to satisfy these kinetics, especially enough-to balance the NH^ destruc

tion attendant to NO destruction in the moderate fuel rich case only. 

Although only ppm levels of methane were qualitatively detected in the 

SR = 0.8 case, this may be enough to recycle small quantities of N 

atoms (for example) back into HCN. This experiment is not designed to 

detect radical species which might contribute to this hypothesized HCN 

recycle requirement. There is some slow char N evolution from the 
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particles indicated qualitatively in Figure 5.3, which may also con

tribute to the supply of HCN or there might be other species which are 

undetectable in this experiment (higher molecular weight cyano compounds) 

which might act similarly to HCN in supporting these reactions. The 

slow char N removal is insufficient to account for more than a fraction 

of the HCN required. 

If it is supposed that there is some recycle mechanism which 

will support a nearly constant HCN background for the SR = 0.8 case, 

then it is reasonable to test the rate equations (5.14 and 5.15) in the 

combustor model with a fixed HCN background in the SR = 0.8 case. The 

results of the integration are shown in Figures 5.10 and 5.11 with the 

gas compositions set in the model at experimental post-flame initial 

conditions. The concentrations of all of the species are accurately 

reproduced in both cases. An HCN background level of 18 ppmv is required 

at a stoichiometric ratio of 0.8 to adequately drive the kinetics to 

reproduce the experimental NO and NH^ concentrations. 

As the evidence indicates, these is strong support for the pro

posed two-reaction mechanism in this coal flame, de Soete has proposed 

a mechanism for HCN-NO reduction (1973) which does not involve NH^ which 

could also be considered. However, the present data indicate that NH^ 

must be considered in the kinetics and that the resultant fit is good, 

not only predicting the growth of NH^ in the extreme fuel rich case but 

the small background level in the moderately fuel rich case. 
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One other point should be made regarding an alternative form of 

the rate R^. Again, following Fenimore (1976), the rate of HCN destruc

tion can be described as: 

r2 = 0.84 

compared to Fenimore's rate (for which he quotes "about 25% average 

deviation")" 

Again, there is more than casual similarity in the two homogeneous 

rates. 

Analytical Solution of the Rate Equations 

Approximate analytical solutions of Equations 5.15 and 5.16 

have been determined which quite satisfactorily reproduce the post-

flame nitrogeneous species concentrations. Since the experimental 

temperature profiles are nearly linear, and since the NH^, ̂ 0 and H2 

concentrations are nearly constant over the bulk of the combustor, both 

r^ and r2 can be formulated as: 

R 
1 

d̂ N] = 5.63 x 1016 exp(-72000/RT) [HCN] [H20]2/[H2] 

R. 
1 

d̂ CN] = 6.0 x 1016 exp(-68000/RT) [HCN] [H20]2/[H2] 

(5.24) 

where 

(5.25) 

and 

(5.26) 
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and 

Y = mole fraction of gas species 

The concentrations and velocities are evaluated at the mean post-flame 

temperatures. Since the temperature profiles are nearly linear, letting 

T = a + bx, and changing the variables: 

U,IIW, (E/R) (5 27) 

T a + bx 

then Equation 5.23 can be integrated directly to yield: 

ln(Y/YQ) = K"l{[uo1 exp(-uQ) -u 1 exp(-u)] + E^Cu) - E^(U Q ) }  

In Equation 5.27: (5.28) 

E1(u) = 
„-l -x, 
X e dx 

u 

k"» = W—) 
*1 fc Rb 

Using the approximation (Abramawitz and Stegun, 1964), the expo

nential integral may be represented as: 

2 , u + a., u + a„ 
E (u) = e~Uu~ {-r - -} + e (5.29) 

u + b^u + 

e < 10~7 

ax = 4.03640 

a2 = 1.15198 

b^^ = 5.03637 

b2 = 4.19160 
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In this formulation, the ammonia mole fraction is found from 

a material balance of NO and HCN, Y = Y NH~ + AY - AYk_ (notwith-
NH^ o 3 HCN NO 

standing the assumption of constants NH^, this works quite well). The 

approximate results are plotted in Figures 5.22 and 5.23; and as the plots show, 

this actually is nearly as good as the more expensive and complex solu

tion from the combustor model. It is offered as a means of quickly 

estimating the concentrations that might be useful in screening evalua

tions, for example. This analytical solution requires initial estimates 

of themole fractions of the nitrogeneous species to be useful in appli

cations. This is a significant requirement, given the state-of-the-art 

in predicting fuel nitrogen conversion in flames. 
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CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS 

The experimental results described in the previous chapters 

show that the fuel rich conversion of coal and char nitrogen involves 

not only NO formation, but HCN and NH^ formation and reactions which 

must be taken into account in staged combustion studies. Staged com

bustion conditions must be devised to minimize not only NO but, in 

addition, the concentrations of the nitrogeneous intermediates and the 

amount of char nitrogen exiting the fuel rich first stage. 

The experiments with the Utah char show that the concentrations 

of the nitrogeneous intermediates HCN and NH^ are at low levels compared 

to the concentrations in coal combustion, especially at extreme fuel 

rich combustor conditions. It has been found that heterogeneous NO 

destruction is the controlling phenomena involved in minimizing reac

tive nitrogen concentrations in the case of the char. A kinetic expres

sion has been formulated which adequately describes the NO reduction on 

the surface of the char in the post-flame gases. This kinetic expres

sion leads to an NO destruction rate which is several times more rapid 

than that found by others, but much less rapid than the kinetics which 

govern the NO destruction in the case of coal combustion. 

The more complex case in the coal studies shows conclusively 

that homogeneous reactions of HCN, NH^, and NO largely govern the post-

168 
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flame reactive nitrogen concentrations under fuel rich conditions. 

HCN is converted homogeneously to NH^ which subsequently reacts with 

NO to deplete the reactive nitrogen pool through the formation of N£. 

Homogeneous rates for these reactions have been developed which compare 

well, under a limited number of assumptions concerning the partial 

equilibrium of the amine pool and of hydroxyl radicals, to the rates of 

reaction determined in gas flame experiments by Fenimore (1976). It is 

hypothesized, but not proved, that there is a mechanism which acts to 

recycle nitrogen back into HCN which is required to explain the constant 

level of this species in the SR = 0.8 experiments. The homogeneous 

kinetics developed in this work require this recycle mechanism to account 

for the HCN level under moderate fuel rich conditions needed to drive 

the proposed kinetics of NH^ formation and NO destruction. 

These results are significant since so much of current work on 

staged combustion of pulverized coal deals only with NO without consider

ing the importance of the total reactive nitrogen and char nitrogen 

concentrations exiting the fuel rich stage. The present findings that 

post-flame homogeneous reactions of the volatile nitrogeneous species 

largely control the formation of second-stage nitrogen oxide is expected 

to have a large impact on the type of experiments and the quality of 

experimental programs that must be done to more fully develop the 

theoretical framework cf coal nitrogen conversion as it applies to 

staged combustion. 

It has been demonstrated that the mathematical model devised to 

simulate the combustor adequately represents the experimental observations 
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and that the assumptions used in its formulation are justified. More 

work should be done to provide simple global expressions which can 

describe the pre- and in-flame conversion of coal nitrogen to the inter

mediate reactive species, thus completing the computational scheme de

vised in this work. 

The experimental facilities have been shown to be satisfactory 

for resolving the long residence time post-flame phenomena attendant to 

fuel rich coal combustion. The combustor itself is not capable of 

resolving the details of the short-time-scale events of devolatilization 

and reaction in the combustion zone, however. This work should be done 

in high-velocity tubular reactors or, perhaps in difusion flames which 

are specifically designed to expand the resolution of these combustion 

phenomena. 

Recommendations for Future Work 

Several important questions remain unanswered in this work and 

should be addressed to formulate optimal conditions for staged combus

tion of pulverized coal for NO^ control. 

There is some indication from the char experiments and model 

calculations that char nitrogen devolatilization might not be negligible 

as has been assumed in this work. Model studies to formulate a devola

tilization scheme, perhaps following Wendt's (1980) terminal yield 

correlation, to fit the modeled char nitrogen conversion to that observed 

would be desirable. The selectivity of NO versus ̂  developed in this 

work could be expanded to account for the details of microscale diffusion 
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by incorporating experimentally determined conversion data from experi

ments conducted in a high-resolution apparatus. 

The actual conversions of the reactive nitrogen species and of 

the residual coal nitrogen under staged conditions are unknown, since 

staging experiments were not done in this work. The relative contribu

tions of the nitrogen in the two phases to second-stage NO is still 

unclear, although it is probable, based on the observations of Wendt 

et al. (1979) that the bulk of second-stage NO results from the rapid 

oxidation of the volatile nitrogen species. Char nitrogen conversion 

is probably slow and with a high selectivity to N„ formation, as the 

results of this work on char nitrogen conversion indicate. 

The combustor model should be expanded to include the addition 

of second-stage air. Since the code is a single-step explicit method, 

this is easily done by imposing a gas (air) input condition at the 

appropriate axial position dictated by the experiments. 

This work was based on the full pulverized fuel distribution 

in the coal and char for which a mean particle size was used in the 

modeling work. Consequently, there is no information which can be used 

to evaluate the effects of particle size on the conversion of the coal 

and char nitrogen. It is desirable that some experiments be conducted 

to examine the effects of particle size, expecially insofar as the 

heterogeneous NO destruction kinetics are concerned. The effects of 

size become important if the heterogeneous kinetics are diffusionally 

limited, through the Theile modus. 
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Lastly, the homogeneous kinetics of volatile nitrogen conver

sion show that the initial (post-flame) conditions are important in the 

subsequent reactions which lead to the formation of N£. This combustor 

system is not capable of resolving the short-time-scale events which 

control the initial concentrations of these species. This work is 

intrinsic to the complete development of a theoretical framework of 

coal nitrogen conversion and should be performed in the appropriate 

facilities with the objective of further clarifying the kinetic picture 

so that optimal temperatures, stoichiometrics and residence times for 

stage combustion can be understood. 
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PROGRAM LISTING—COMBUSTOR MODEL 
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See Detail Figure A.2 

Call Sprint 
Intermediate 

Results 

Yes 

No 

No x=xend 

Yes 

Sprint 

Redefine 
lC.'s 

Read Data 
File 

Integrate 
over Ax 

Initialize 
Flows 

Figure A.l. Flow diagram—combustor model. 



175 

From Initialization 

c Call RKF 3 

Subroutine RKF 

c Call ARHS 
x=x, y=y* 3 

Subroutine ARHS 

c 

( c"" Flange 

(  Coll SLPROP 

r  Call HTTEN 

Co,, WGS 

Calculate 
RHS's for 

Sub RKG 

Return to RKG 

Figure A.2. Flow diagram—integration details. 
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00010 GLASS ,BN69037®BLCK 160000.7100 ,P0. 
00020 py.HI 
00030 FTN(PL-1000,L-0) 
00040 LGO. 
00050 GQT0.2. 
00060 EXIT(S) 
00070 T0DEC<FILE=$CQAL1 -DAT* .PPN-$5?0?.36B»,PU=i««B^> 
00080 
00090 PROGRAM FUELN(INPUT,OUTPUT,TAPE23=INPUT,TAPE22=0UTPUT) 
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00010 C PROGRAM TO SIMULATE THE EXPERIMENTAL COMBUSTQR 
00020 C GIVEN THE GAS AND WALL TEMPERATURE PROFILES 
00030 c COAL COMPOSITION, AND EXPERIMENTAL CONDITIONS 
00040 c 
00050 COMMON /USER/ PARI, PAR2, P AR3 , P AR4. PARS, PAR a , F'AR7 
00060 1 ,PARS.PAR?.PARI 0,PAR 11.PAR 12.PARI 3.PARI 4.PARI a,PARI6 
00 07 0 1 ,PAR17,PARI 8,PARI 9,FIRST 
00080 DI MENS I ON B CI 00),SGAS<5).HE NSO(5).T10(5) 
00090 REAL KGAS 
O01 00 INTEGER H1.H2.H3.H4,HMAX 
00110 DIMENSION 0AR<206),VARN<2O0).AMASS(5).FL0U<15), 
00120 1 BMASS(5),CMASS(5),ERR<5),YG CI 5),HEAD<30),AXIS<10) 
00130 2 ,RP0(10f5),Z01(10.5,5).YGO(15.5) 
00140 COMMON /INDA'T/MN, ICOL, JROU,TA( 10,5), VINT (5),Y CI 0,5.5) 
O0150 COMMON / GASDAT / QGAS.SR(5),MEQ 
00160 COMMON / DIFFIJS / DIFFCI5) 
00170 COMMON / GASVAR / VGriS,KGAS.EGAS,VISGAS.CT,TAUG,TGAS 
OOlflO 1 . AMWT 
O01 90 COMMON / CONST i IJFJ-'I. iJASk.F.AKLA ' 
00200 COMMON /SOLDAT / NFRAC,NATOH,NBEl>,FRAC( 10) ,TNiJM( 10) ,TUT( 10), 
00210 1 TNUM0(10).RPM(10),0MASS(10),CMINCIO),ZOCIO,5).TH <10) 
00220 COMMON / SOLVAR / UP(10).TEHP<10),TAUP<10),APCIO),VP<10), 
00230 1 SHASB(!0),RP(10),FRACTM(i0)fSAREA,CONV(1O) 
00240 2 ,EM(10,5),EMI0(10,5),UC(10,5) 
00250 COMMON / SUM / TMASS,UNBURN,THASN.AF.AMASS<5) 
00260 COMMON / FLAGS / HI,H2,H3.H4.HMAX,IDENS 
00270 COMMON / GASCMP / EN CI 5), AMU CI 5) ,C CI 5), ANUCI5) 
00280 1 , NCOMP.UG(15) 
00290 COMMON / GATMP / A10(15).All(15) 
00300 COMMON / GENL / X.STtP,ERROR.STCH6.NSTEP 
0031 0 COMMON / SHEAT / HTCRU.HTCRG.HTCON 
00320 COMMON /' SRXDAT / DHR< i 0), RXS CI 0), DVKi .DVK2.iMG 
00330 1 ,DHRC0(10),RXC0(10),RXH2<iO),DHRH2(1O) 
00340 COMMON / COLDAT / DENS,UATERC5),ASH(10.5) 
00350 DATA PARI.PAR2,PAR3.PAR4.PAR5,PAR6,PAR7.PAR8,PAR9fPAR 10,PAR 1 I 



00360 
00370 
00 380 
00390 
0 0 4 0 0  
0 0 4 1  0  
0 0 4 2 0  
00430 
00440 
00450 
00460 
00470 
00480 
00490 
00500 
0051 0 
00520 
00530 
00540 
00550 
00560 
00570 
00580 
00590 
00600 

0 0 6 1  0  

00620 
00630 
0 0 6 4 0  
00650 
00660 
00670 
00680 
00690 
00700 
* 
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1 r PARI 2.PARI 3.PAR14.PAR15,PAR 16.PAR17,PAR 18.PAR 19/ 
2 00.00E0.2.250E4,6.81E-1,I.OOE00.9.4E-I,0.00.-I.00. 
3 O.OOE4.4.00E4.8.35E00.5.50E03.0.00E-03.3.50E4. 
4 .667E0,5.342E17,83.3E3.2.239EI6.54 »2E3,I vj.E—6/ 

DATA (AXIS (I), I = 1,?)/ 10. ,22.9,38. '1,53.3.68.6.99. 'I. 
1  1 2 9 . 5 , 1 6 0 . 0 . 2 0 0 . 0 /  

C INITIALIZE DATA ARRAV Y ( JROU.ICOL) 
C ICOL = NO. OF AXIAL POSITIONS 
C JROU = NO OF PARAMETERS = 3 
C =1, 13AS TEMPERATURE.K 
C  = 2 .  U A L L  T E M P E R A T U R E . K  
C 
C AXIAL POSITIONS ARE IN VECTOR TA(ICOL) 
C 
NINDEX = STARTING PRINT POSITION IN AXIS(NINDEX) 
C 

READ(23,5)NINDEX 
C 
C NCASE = I FOR POST FLAME RUNS 
C 

READ(23,5>NCA8E 
C 
C NFILE = NUMBER OF STACKED RUNS 
C 

READ(23,5) NFILE 
DO 100 I NM = UNFILE 
MN = NH 
R E A D ( 2 3 f 5 ) J R 0 U . I C 0 L  

1  ,  S R ( h N ) ,  S O A S ( M N )  . X 5 T E P . S T E P  
WRITE(22,105)JROU.ICOL.SR(HN).S6AS(MN).XSTEP.STEP 
IF(NCA3E.EQ.1)READ(23,106)TIO(NM) 
IF(NCASE.EQ.1)URITE(22,10A)TI0(NM) 
DO 7 J = 1,JROU 
READ(23.6)<Y(I,J,MN),I = IrICOL) 

7 URITE(22,106>(Y(i.J.MN).I = 1.IC0L) 
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01410 DO 9 1= I.NCOMP 
01 420 WO CD EN (I )/F(3A8 
01 430 9 AMWT = AMWT + U(3(I )/niiw( I) 
01 440 AMUT = 1./AMUT 
01450 TOTAL = O.O 
01460 C 
01470 C SET STOICHIOHETRIC FLOW OF COAL 
01480 C 
01490 IF(NCASE.EQ. 1)TMASS = TIO(NH) 
01500 IFiNCASE.EQ.'l)(30 TO 996 
01510 OX Y = EN<8)*AREA 
01520 RATIO =0.0 
01530 DO 15 J = 1.NFRAC 
01540 15 RATIO = FRAC<J)*(Z01(J,1,NM)*32./12.+Z01<J,2,NM)*16./2. 
01550 1 +Z01(J,4,NH)+16./14.+Z01(J,5,NM)-Z01(J,3,NM)) + RATIO 
01560 T MASS = OXY/'SR(MN)/RATIO 
01570 C 
01580 C SET I.C.'S FOR OASES 
01590 c 

01600 c 

01610 c THE F0LL0WIN13 ASSUMES THAT THE COAL MOISTURE IS REMOVED DURING 
01 620 C INITIAL COAL/AIR CONTACTING AND THE GAS COMPOSITION IS ADJUSTED 
01630 C ACCORDINGLY 
01 640 C 
01650 996 C ii iS TIN U E 
01 660 GAMMA = T MAS S+ii AT ER (Nil) /AREA 
01 670 C T = 0.0 
01 630 EN(3) : : :  EN(3) + GAMMA 
01 690 no 16 i  = i,ncomp 
01700 CT = CT + EN(I) 
01710 16 CONTINUE 
01720 AMUT =0.0 
01730 DO 17 I  = 1,NCOMP 
01740 u6<i) = en<i)/ct 

01 750 17 ahwt = amut + ug(i)/ahu(i) 



01/60 AMUT = 1./AHUT 
01770 VGAS = CT*GA5R*T6AS/P/AMUT 
01780 C 
01 790 c ADJUST COAL DENSITY FOR WATER REMOVED 
01800 c 
0181 0 ADJ = l.-WATER(NM) 
01820 DENSO(NH) = DENSO<NH)*ADJ 
01830 TMASS = TMASS*ADJ 
01840 NATOH = 5 
01850 NDEV = 5 
01860 c 
01870 C BET : ICS FOR EACH PARTICLE SIZE 
01880 c 
01890 DENS = DENSO(NH) 
01900 DO 10 1-1,NFRAC 
01 910 RP(I) = RPO(I ,NM> ;*1 .E-4 
01 920 UF'(I) « vGAS 
01930 TUT CO * TMASS*FRACCI) 
01940 TEMP(I) = TP 
01 950 TAUP(I) = 0-0 
01960 AF'(I) » 4.*PI+RP( I  )*+2 
01970 vp(I) = 4./3.#PI*RP<I>**3 
01980 SHASS(I) =VP(.T)*DENS 
01990 DO 12 K = I.NATOM 
02000 AMASS(K) -  0.0 
02010 UC<I.K) = 201<I,K,NM)/ADJ 
02020 ZO(I,K> = WC(I.K) 
02030 12 EHIO(I.K) = UC<I,K>+5HASSU) 
02040 OMASS(I) = SMASS(I) 
02050 CHINCH = SMASS(I)*ASH<I.NH) 
02060 TNUM(I) = TWT (I) /DENS/OP (I) /(JP (I) / AREA 
02070 TNUMO(I) = TNUH(I)*UP<I) 
02080 TOTAL = TOTAL + TNUM(I) 
02090 ASH(I.NM) = A8H(I.NM)/ADJ 
02100 TEHPI I) = TP 
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02110 10 CONTINUE 
02120 C 
02 i 30 c 
02140 C INPUT MASS BALANCE 
02150 C 
02160 AIRO - EN(8)*AREA 
02170 AIRN -- EN< 1 I )+AREA 
02180 AF = 0.0 
02190 DO 14 I  - I.NFRAC 
02200 AF = AF + TMASS#ASH(I,NM)*FRAC<I> 
02210 DO 14 J = 1.NAT0M 
02220 14 AMASS(J) = TMASS*UC<I,J)*FRAC<I> + AMABS(J) 
02230 TAUG = 0.0 
02240 UNBURN = 1.0 
02250 CALL FLANGE(X) 
02260 30 CONTINUE-: 
02270 C 
02280 C STEPWISE CALCULATION OF PARTICLE KINETICS 
02290 C 
02300 K = (NFRAC--1) + (NtO+NATQH+3) + 1 
02310 J = NDEV+NATQM+3 
02320 N = 0 
02 330 L 
02340 c iJ E I-1N L IN T L u R A110 N V A RIA 6 i_ E 5 -  P A ft TIC L E S 
02350 c 
02360 HO 20 I  = 1.K.J 
02370 M - H + I 
02360 DO 21 N = (,NDEU 
02390 21 VARQ-i+N) = 0.0 
02400 HO 22 N = I.NATOM 
02410 22 VAR<I+NBEV+N-1> =0.0 
02420 VAR(I+NDEV+NATOM) = TAUP(M) 
02430 VAR(I+NBEV+NATOM+1 ) = UF'<M) 
02440 VAR(I+NDEV+NATOM+2) = TEMP(M) 
02450 20 CONTINUE 



02460 JJ =NCDHP + NFRAC*(NDEV+NAT0M+3> - 1 
02470 KK =NFRAC*< NDEV+NATOM+3) + I 
02480 KKP = KK + 3 
02490 M = 4 
02500 C 
02510 C DEFINE INTEGRATION VARIABLES-GASES 
02520 C 
02530 VAR(KK) = EN CI) + EN<2) + EN(3) + EN<4) 
02540 VAR < KK+1) = 12./44.#EN<1> + i2./28.«EN(2) + 
02550 1 )2./27.*Ely(5) + 12./16.*EM<9; + EN<10)*264./276 
02560 VAR(KK+2) = E N (3) / 9. + EN(5)/27. + 3./17.*EN<6) 
02570 1 + 4./16.+EN(9) + 2./34.*EN<14) + EN<4) 
02580 1 +EN(IO)*12./276. 
02590 DO 23 I  = KKF'.JJ.l 
02600 M a H + 1 
02610 A'IKM) = UG(M> 
02620 23 VAR(I) = EN(H) 
02630 MJ = J,J + 1 
02640 VAR(MJ) = TAUG 
02650 NEQ = NFRAC+(NBEV + NATOH+3) + NCOMP 
02660 C 
02670 C CALL INTEGRATION ROUTINE 
02680 C 
02690 CALL RKFiBTEP.NED.X,VAR.VARN.IFA.[L.NINT) 
02700 IF(IFAIL.EQ.i) GO TO 999 
02710 N = 0 
02720 DO 40 I  - 1 „K,J 
02 730 M = M + i 
02740 c 
02750 c DEFINE NEU SOLID PROPERTIES 
02760 c 
02770 SMASS(rt) = CHIN(H) 
0 2 7 8 0 TEHP(H) = VARN(I+Nl'iEV+NAT0M+2) 
02790 TAUF'(M) = VARN<ItNDEV+NATOM) 
02800 DO 99 N = I.NDEV 



02810 
02820 

02830 
02840 
02850 
0 2 8 6 0  

02870 
02880 
02890 
Oi9vO 
02910 
02920 
02930 
02 940 
02950 
02960 
02970 
02980 
02990 
03000 
03010 
03020 
03030 
03040 
03050 
03060 
03070 
03080 
03 090 
03100 
03110 
03120 
031 30 
03140 
03150 

185 

99 EH(M,N) = EMIO(H.N) -VARNU+N-1) 
DO 100 H = I.NATOM 
EM(M.N) = EH(M.N) -  VARN<.T+N+NDEV-1 ) 
IF<E«(MfN).LT.O.O) EM(M.N) = O.O 
SMASSiH) s SHASS(M) + EM(H.N) 

100 EMIO(H.N) = EM(M.N) 
DO 101 N 1.NATGM 

101 l)C(H.N) = EH(M.N)/SMAS5(H) 
IF(IDENS.EQ.I) GO TO 24 
R P (M) = (SM A SS (M) /I) E NS * 3 . / A . / PI )**CI./3.) 
GO TO 25 

24 DENS = Sri A 35(M)/'A../ 'PI/R'P(M) ++3+3. 
25 AP(M) = 4.*PI*RP(M)»*2 

UF'(M) =VARN(I+NDEV+NAT0M+1 ) 
TNUH'(M) = TNUHO(H)/UP(«) 

40 CONTINUE 
C 
C DETERMINE WATER OAS SHIFT EQUILIBRIUM 
C 

CALL UGS<EN,VARN.KK fTGAS> 
C 
C CALCULATE (3AS FLUXES 
C 

M = A 
CT = 0.0 
ANUT - 0.0 
WAS = VARN(KK) 
KKP = KK+ 3 
DO 50 I  =KKP,JJ»I 
H = H + 1 

EN\M) = VARNvI) 
IF(EN(M).LT„1.E-12)EN<H) = 0.0 

50 VGAS = VGAS + VARN(I) 
DO 53 I  = 1.HC0HP 
UG(I) = EN(I)/VGAS 



03'160 
03170 
03180 
03190 
03200 
03210 
03220 
03230 
03240 
03250 
03260 
03270 
03280 
03290 
03300 
03310 
03320 
03330 
03340 
03350 
03360 
03370 
03380 
03390 
03400 
03410 
03420 
03430 
03440 

186 

53 AMUT = AHUT + UG<I)/AHU(I) 
AMUT = l./AHUT 
CT = P/GASR/TGAS*AHUT 
DO 55 I = 1.NC0MP 
C(I) = UG( I j+C'T 

C 
C DETERMINE PSEUDO DIFFUSION FLUXES ACROSS INTEGRATION STEP 
C 

CALL DIFFU(YINTd).NCOMP) 
ANU(I) = --(UG( I) -A I1(1) ) ;*CT*BIFF (I )/STEF' 

55 CONTINUE 
MJ = JJ + 1 
VGAS - VGAS/CT 
TAUG - VARN(MJ) 
THASN = O.O 
X = X + STEP 
IF(X.LT.AXIS(INDEX))GG TO <40 
INDEX = INDEX + I 
CALL SPRINT(NPROB,6) 
H4 = H4 + NUARB 

60 CONTINUE 
IF(X.LT.TA(ICOL.MN) - STEP) GO TO 30 

999 CONTINUE 
1 003 FORMAT UX.7< IXf IF'E11 .5.4X)) 

URITE (22, i 003) F'AR1 ,PAR2.PAR3, PAR4, PARS ,PAR6. PAR/ 
WRITE(22,1003) FAR8,F'AR9 ,PAR10,PAR'11, PAR'12 r PARI 3 .PARI 4 
WRITE(22,1003)PARI 5,PARI 6,PARI 7,PARI 8 
END 

C 



00010 
00020 
00030 
00040 
00050 
00060 
00070 
00080 
0 0 0 9 0 
0 0 1 0 0  

00110 

C0120 
00130 
00140 
00150 
00160 

00170 
0 0 1 8 0  
00190 
00200 
00210 
00220 
00230 
00240 
00250 
0 0 2 6 0  
00270 
00280 

00290 
00300 
00310 
00320 
00330 
00340 
00350 

187 

C 
C 
C SUBROUTINE TO CALCULATE UATER GAS SHIFT EQUILIBRIUM 
C 

SUBROUTINE UGS(EN,VARN.KK,TGAS) 
DOUBLE PRECISION ENA,ENB,ENC,RAD,A1,A1PP.A2P.A3P 
DIMENSION EN(15), VARN(100) 
COK = 10.<5945+1855.<&/TGAS)*0.1746 

C 
C EVALUATE UATER GAS SHIFT EQUILIBRIUM 
C 

N7 = KK + 2 
DO 38 I  = KK.N7 

38 IF (VARN < I) .L'T.0.0) VARN(I) •= 0.0 
A1 = VARN(KK) 
A2P = VARN(KK+ I)- 12./27.*EN(5)- I2./'I6.*EN(9) 

1  - E N ( 1 0 ) * 2 6 4 . 1 2 7 h .  
A3 F' = VARN (KK+2) -EN<5 )/2?.-3./'l 7 .+EN<6 )-4 ./I <4.* 

1 EN(9)-2./34.+EN(14)-EN<IO)*l2./27fc. 
AIF'P = A1 -A3P-28./12.+A2F' 
ENA = 16./44.*CI.-9.«2B./44.*CDK> 
ENB = B.*A3P-A1PP 

1 + 9. *28. * 1 6. / A 4. * C OK * <A2P/1 2.+A1 P P /16..) 
ENC = -A2P*A1PP*C0K*9.*2B./12. 
RAD = DSQRTiDABS(ENB»ENB-4.•+EHA-1E1C)) 
EN(1) = (-ENB+RAI0/2./ENA 
IF (EN ( I) .LT .0.0) LN('I) : : :  -(ENB+RAD)/2./ENA 
IF(ENd).LE.O.O) 60 TO 31 
EN (2) = 28. A2P/12. --EN CD/44.) 
IF (EN(2).LE.O.O) GO TO 28 
HENOM = 1.+EN(1)/EN(2)/9./C0K 
IF((EN(1).EQ.O.O).AND.<EN<2).EQ.O.O))DENOH = I. -1./9./C0K 
EN(3) = A3P*(1.-1./BEN0N)*9. 
IF(EN(3).LE.O.O) GO TO 32 
EN(4) = VARN<KK) -EN(1) -EN<2) -EN(3) 
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00010 c 
00020 C SUBROUTINE FOR LA6RANGIAN INTERPOLATION 
00030 C FOR INTERMEDIATE TEMPERATURES 
OOO 4 0 C 
00050 SUBROUTINE FLANGE(XINT) 
00060 COMMON /INDAT/MN.ICOL fJROU,TA<10.5),YINT<5),Y<10,5,5) 
00070 DO 10 J = 1.JRDU 
ODOBO 10 VINT(J) = 0. 
00090 I  = 1 
00100 5 CONTINUE 
00110 IF (XINT.LE.TA(I.MN)) GO TO 6 
00120 1=1+1 

00130 GO TO 5 
00140 6 HIN - I  -I 
00150 IF (MIN.LT.1 >M.TM = I 
00160 ii'.IX -HIN + 2 
00170 IRMAX.LE.ICODGO TO 4 
00180 HIN = I  COL - 2 
00190 MAX = I  COL 
00200 4 CONTINUE 
00210 DO 20 I = HIN,MAX 
00220 PROD = I .  
00230 DO 30 K •" HIN„MAX 
00240 IF(K.EQ.I) (3D TO 30 
00250 PROD = (X.INT--TA (K.HN )) / (TA CI ,MN )-TA<K ,MN) WROD 
00260 30 CONTINUE 
00270 DO 20 J = I.JROy 
00280 VINTiJ) ~ PROD+Y(I,J.HN) + VINT(J) 
00290 20 CONTINUE 
00300 RETURN 
00310 END 
+ 



00010 C 
00020 c SUBROUTINE FOR INTEGRATION BY THE RUNGE-KIJTTA-FEHLBERG HE 
0 0 0 3 0 c UITH SIXTH ORDER IMBEDDED ERROR DETERMINATION 
00040 c 
OOOjO SUBROUTINE RKF(STEP,NEQ.TIME,VAR.VARN.IFAIL.NINT> 
00 060 REAL K 
00070 DIMENSION K<200,8),VAR(200).VARN(200), RHS(200).ERR(i 
00080 1 ,IERR(200) 
00 090 c 
OOIOO c ERROR BOUNDS 
00110 c 
00120 ERRMIN = 1.E-5 
00130 ERRHAX = 1„E-7 
00140 A = 682. 
00150 B = 3375. 
00160 C = 2376. 
00170 D -"= 1375. 
00180 E = 640. 
00190 AA -= 42. ' 
00200 BB - 3375. 
00210 CC « 2376. 
00220 DD ::: 1375. 
00230 EE == 640. 
00240 DENOH = 8448. 
00250 I  FLAG »= 0 
0 0 2 6 0 .i. S 11 i- - 0 
00270 IF"AIL -= 0 
00230 5 CONTINUE 
0 0 2 9 0 CALL ARHSi IIHii:?RHS,VAR) 
00300 XSTEP - STEi-/6„ 
0031 0 DO 10 I  = 1„NEG 
00320 IERR(I) = 0 
0 0 3 3 0 ERR(I) = 0.0 
00340 K<I f1) = RHS(I) 
00350 10 YARN<1> = VAR(I) + XSTEP*K(I,1) 
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00710 
00720 
00730 
00740 
00750 
00760 
0 0 7 7 0 
00780 
00790 
OOBOO 
0 0 8 1 0  

00820 
00830 
00840 
00850 
00860 
00670 
00880 

0 0 8 9 0 
0 0 9 0 0 
0091 0 
00920 
0 0 9 3 0 
00940 
00950 
00 960 
00970 
00980 
00 990 
OIOOO 
0 1 0 1 0  

01020 
01030 
01040 
01050 

192 
TAU = TIME 
CALL ARHS < T AU,RHS.VARN) 
DO 70 I  = 1,NEQ 
K (1,7) = RHS(I) 
XSTEF = STEP*(93./640.+K(1,1) - I8./5.*K<I,2) 

t + 803./256.*K(I,3) - 11 -/1oO,*K<I,4) 
2 + 99./256.*K (1,5) + K<1.7)) 

70 VARN (I) = WAR (I) + XSTEF1 

TAU = TIME + STEP 
CALL ARHS(TAU,RHS„VARN) 
DO 80 I  = l,NEQ 

80 K(I,8) = RHS(I) 
DO 90 .1 = I.NEQ 
VARN(I) = VAR(I) + STEP/DENOM*(AA*K(I,1 

1 +CC*K(I.4)+DD*K<I.5)+EE*K(I,7)+EE*Ka.B)) 
Y5 = VAR(I) + S T E P /0 E NO M + -  (A+K (I, 'I)+B* K (1,3) 

1 +C*K(I.4)+D*K(I.5> + E*K<I.«4) ) 
IF(VARN(I).EQ.O.O> 00 TO 91 
ERR 11)  =  A B S (  < V A R N (  D - Y 5 ) / V A R N (  I ) )  
60 TO ?0 

91 EKR(I) - 0,0 
90 CONTINUE 

NINT = NINT + 1 
C 
C CHECK IF ERR(I) „GT. ERRMIN. DECREASE STEP IF TRUE 
C 

HO 99 I  = 1,NEQ 
IF (ERRi I).LE.ERRMIN) GO TO 99 
IF(VARN(I).LE.I.E-8)G0 TO 99 
IERR(I) = 1 
IFLAG = 1 

99 CONTINUE 
C 
C CHECK ERROR CONTROL. REDUCE STEP SIZE IF ERROR EXCESSSIVE 
C 



01060 
01070 
01080 
0! 090 
on oo 
o m o  
0 1 1 2 0  

01130 
01 1 40 
01150 
01160 
01 170 
0 1  1 8 0  

01190 
01200 
0 1 2 1 0  

01220 
01230 
01240 
01250 
01260 

01270 
01280 
01290 
01300 
01310 
01320 
01330 
01340 
01 350 
01 '360 
01 370 
01380 
01390 
01400 

193 
IFdFLAG.NE.1) GO TO 101 
IFLAG = 0 
NINT = 0 
ASTEP = STEP*0.2 
ISTEP = ISTEP + I 
IF(ISTEP.LE.4) GO TO 104 
IFAIL = 1 
GO TO 103 

104 CONTINUE 
1 FORHAT< 'IX."EXCESSIVE ERROR, X ~ ".1PE12.6," OLD 

1 STEP = " ,  i  P E12.6," NED STEP = ".1PE12.6) 
3 F0RMAT(1X f5(1X,I3.lX.1PE12.6>) 

M = 1 
N = 5 

93 CONTINUE 
M = M + 5 
H = N + 5 
IF(N.GT.NEB) N = NEO 
IF(H.GT.NEQ) GO TO 94 
GO TO 93 

94 CONTINUE 
STEP = ASTEP 
GO TO 5 

101 CONTINUE 
IFi'NINT,.LT„5) GO TO 10,3 
DO 102 I  = I.NEG 

102 IF <ER'R(I) .GT.ERRflAX) IFLAG = 2 
IF (IFLAG.EQ.2) GO TO 103 
NINT = 0 
IFLAG = 0 
ASTEP ~ 5TEP +2. 

2 FORMAT(IX," STEP INCREASED. OLD STEP • "IPEI2.6," 
1 NED STEP = ",1PE12.6) 

STEP = ASTEP 
103 CONTINUE 



00010 
00020 
0 0 0 3 0 
00040 
00050 
00060 
00070 
00080 
00090 
00100 
0 0 1 1 0  
00120 
C0130 
00140 
00150 
00160 
0 017 0 
OOIBO 
G01 90 
+ 

194 

C 
C SUBROUTINE FOR CALCULATING HEAT TRANSFER COEFFICIENTS 
C (SI UNITS) 
C 

SUBROUTINE HTTRN<TP,TG, TW.RP, KGAS, AF'.EGAS, VISGAS.RHOGAS. 
1 VGAS) 

REAL KGAS,HTCRU,HTCRG,HTCON 
COHMON /  SHEAT i  HTCRU.HTCRG.HTCON 
COMMON J CONST /  DF fPI,GASR,P,AREA 
HTCRU = B.300E-12*RP**2 
AHUU = (TP**4-TU**4) 
HTCRU = HTCRU*AHUU 
AMUG = (TP+M--TG++4) 
HTCRG 1.3558E- 12*EGAS* AMUG :*AP 
HTCON =AP*KGAS/2«/RP*<2.0 t 

1 SQRT(2.*RP+VG AS*RH 0 GAS/VISGA S)*0.55) 
HTCON = HTCON*< TP—T G) 
RETURN 
END 



195 
00010 C 
00020 c SUBROUTINE FOR CALCULATING GAS THERMAL PROPERTIES 
00030 c (SI UNITS) 
00040 c 
00050 SUBROUTINE THPROP(TG) 
00060 REAL K6AS 
00070 COMMON / GASDAT / QGAS rSR(5),MEtt 
00080 COMMON /  GASVAR / VGAS.KGAS.EGAS.VISGAS.CT.TAUG.TGAS 
00090 1 , AMUT 
00100 COMMON /  CONST / DF.PI.GASR.P.AREA 
00110 COMMON /SOLDAT / NFRAC,NATUM.NDEV.FRAC<10),TNUM(10).TW1<I0) 
00120 1 TNUNO (10). RF'M (1 0), OMASS (1 0), CHIN <! 0 > ,20(10,5) .TH < 1 0 ) 
00130 C0HH3K / SOLVAR / UP(i 0), TEHP1 0), TAUP(10), AP( 10). VP \ 1 0 ) 
001 40 1 SMASS (1 0), RF' (1 0), FRACTii (1 0), SAREA, CONV( 1 0) 
00150 9 10.5),EMIO(10,5) 
00160 VISGAS = <0.03043+4.989E-4*TG-0.1G93E-6*TG*TG)*-| .E-3 
00170 IF(TG.GT.1500.)VISGAS = 5.I9E-4+1.2*(TG-I500)*0.2E-6 
00180 SAREA = 0.0 
00190 KGAS = 0.5815E-5*TG**0.5/(1.+208.B/TG*10**(-12/TG>) 
00200 c 
0021 0 c DETERHINE GAS EMISSIVITY FOLLOWING CASHDQLLAR 
00220 c 
00230 DO 10 J = 1,NFRAC 
00240 10 SAREA = SAREA + AP( J) +TNIJMO (J) 
00250 EGAS = 1 .-EXP(~SAREA/VIJAS/'AREA/4,./PI+IIF/2.) 
00260 RETURN 
00270 END 



00010• C 
0 0 02 0 C SUBROUTINE FOR CALCULATING SOLID PROPERTIES 
00030 c 
00040 SUBROUTINE 8LPR0P<TfI.TG.RP.SLIP) 
06050 COMMON /USER/ PARI.PAR2.PAR3.PAR4,PARS,PARA.PAR? 
00060 1 ,PARS,PAR9,PAR10.PAR11.PARI 2,PARI 3.PAR 14.PAR 15, PAR 16 
00070 1 ,PARI 7,PARI 8,PARI 9,FIRST 
00080 DIMENSION G(100) 
00090 CGHMON / DEVOL / CA'I ,CA2.CE'i ,CE2,CNA1 ,CNA2,CNE'I ,CNE2 
00100 1 .ALPHC1,ALPHC2,ALPHN1,ALPHN2 
OOIIO COHMON / COLDAT / DENS.UATER<5),ASH(10.5) 
00120 COMMON / SRXBAT / DHR< 10) .RXS( 10) .L1VK1 .DVK2.DVK3, 
00130 1 DHRCO(10),RXCO(10).RXH2(10).DHRH2(10) 
00140 DHR(I) = (26142.33 + 0.82*T + 0.33E-3*T**2 + 0.71E5 
001 50 1 /T**3)/12. 
C0160 DH R C0(I) = -3.434 9E3 
001 70 c 
001 80 c PREFIX h « C+1/202-CG 
G0190 c B - C+C02=2C0 ' 
00200 c C = C+H20=H2+C0 
00210 c 
00220 TH = < T + TG)/2. 
00230 TK = Ttf++0.65+RP;M 2.5664 
00240 AMAS = 5.670E-6+TK 
00250 BHAS = 2.232E-6+TK 
00260 CMAS = 3.124E~6*TK 
00270 RXS(I) = 0.0 
00280 RXCO(I) =0.0 
00290 IF(T.LT.500.) GO TO 15 
00300 A1CHM = 2.56E2*RP+*2„*EXP<~9566./T> 
00310 A2CHK = 1...095E5#RP*#2.»EXPM9110./T) 
00320 ACHM = 1./(I./A1CHH+1„/A2CHH) 
0 0 3 3 0 BCHM = 3.104E3+RP**2*EXP < -2 1060./'T) 
0 0 3 4 0 RXS(I) = 1./(1./ACiih + 1./AMAS) 
00350 RXCO (I) = BCHM 



197 

00360 15 CONTINUE 
00370 CCHM = i". 4E5*L:XP<- 15600 »/T) 
00360 RXH2(I) = CCHM 
O0390 DUK1 = PARI +EXP(-PAR'2/1 ./T-'l./1500.)) 
00400 DVK2 = 1.00+BVK1 
00410 DVK3 = 1.00+DWI 
0 0 4 2 0 RETURN 
00430 END 
* 



00010 c 
00020 C SUBROUTINE FOR PRINTING CALCULATED RESULTS 
00030 C 
00040 SUBROUTINE SPRINT(NPROB,G) 
00050 INTEGER H4 
00060 DIMENSION VARNC200),VG<15),BMA8S(5>,CMAS8<5),ERR<5).FLOIK15) 
00070 COMMON /INDAT/NN, ICOL. JR0I4. TA (1 0.5). YINT< 5). Y ( i  0 .S. 5) 
00080 COMMON / GENL / X,STEP,ERRORPSTCHG.NSTEP 
00090 COMMON / GASCMP / EN (15), AnU( 15) ,,C( i -3) , ANUi I I j) 
OOiOO I ,NCOHP,UG(15) 
O0110 COMMON /SOLDAT / NFRAC,NAT[iri.NDEV.FRAC( I0),TNUM('I0) »TUT( 10). 
00120 1 TNUMOi 10), RFM(10),OMASS(10),CMIN(10),ZO(10,5),TM(10) 
00130 COMMON / SDLVAR / UP(10),TEMP(10),TAUPC10),AP(10),VP(10) 
00140 1 ,SMASS(10),RP(10),FRACTM(10),SAREA,CONV(10) 
00150 2 ,EM(10,5),EM10(10,5),UC(10,5) 
00160 COMMON i GASVAR / VGAS.KGAS.EGAS.VISGAS.CT.TAUG.TGAS 
00170 1 ,AHWT 
00180 COMMON / FLAGS / HI.H2.H3.H4.HMAX.IDENS 
00190 COMMON / SUM / TMASS.UNBURN,TMASN.AF.AMASS<5) 
00200 105- FORMAT (1X. 8 (1 X, i PE1 3.6 ,, 2X)) 
00210 106 FORMAT I IX, 12, l4X„7i IX, if'E'l I «5,4X)) 
00220 1 10 FORMAT(iX.8(3X,.F6.2»7X)) 
00230 107 FORMAT(IX,/) 
00240 C 
00250 C CALCULATE UNBURNED FUEL AND MATERIAL BALANCE ERROR 
00260 C »•» 
00270 DO 56 I  = 1,NFRA(I 
00200 TUT(I) = SMASS (I) + AREA;*:TNiJMO (I) 
00290 FRACTM(I) = TUT(I)/TMASS 
00300 56 TMASN = TMASN + TWT(I) 
00310 
00320 BO 58 I = 1.NC0HP 
00330 58 FLOIK I) = EN<I)*AREA 
00340 BMASSCI) = FLOUd)#12./44.+FL0U(2)*12./28. + FL0U(5) 
00350 1 *12./27.+FL0W(9)*12./16.+FLOU(10 



199 

00360 
00370 
00380 
00390 
0 0 4 0 0 
00410 
00420 
00-430 
00440 
00450 
00460 
00470 
00480 
00490 
00500 
0051 0 
00520 
00530 
00540 
00550 
00560 
00 57 0 
00580 
00590 
00600 
0061 0 
00620 
00630 
00640 
00650 
0 0 6 6 0  
00670 
00 680 
00690 
00700 

B«ASS(2) = FLOU(3)*2./18.+FLQU(4)+FLOUC5>/27. 
1 +FL0U(6)*3./17.+FL0U(9)*4./16.+FL0U<1<»*12./276. 
2 +FLOU(14)+2-/34. - GAMHA+2./1B. 

BMASS(3) = FLaiK1)*32./44.+FL0U<2)*16./28. 
1 +FL0U(3) + 16./1 8.+FLOU(7):*'l6 ./3O.+FL01K8 ) 
2 +FL0U(13)*32./64.- GAMMA* 16. / '18. - A IRO 

BMASS(4) = FL0U(5>*14./27.+FLQU<6)*14./17. 
1 +FLOW(7)*14./30. + FLOW<11> - AIRN 

BHASS(5) = FLOU(13)*32./64.+FLOim4)*32./34. 
UNBURN = 1.0 
DO 26 I = 1.NAT0H 
UNBURN = UNBURN -BMASS< I)/ (THASS-AF ) 

26 CMASS(I) = 0.0 
DO 27 M - 1.NFRAC 
HELTA = SMASS(H )*T.NiJM0( M) *AREA 
DO 27 I  = 1.NATOM 

27 CMASS(I) =. CMASS(I) + DELTA+WC<M,D 
DO 51 1 = 1 ,NATOM 
COW( I) - (AMASS* I>-CMASS(1) )/'AHASS(I) 
DENOH = A'MASS (I) 
IF< I..EQ.2)DEN0H = LOOM + 2./18.*GAMHA 
IF(I.EQ.3)DENOH = DENOH + 16./18.*GAMMA + AIRO 
IF(I.EQ.4)DENOM = DENOH + AIRN 

51 ERR(I) = (CMASS(I)+BMA9S(I)-AMASS<I))/DENOH 
108 FORMAT(1Ht) 

WRITE (22.10(3) 
2000 FORMAT(IX.I2HP0SITI0N, CH.4X.13HGAS RES TIME .3X.11HGAS 

1 AS TEMP. K.5X.12HUALL TEMP, K,4X,I2HGAS VELOCITY) 
2001 F0RMAT(1X,14HUNBURNED CARBON.2X.13HHASSF FLOU G/S) 
2002 F0RMAT(1X.3X,3HC02,13X.2HCO,i 4X.3HH20,13X, 

1 2HH2,14X,3HHCN,13X.3HNH3,13X,2HN0) 
2003 FORMAT(1X.2H02,14X,3HCH4.13X.3HTAR.13X.2HN2.I4X, 

1 2HAR.14X.3HS02,13X,3HH2S.I3X.5HTOTAL) 
2004 FORMAT(IX.59HGAS COHPS-ID/HASS FLUX/TUFF FLUX/ 

1 MASS CONC/UT FRAC/MOL FRAC) 



200 
00710 20 05 FORMAT<1X,17HSOLID PROPERTIES:) 
00720 2006 FGRMAT1X,8HFRACTI0MX,8HDIAHETER,8X, 
00730 1 4HHASS,12X,8HRES TIHE.8X,7HTENP, K,9X,8HVEL0CITY) 
00740 2007 FORHAT<1X,16X.4HAREA,12X,14HNUNBER DENSITr.2X. 
00750 1 13HHASS FRACTION,3X,11HTQTAL HASS) 
00760 2008 FORMAT(1X.3X.13HUT FRACTIONS:,7H CARBON,9X,BHHYDR0GEN,BX, 
00 770 1 6H0XYGEN.10X.8HNITR0GEN.BX.6HSULFUR) 
0 0 7 8 0 2009 FORMAT(1X.1Sri TOTAL CONVERSIONS:) 
0 0 7 9 0 2010 FORMAT < 1 X. 6HCARBON ,'i OX..BHHYDROGEH,, 
U 0600 1 8X, 6H0XYGEN. 10X .8HNITRQGEN, 8X, 6HS1JLFUR) 
00810 2011 FORMAT(IX,24HHATER.IAL BALANCE ERRORS:) 
00820 DFLUX =0.0 
00830 SUKW = 0.0 
00840 SUMY =0.0 
00850 DO 10 I  = 1,NCI]MP 
00860 YGQ) = UGd)*AHUT/AHU(I) 
00870 SUMU = SUMU + UG(I) 
00880 SUHY = SUMY + Y G (I) 
00890 DFLUX = DFLUX + ANIJ(I) 
00900 10 CONTINUE 
00910 DENOM = 1.-YGM) 
00920 FLUX = CT*VGAS 
00930 URITE<22.107) 
00940 WRITE(22,2000) 
00950 URITE<22.1 05) X. TAUG TGAS. YINT( 2) .VGAS 
00960 URITE(22,2001) 
00970 U ft17 E v 22,10 5) U NBU RN,T H AS N 
00980 URITE(22,107) 
00990 WRITE(22.2004) 
0)000 WRITE(22,107) 
01010 WRITE(22,2002) 
01 020 WRITE<22.110)(AHW(I).I = 1,7) 
01 030 URITE(22,105)(EN(I),I = 1.7) 
01 040 URITE(22,105) < ANU( I) ,1 1,7) 
01050 URITE(22,105) <C(.'[),'I = 1,7) 
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00010 
00020 
00030 
00040 
00050 
00 060 
00070 
00080 
00090 
OOIOO 
00110 
00120 

202 
C 
C SUBROUTINE FOR DETERMINING GAS COHPONENT DIFFUSIV3TIES 
C 

SUBROUTINE DIFFU<TfNCOMP) 
DIMENSION 01400(15) 
COMMON / DIFFUS / DIFF(15) 
DATA(D1400<I),1-1,15)/2.37,2.9?,3.?8,10.95,3.20 

1 ,3.60.3.03,3.01,3.27,3.00,3.0,3.0,3.0,3.0,3.0/ 
DO 10 I = 1.NC0MP 

10 DIFF(I) = DI400(I)*(T/I400.)**l.65 
RETURN 
END 



00010 C 
00020 
u 0 0 u u 

c 
r 

SUBROUTINE FOR SPECIFYING THE FUNCTIONS TO BE INTEGRATED 

00040 
L 

SUBROUTINE ARMS (TIME ,RH3, VAR) 
00050 LOGICAL FIRST 
00060 COHHON /USER/ PARI fPAR2.PAR3.PAR4,PARS,PAR6.PAR? 
CO 070 1 ,FAR8.PAR9,PAR 10.FAR11,PARI2,PAR 13.PAR I 4.PAR I 5.PARI 6 
00080 1 .PARI 7,PAR 18.PARI 9,FIRST 
0 0 0 9 0 DIMENSION 0(100) 
00100 COMMON / GASVAR / VGAS.KGAS.EGAS,VISGAS,CT.TAUG.TGAS 
00110 1 ,AHUT 
00120 COHHON / DEVOL / CA1.CA2.CE1.CE2.CNA1,CNA2,CNEI.CNE2 
00130 1 ,ALF'HC 1 ,ALPHC2.ALPHNi,ALPHN2 
00140 COHHON / GASDAT / QGA8.SR<5),HEQ 
00150 COHHON / GATMP / A10(15).A11 CI 5) 
001 60 COHHON / SRXDAT / DHR(10).RX8<10),DVK1,DVK2.DVK3 
0 01 7 0 1 ,DHRCO(10).RXCO<10>.RXH2<10).DHRH2 CI 0) 
0 01 8 0 COilhGN / GASCMP / EN(15),AMU( 15) .C(15) .AMJCI5) 
00190 1 .NCOfiP,WG( i 5) 
00200 COMMON / COLDiVl / HENS,UATER\5).A3H(10.5) 
00210 COMMON / SHEAT /  HTCRli .HTCRG .HTCQN 
00220 COHHON /SOLDAT / NFRAC,NATUH,NDEVfFRAC(10),TNUM<10).TUT<10) 
00230 1 TNUMO(10),RPM(10).OMASS(10).CMIN CI 0),Z0<10,5),TM(10) 
00240 COHHON / CONST / DF,PI,GASR.P.AREA 
00250 COHHON /INDAT/MN.ICOL,JROU,TA(10.5).YINT(5),Y(10,5.5) 
00260 COHHON / FLAGS / HI,H2.H3,H4,HMAX,IDENS 
00270 COHHON / DIFFUS / DIFFCI5) 
00280 COMMONVGSRXDT / GGNU(15,10) 
00290 COMMON / SOL VAR / UP (10) .TEMP (1 0 > ,TAUP (10).AP( 10) -VP (10) f. 
00300 1 SMASS(10),RP(10),FRACTM(10),SAREA.CONV(10) 
0 0 31 0 9 , E M (1 0,5),E M10(I0,5),WC( i 0,5) 
00320 REAL KGAS .HTCRU.HTC Rl3, HT C ON, HT TR N 
00330 DIMENSION VAR(200),RHS(200) 
00340 DIMENSION R(15).VSGRC<I 0),REAXNi10), 
00350 1 V(10),SORCC(10),SORCH(10),SORCN(10),SORCU <10) 



00360 
00370 
00380 
00390 
00400 
00410 
00 420 
00430 
00440 
00450 
00460 
0 0470 
0 0480 
00490 
00500 
0 0 51 0 
00520 
00530 
00540 
GO 550 
00560 
00570 
00580 
00590 
00600 
0 0 6 1 0  
00620  
00630 
00640 
00650 
00660 
00670 
00680 

00690 
00700 

204 
2 ,SDRCS(10),SORCQ(1O),B(15),DEV<1O,5) 

Ml = <NFRAC-1)«<NDElHNAT0H+3)+1 
N2 = NDEV+NATOH+3 
N3 =NFRAO <!NDEV+NAT0M+3) + 'l 
N4 = N3 + NCOMP - 2 

C 
C SET DE-VOLATILIZATION SUMS TO ZERO 
C 

TSORCC = O.O 
TSGRCH = 0.0 
TSDRCO =0.0 
TSORCN = 0.0 
TSOftCS = 0.0 

C 
C FIND CURRENT TEMPERATURES AND FLUXES 
C 

CALL FLANGE(TIHE) 
TG = YINTi'i) 
TGA5 = TG 
VG = 0.0 
AfiWT = 0.0 
FLUX = VAR<N3) 
N!i = N3 +3 
DO 7 I = N5.N4.1 
IF< VAR< I) .LT. I .E-'l 2 )UAR( I) = 0.0 

7 FLUX = FLUX + VAR(I) 
H = 5 
DO 23 I  = N5.N4J 
EN(M) = YAEil) 
WG(M> = VAR(I)/FLUX 
AHWT = UG<H>/AMU(M) + AHUT 

23 M = M + I 
C 
C DETERMINE WATER GAS SHIFT EQUILIBRIUM 
C 
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01060 
01070 
01080 
01090 
01100 
01110 
on 20 
011 30 
01140 
on  50  
0 1 1  6 0  
01 I/O 
01180  
01190 
0 1  2 0 0  

01210 
0 1  2 2 0  

01230 
01240 
01 250 
0 1 2 6 0  
01270 
01280 
01 290 
01300 
01310 
01320 
01330 
01340 
01350 
01 360 
01370 
01380 
01390 
01 400 

DO 14 N = 1,NAT0M 
HC(MfN) = 0.0 

14 CONTINUE 
Nd == I+NDEV+NATOM 
TP =VAR(N6+2) 
TMEAN = (TP+TO/2. 

C 
C DETERMINE GAB TRANSPORT AND THERMAL PROPERTIES 

CALL THPROF(TMEAN) 
C 
C PARTICLE HEAT CAPACITY 
C 

CP = 0.336 ( ?.50E-5*VAR(N6+2) 
C 
C PARTICLE VELOCITY 
C 

VEL = VAR(N6+1) 
C 
C UPDATE PARTICLE NUMBER DENSITY 
C 

TNUMiM) = TNUMO(H)/VEL 
C 
C FINIi ASH DENSITY FOR GAS EMISSIVITY 
C 

RASH = RASH + CMIN<M)*TNUM<H> 
C 
C DETERMINE RELATIVE GAS/PARTICLE VELOCITY 
C 

SLIP = ABS(VG-VEL) 
C 
C IF IDENS.EQ.1rSIZE IS CONSTANT-DENSITY VARIES 
C 

IFdDENS.EQ.I ) GO TO 39 
RP<H) = <SHASS(M)/DENS*.75/PI)**<1./3.) 
GO TO 40 



01410 39 
01420 40 
01430 
01440 C 
01 450 c 
01460 c 
01470 
01480 c 
01490 c 
01 500 c 
01510 
01520 
01530 c 
01540 c 
01550 c 
01 560 c 
01570 c 
01580 c 
01590 
01600 c 
01610 C 1 
01620 c 
01630 
01640 C 
01650 C 1 
01 660 c 
01670 
01 680 c 
01690 C 1 
01 700 c 
01710 
01720 
01730 C 
01740 C 1 
01750 c 
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dens = snas8<n)/<4./3.*rp<m>#*3) 
CONTINUE 
AP<Hi =4.*RP{M)**2.#FI 

call slprop(tp,h,tg„rf(m).slip) 

CALL HTTRNCTP.YINT (I) ,YINT (2), R P (M) ,KGAS. AP (M). EG A S3. VIS (3 A S 
1 ,CT,SLIF') 

ACTIV = ((SHASS(H)-CMIN(M))/((3HASS(M)-CM:[N(M) ))**PAR14 

CO = R XS (h) *  C (8) J C T *  AMU T/ A MU (13) *  P :* A C"f IV 

C02 -- RXC'j f  H) :*C( ' i  :>/CT*AiWT/Ai l lJ( 1 )*P+ACTIV 

CH2 = RXH2 (H) *SMA3S (M) , 'I) 
1 »C<3)/CT*AMUT/AMU(3)»P*ACTIV 



01760 CNO = 0.0 
01770 IF<TP.LT.600.)60 TO 300 
01780 CA1 = PARI2#EXP(-PARI 3/1.987/TP) 
01790 CANO = CA1*4.*RP<M)**2*PI 
01800 CNO = CAN0*C<7>/CT*AMUT/Amj<7)*P*ACTIV 
01810 1 *<0.232-C<B)/CT)/0.232 
01820 SUM3 = O.O 
01830 XNQ = C(7)/CT*AHUT/AMW(7) 
01 840 XH20 = C(3) /CT + A Hl-JT/AMw <3) 
01 850 XHCN = C(5)/CT*AMUT/AHU (5) 
01 860 XNH3 = C(6)/CT*AMUT/AMU(o) 
01670 XH2 = C(4)/CT :+AMiJT /MUi 4) 
01880 XCO = C < 2)/CT *AH WT/AMU(2) 
01 6 9 0 CHCN = 4.*PI*A CTIV*(.232-C < B)/C T >/.232 
01 900 1 +RP (ri) * *2.*PAR8 * EXP<- PA R 9/1 .9 8 7 / "f P) 
01910 R<5) = R(5)-TNIJH<M)*XHCN*CHCN 
01 920 C 
01930 C SOLID REACTIONS 
01 940 C 
01950 C RATES ARE FORMULATED FOR EACH ELEMENTAL COMPONENT OF 
01 960 C EACH PARTICLE 
01970 C 
01980 DO 17 N = 1,NATOM 
01990 IF <UC(H ,N) „l.T „0.0) WC(M.M) = 0.0 
02000 RHS(I+NDEV-1+N) = UC<H,N)*<C0+CD2)/VEL 
02010 IF(N.EQ.I) RHS(I+NDEV-i +N) = RHS<I+NDEU-1+N) + 
02020 1 /VEL + CH2/l/EL + C02*UC<M,3)*12./16./i;EL 
02030 IF(N.EQ.4)RHS(I+NPEV-1+N) = RHS<I+NDEV-1iN) 
02040 17 SUM3 = SUH3 - RHS CI+NHEM- 1-+N) 
02050 c 
02060 c DETERMINE SOLID DE VOL A TIL HAT I ON RATES 
02070 c 
02080 c TEMPERATURE DEPENDENT TERMINAL YIELDS 
02090 c 
02100 VSTAR'C = 1.1722+1.6041E-4*TP) 
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0 2'i 10 VSTARH = 0.10 
02120 VSTARN = l.-<PAR7+1485.*EXP<-i?500./1.987/TP)) 
02130 1 /(1485.*EXP(-17500./1.987/TP) + 1.) 
02140 C 
02150 c DEVOLATILIZATION RATES FOR EACH ELEMENTAL COMPONENT OF 
02160 c EACH PARTICLE 
02170 c 
02180 c TAR EVOLUTION: 
02190 c 
02200 DEVCHJ ) = DVK'I * (SMASS <M)+UC (M. I )-USTAROZO(M, 1 )*OMASS( H)) 
0 2 2 1 0  c 
0 2 2 2 0  c H Y D R O G E N  E V O L U T I O N  
0 2  2 3 0  c 
0 2 2 4 0  DE V  (h, 2) * DVK3*(SMA SS iM) * U C  (M, 2 > •» V ST AR h *20 < M, 2) *  D M  A S S  (M) )  
0 2 2 5 0  c  
0  2  2  6  0  c O X Y G E N  E V O L U T I O N  
0 2 2 7 0  c  
0 2  2 8 0  I . O  ( l i .  3 )  - Ii V i <  1  *  <  S 1 1  f t  ; - 5 S  { M )  *  U C  i H . 3  )-V8T A R C ' - * 2 0  <  M ,  3 )  * Q f l A S S  ( M ) )  
0 2 2 9 0  c 
0 2 3 0 0  c N I T R O G E N  E V O L U T I O N  A S  H C N  
0 2 3 1 0  c  
0 2 3 2 0  D E M  ( M , 4 )  =  D V K 2 * ( S H A S S ( M ) * U C < H . 4 ) - V S T A R N + Z O ( M . 4 ) + G H A S S < h > )  
02330 c 
02340 c SULFUR EVOLUTION AS H2S 
02350 c 
02360 DEV<M,5) = DVK I + (BMASB(M) *WC (h, 5) - VSTARC:*ZO (M, 5) :*(3M ASS(M)) 
02370 RHS( 1-1 + 1 ) = <264./276.*DEV<H.1)+12./1A.*DEV<h.3) 
02380 1 +12./14.*DEV(M,4))/VEL 
02390 RHS(I-1 + 2) = ( D E V < H . 2)+1 2 . / 2 7 6 . * D E V ( M , 1 ) + D E V < r t , A ) / 1 4 .  
0 2 4 0 0  1  + 2 . / 3 2 . * B E V ( M , 5 ) ) / V E L  

0 2 4 1 0  R  H  S ( I - 1 +  3 )  =  D E V i  N , 3 ) / V E L  

0 2 4 2 0  RHSt 1 - 1+4) = DEV<M.4) / V E L  
0 2 4 3 0  RHSt1-1+ 5 )  =  D E U(H. 5 > / V E L  
0 2 4 4 0  DO 16 N = 1fNDEV 
0 2 4 5 0  IF(RHS ( I + N - - 1  )  . L T .  O . O  ) R H 5 <  I+N- ' l )  -  0 . 0  



02460 DEWH.N) = RHS(I+N-1) 
02470 16 SUMS = SUM3 - DEV<M,N) 
02480 C 
02490 C SUM DEVOLATILIZATION SOURCES 
02500 C 
02510 TSORCC = TBORCC + DE0(M,1)*TNUM0(N)*264./276. 
02520 TSCRCH = TSORCH + DEV(M,2)*TNUH0<H) 
02530 1 +DEV(h,1)*12./276. 
02540 TSORCO = TSORCO + DEU(M,3>+TNUH0(M) 
02550 TSORCN = TSORCN + DEV(M,4)*TNUM0(M) 
02560 TSORCS = TSORCS + DEV(M.5)*TNUM0(M> 
0 2 5 7 0  C  
02580 C PARTICLE R E S I D E N C E  T I M E  
02 590 C 
0 2 6 0 0  K H S  ( I '  +  N D E V + N A T O M )  =  1  , , / V E L  
02610 C * 
02620 C PARTICLE M O M E N T U M  B A L A N C E  
0 2 6 3 0  C  
0 2 6 4 0  h e  -  2 , , : * R I ; : ' ( H ) i : 3 i . J P ; ' i : C T / , y i ! i ) G A S  
0 2 6 5 0  I F  ( S L I P . E w .  0 „ 0  ) G u  I D  2 0 2  
0 2 6 6 0  I F  i  R  t .  G  T .  I  „ )  ( 3 ( 3  T O  2  0  I  
0 2 6 7 0  F P  =  6. * P I * V I S 6 A ; 3 + S L I F ' + R P ( H )  
02680 GO TO 204 
02690 201 FF' * 18.5/RE**0„6*PI*RP(M)**2*0.5#CT*SLIP**2 
02700 GO TO 204 
02710 202 FF' = 0.0 
02720 204 CONTINUE 
02730 IF((UG-UEL).LT.O.0) FP = -FP 
02740 RHS( I+NDEU+NATOH+'I) = 980./VEL 
02750 1 + FP/SMASS(H)/VEL 
0276 0 C 
02770 c particle ENERGY BALANCE 
02780 c 
02790 RHS(I+NDEV+NATOM+2) = <CQ*DHR<N> + C02*DHRCO<N) 
02800 2 -(HTCRU + (HTCRB+HTCON))) 



02810 
02820 
02830 
02840 
02850 
02360 
02870 
02860 
02890 
02900 
02910 
02920 
02930 
02940 
02950 
02960 
02970 
02980 
02990 
03000 
0301 0 
030 20  
03030 
03040 
03050 
03060 
03070 
03080 
03090 
03100 
03110 
03120 
03130 
03140 
03150 

3 /VEL/SMASS(M>/CP 

C SUM ALL SOLID REACTIONS OVER REACTOR VOLUME 

C O  = CO*TNUM<M) 
CO2 - C 02 * T N Li ivi (M) 
RN0N2 = PARI 0 :*E X P < -  PA R iI/1.987* (I. /  T F-1 ./1500.)) 
FNO = KN0N2/ < 1 .+RN0N2) 
FN2 = I .-FNO 
CNO = CNO*TNUM(H) 
CH2 = CH2*TNUH<M) 
r <1 ) = r< 1 >-44.*c02*<uc<m.1)/12.+uc<h,2>/2.+uc<m,4)/14. 
+uc<m.5)*2./32. ) 
R  ( 2 )  =  R ( 2 )  +  2 B . / 1 2 . * C D * U C ( M , 1 )  
+28.*C02+ ( UC(H J )*2./12.HIC(M,2)/2.+UC<N,3)/1<S.+UC(M,4) 
/ 1 4 .  +  2 .  *  U  C  v  « . 5 ) / 3 2 . )  

211 

10  

c 
c 
c 
c 
c 
c 
c 
c 

+ ch2*28./12. 
18 ./2.*WC CO) -18./12.+CH2 
2./12.+CH2+ UC(M,2)#C02 
30./ I 4 „wC(tt,4)*iC0 )+FN(3 

I + CN0 + 28./12. 
R  ( 3 )  =  R  v  3  >  +  
R < 4) - R ( 4 ) + 
r (7) = ft ». 7 ) + 

—  C  N  u  
r(8) = R < 8  >  -  1 6 .*c0*<iJC(m, ' i )/12. + WC(M»2)/2. + HC(M,4)/14. 

+ FNO + WC ( M ,  5)/32.+2. - UC(M.3>/1<&.) 
R( 1 3> = R < 1 3 ) + 2.*WC(M,5)*(C0 + C02) 
R ( 1 1 )  =  R (  1  1  )  +  C N 0 * 2 8 . / l 2 . / 2 .  
+UC(H,4) + <CO*FN2 + C02)+CHCN*27./I2./2. 
m = m +1 

DETERMINE GAS PHASE KINETICS 

1 = C02, 2 -  CO, 
8 = 02, 9 = CH4. 
14 = H2S 

3 = H2D. 4 = H2, 5 = HCN. 6 - NHS, 
1 0 = CXHY, 11 = N2. 12 = AR, 13 = 

7 
bo;; 

no* 

SOURCES FOR COMBUSTIBLES ARE REACTED IMMEDIATELY IF 02.GT.0. 



03160 C B IS THE REACTION VECTOR. CONVERSION TO MASS UNITS IS DONE 
03170 C INTERNALLY 
03 180 C 
03190 C 
03200 C CARBON MONOXIDE OXIDATION 
03210 C 
03220 B(1) = O.O 
03230 IF(TG.LT.600.) 00 TO 22 
03240 IF(C(8).LT.O.O.OR.C(3).LT.O.O) GO TO 22 
03250 .  B (1) = 1.BE13«C<2)*C<B)#*0.50*C<3>#*0.5 
03260 1 *EXP(-25000./1.9B6/TG)*1„4B8E-3 
03270 22 CONTINUE 
03280 C 
03290 C METHANE OXIDATION 
03300 C 
03310 B(2> = O.O 
03320 IF(C(9).LE.O.O)GO TO 21 
03330 B < 2) = ?.8E6/TG*< C(8)/C(9))**0.5*C(B>*EXP <-60000. 
03340 1 /1.966/TG)*2.20971E-02 
03350 21 CONTINUE 
03360 DO 4 I  = 3»P 
03370 4 6(1) = O.O 
03330 C 
03390 C VOLATILE SOURCES ARE COHBUSTED INSTANTANEOUSLY 
03400 C 
03410 IF(C(8).le«0»0)GO TO 5 
03420 B<3) * TSORCC/12. -  TS0RC0/16. 
03430 B(4) = TSORCH/2. 
03440 B<5) = TSORCO/16. 
03450 B(6) = TSORCN/14. 
03460 B(7) = TSORCS/32. 
03470 5 CONTINUE 
03480 IF<C(4).LE.O.O)G0 TO 97 ' 
03490 C 
03500 C HYDROGEN CYANIDE DESTRUCTION 



03510 C 
03520 IF<XHCN.LT.1.E-6)XHCN = PARI 9 
03530 B < 8 )= PARI5*EXP (-PARI 6/1.987/T(3)*XHCN*XH20/SQRT <XH2) * < 
03540 1 /82.057/TG)**2 
03550 C . 
03560 c NITROGEN OX IDE/AMMOMIA DESTRUCTION 
03570 c 
03580 = PARI7+EXP*-PARi8/1.987/TG)*XN0*XNH3/8QRT<XH2> 
0 3 5 ? 0 1 +•( 1 . /82 .057/TG>+*2 
03 6  00 7 7 C 0 N TIN U E 
0361 0 C 
03620 c SUM ALL HOMOGENEOUS REACTIONS 
03630 c 
03640 DO 15 K = I.NCOMP 
03650 DO 15 J = 1.9 
03660 R(K) = R(K) + OGNtJ(K„J)+B(J):fArtW(K) 
03670 IS CONTINUE 
03680 c 
03690 c DEUOLATILIZATION SOURCES IF O2.LE.0 
03700 c 
03710 IF(C(B).GT.0.0)(30 TO 6 
03720 R'( 2) = TS0RC0+28./I6 .  + R<2) 
03730 R<4) = R<4) + TS0RCH-TSQRCN/14.-2.*TSQRC8/32. 
03740 1 -TS0RCC*12./264. 
03750 R(5) = R(5> + 27./14.*TSGRCN-
03760 R(10) = TSQRCC *276./264. - 12./16.+T SO ft CO-12 . / 14„*T SOR i 
03770 R (1 4) = R (1 4) .• i  7. /16. +TS0RC8 
03780 6 CONTINUE 
03790 M = 5 
03300 C 
03o 1 0 C HOMOGENEOUS RATES FOR WATER (3AS SHIFT REACTION EQUILIBRIUM 
03820 C 
03830 RHS(N3) = R(1)+R(2)+R(3)+R(4) 
03840 ACCEL = RHS <N3) 
03850 RH5(N3+1) = 12./44« *R(1) + 12./28.*R<2) 



03860 
03870 
03880 
03890 
03900 
03910 
03920 
03930 
03940 
03950 
0396 0 
03970 
03980 
03990 
04000 
0401 0 
04 020 
04030 
04040 
04050 
04060 
04070 
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I +r2./27.*R<5)+12./t6.»R<?)4R<10)*2<S4./276. 

RHS(N3+2) = R(3)/9.*R<4) + R<5)/27.+3./17. 
1 *R(A) + 4./16.*R(9) + 2./34.*R(14) 
2 +R<10)*12-/276. 

C 
C HOMOGENEOUS RATES FOR OTHER SPECIES 
C 

N7 = N3 + 2 
DO 30 I  = N3,N7 

30 IF((RHS(I).LT.O.O).AND.(VAR(I).LE.1.E-14)) RHS CO - C.O 
DO 20 I  = N5.N4.1 
RHS(I) = R(H) 
if ((rhs (i) .LE.0.0) .and.. ( uar (i) .LE.'I .e-14))RHS<i) - 0.0 
h = h + 1 

20 ACCEL = RHS(I) + accel 
J = N4 + 1 

C 
C GAS RESIDENCE TIME 
C 

RHS <J) =1./VG 
RETURN 
END 



215 

DATA FILE CONSTRUCTION 

Following is detailed data file construction instruction for 

use in running the combustor model code. Line numbers are for reference 

in the following data file listing only. See program listing for formats 

Line 1: NINDEX = starting print position (see DATA statement, line 

400 in program listing for distances in cm. 

Line 2: NCASE = 1 for post-flame runs only. Any other value for 

full combustor runs may be used. 

Line 3: NFILE = number of stacked runs requiring a separate input 

data file (Lines 40-140 of this listing for each case). 

Line 4: JROW = 02 

ICOL = Number of measured temperatures (02-10) 

SR = Stoichiometric ratio 

SGAS = Stoichiometric air flow (SCFM) 

XSTEP = Print step in cm 

STEP = Initial step size (greater than 0.0) 

Line 5: TI0 = Initial unburned carbon, fraction (if NCASE = 1 only). 

Line 6: Gas temperatures (1-IC0L), K. 

Line 7: Wall temperatures (1-ICOL), K. 

Line 8: Thermocouple positions (1-ICOL), cm. 

Line 9: Number of particle size fractions, NFRAC; fraction (1-NFRAC) 

in each size class. 
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Line 10: Particle radii (1-NFRAC). 

Line 11: Proximate water content of coal (fraction), initial bulk 

3 
density of coal, g/cm . 

Line 12 (one for each particle size, NFRAC): Initial DAF fraction of 

C, H, 0, N, S; dry basis ash content (fraction). 

Line 13: Number of reactions in array of stoichiometric coefficients 

(9); number of gas component compounds (0-14). 

Line 14: Initial mol fraction of gas components (see line 3110 in 

program listing for identity). 

Lines 15-25, second input data file for stacked runs. 

Line 26: Density control, 1 for constant size particles; 0 for 

constant density (reducing radius). 

Line 28: Heterogeneous NO reduction preexponential; activation 

energy; selectivity preexponential; activation energy. 

Lines 29-38: Molar stoichiometric coefficients for gas reaction. 
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CALIBRATION AND CALCULATION PROCEDURES 

Thermal Conductivity Detector Calibration 

The thermal conductivity detector is calibrated with the two 

gas mixtures shown in Table B.l. These two gas mixtures provide cali

brations across the range of expected values of the composition of the 

individual, gases. 

The compositions of the individual gases are determined from 

relative response factors determined from Equation B.l: 

fi * BN r 
x 

where f^ is the response factor; C^, the calibration gas composition, 

and A^, the peak area for component i. is the response constant for 

the reference compounds, taken as nitrogen in this work, and defined as: 

Bn - c" (B.2) 
N 

It is necessary that the response constant, B^, be truly constant (the 

response be a linear function of concentration) over a range of compo

sitions expected. 

The compositions of a gas sample are then calculated from Equa

tion B.3, provided all responses are linear with concentrations, 

C. = a.f./Sa.f. (B.3) 
i x x ^ 3 j 

Response factors for the gases measured with the hot wire detec

tor are given in Table B.2. It should be noted that the response factor 
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Table B.l. Chromatograph calibration gases 

Low Range High Range 
% vol. % vol. 

H2 1.15 6.91 

N2 to balance to balance 

o2 1.01 

CH, 0.98 5.00 
4 

CO 0.98 5.01 

C02 5.05 15.00 
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B.2. Hot wire detector response factors 

Low Range 
% vol/area 

High Range 
% vol/area 

H2* 24.98 25.63 

°2 0.430 

N2 0.475 0.475 

CH. 4 0.572 0.583 

CO 0.504 0.500 

co2  1.024 1.012 

* Included an adjustment for ̂  slip into the sample loop 
of -0.0049 area units. 
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for hydrogen includes an area adjustment to account for the slip (by 

diffusion of hydrogen into the sample from the carrier gas (8.5% ̂ , 

Hg balance). 

Nitrogen Phosphorous Detector Calibration 

The nitrogen phosphorous detector is calibrated with acidified 

water solution of KCN to avoid the use of HCN calibration gases (which 

is unsuitable for use in the laboratory area owing to inadequate venti

lation) . 

The water solutions are prepared from the same standard KCN 

solutions that are used for electrode analyses. A single sample is pre

pared from 100 ml of deionized water to which methyl red indicator is 

added, 10 ml of 0.01M KCN, add enough acetic acid to reduce the pH to 

4.0 or less. This solution then becomes the "standard" from which lower 

concentration samples can be prepared by dilution. The sample is capped 

and injected in to the Porapak T column with a 0.1 yl liquid syringe. 

The usual sample size is 0.1 JJl (range 1, bead current, 4.5). 

Several checks of the linearity of the NPD response have been 

made by injecting more or less sample in addition to preparing samples 

by dilution. The response factor for the calibration data shown in 

Figure B.l is 2.38 area units/mol. HCN. The corresponding gas sample 

response is 6.23 ppm/area unit. Both responses have a standard devia

tion of less than 5%, calculated from the data in Figure B.l. 

Sample Loop Calibration 

The size of the sample loop attached to the 10-port gas sampling 
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o _ 
ft R=2.384 
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o 

Bar Shows Mean11/2 Standard Deviation 

_l ± ± _l 
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Figure B.l. NPD response factors. 
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valve was determined by equating the responses of known values of CC^ 

calibration gas injected with a gas syringe to the response to the 

same gas under known automatic injection conditions. The calculations 

are shown in Figure B.2 which shows that the sample size is 212.5 + 

0.6 yl, or 176.3 + 0.5 yl (STP). Note this is the sample size, not the 

sample loop volume except at STP. 

Given the sample loop size, the HCN concentration in a gas 

sample can be related to the response of HCN in a liquid calibration 

sample: 

ppmV HCN (gas) = R/(V-Z) 

Where R is the area response for HCN in a gas sample, V is the 

sample size in micromoles of gas at STP, and Z is the response factor 

for HCN determined with liquid calibration samples. 

Specific Gas/Ion Electrodes—Procedures 

Both the NH^ gas and the CN ion electrodes obey the Nernst 

equation: 

C = C - R log E/E (B.4) 
o o 

where C is the concentration and E is the electric voltage or response. 

Units conversions and scaling factors are embodied in the electrode 

slope, R. 

Daily procedures include determining the value of the slope (R) 

for each electrode. The base reagents used for the purpose are 0.01 m 

CN and 1000 ppm (as N) NH^. In both cases, determining a calibration 

curve (Figure B.3) is as follows: 
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C02 Response 
Auto Injection 
_ from Loop. 

1 

0 100 200 300 400 500 

C02 Sample Injected with Gas Syringe, pi 

Figure B.2. Sample loop calibration. 
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Ammonia Electrode 100 

-Slope=-54mV/ppmw 

>Slope = -5 5mV/ppmw 

•g -100 
Cyanide Electrode 

-200 

-300 

1.0 10.0 100.0 0.001 0.01 0.10 
Ion Concentration, ppmw 

Figure B.3. Ion electrode calibration curves. 
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1. Dilute 10 ml of reagent with 100 ml of deionized water and 

1 ml of 10 M NaOH. Mix and measure the electrode response. 

The base reagent dilution factor is 0.0001. 

2. Repeat Step 1 as necessary using the product from Step 1 as 

the base reagent. It is usual to make 3 dilutions to cover a 

concentration range of about 1/10,000 for both the cyanide and 

ammonia electrodes. 

Analysis Procedures 

1 
Since the quench water will always contain some sulfide, to 

which the silver-based cyanide electrode is chemically attacked, the 

sulfide must be precipitated before the cyanide electrode can be used. 

Using the procedures of Blair et al. (1976), add 0.1 g of CdSO^ to the 

100 ml sample of quench water which contains 1 ml of 10M NaOH. Stir 

for 15 minutes before analysis with the cyanide electrode. The ammonia 

electrode is not affected by the presence of sulfide in the water sample. 

Figures B.4 and B.5 show the results of precipitating the sul

fide (from added NaHS) from solutions of KCN. As the results show, 

there is only a minimal difference (not statistically significant at 

the 99% level) in the means of the two sets of data. 
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/ 

O 100 ppmwdMH^S 

A 250 ppmw (NH4)2 S 

5 10 15 20 25 

CN^ Standard Concentration, ppmw 

Figure B.4. Sulfide precipitation—high range. 



2.01-

O 100 ppmw (NH^S 
A 250 ppmw (NH^S 

0.5 1.0 1.5 2.0 

CN7 Standard Concentration, ppm 

Figure B.5. Sulfide precipitation—low range. 
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HP-41 C Utility Programs 

Following are instructions, sample outputs and program listings 

for material balance and other routines for the HP-41 C pocket calculator. 
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HP-41 C Program "TRACE" 

Program "TRACE" calculator elemental conversions based on 

carbon as a tracer. Data storage registers are initialized as de

scribed for "UNBURN." 



61*LBL 'TRUCE' 
•ENTER" flVIEU CLfi 
•X C :' PROMPT STO 26 
CLfi 'X H :' PROMPT 
STO 27 CLfi 'X N :• 
PROMPT STO 28 CLfi 
•X ASH :• PROMPT 
STO 29 CLfi 
•ST. RATIO :• PROMPT 
STO 62 ADV 1 RCL 62 
- RCL 10 * RCL 26 / 
STO 56 CLfi 'X fiSH :• 
flVIEU CLfi RCL 15 XOY 
/ VIEW X CLfi 
•CONVERSIONS:* flVIEU 
ADV CLfi "CARBON :• 
flVIEU CLfi RCL 56 
RCL 16 / RCL 26 * 1 
XOY - VIEW X CLfi 
•N flVIEU CLfi 
RCL 56 RCL 13 / 
RCL 28 * 1 XOY -
VIEU X -H flVIEU 
CLfi RCL 56 RCL 11 / 
RCL 27 • 1 XOY -
VIEU X ENS 
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HP-41 C Program "UNBURN" 

Program "UNBURN" is a combination of several material balance 

programs used in data analysis (Glass, 1978). The program requires 

data registers initialized as follows: 

Register Data 

10 % Carbon (dry) 

11 % Hydrogen (dry) 

12 % Oxygen (dry) 

13 % Nitrogen (dry) 

14 % Sulfur 

15 % Ash 

16 Mole O2 required per mole at SR = 1.0 

17 Moles ̂ 0 formed/mole coal at SR = 1.0 

18 R16 - 1.0 
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run 
instruhent analysis only 

? 

n run 

solid analysis only ? 
n run 

coal = utah char 

•* o.k. ? *• 
y run 
position = ? 

1.8886 run 
gahhfi = ? 

.8806 run 
g.c. data : 
X h2 = ? 

5.8886 run 
pphv no = ? 

1,886.8666 run 
pphv hcn = ? 

588.8866 run 
pphv nh3 = ? 

356.8066 run 
X co = ? 

.5666 run 
X c02 = ? 

18.8666 run 
burnout = 78.89 X 

eta = 168.94 X 

bry flue gas = 4.26 
srcf = 8.71 

X xn conversions : 
no : 28.63 
hh3 : 18.82 
hcn : 14.31 
total : 52.96 

************ 

analyzer data : 
x co = ? 

i8.ee run 
X CO? = ? 

j1im run 
burnout = 141.28 * 

eta = 186.83 X 

iry flue gas = 4.71 
srcf = 8.78 

X xn conversions : 
no : 31.61 
nk3 : 11.86 
hcn : 15.81 
total : 58.48 

************ 

solid analysis -

enter X c : 
38.86 run 

1.86 run 

.16 run 

4.ee clx 
52.ee run 

conversions = 
total = 65.38 
daf tot = 79.74 
carbon = 82.41 
hydro = 58.55 
nitro = 97.34 



PRP 'UNBURN-

6ULBL 'UNBURN' 
CF 65 CF 66 CLfl 
"INSTRUMENT - ACA CLfl 
•flNflLYSIS " flCfl CLfl 
•ONLY ?• ACA ROV RON 
•Y" flSTO Y CLfl PRBUF 
STOP flSTO X X=Y? 
SF 85 flDV -SOLID * 
flCfl 'ANALYSIS ' flCfl 
•ONLY ?* ACA PRBUF 
STOP flSTO X X=Y? 
SF 66 CF 61 CF 62 
CF 63 CF 64 6 STO 22 
1 STO 61 CLfl 
-COAL = * fiCfi CLfl 
RRCL 16 -h* fiRCL 1? 
flCfl CLfl flDV PRBUF 
•V flSTO Y CLfl 
•** O.K. ? flON 
PROMPT flSTO X flOFF 
X=Y? CTO 02 

64«LBL 01 
flDV -COflL = ?" AON 
PROMPT flSTO 16 flSHF 
flSTO 17 AOFF CLfl 
•DRY C/10, * ACfl CLfl 
•H/ll, 0/12," flCfl CLfl 
• N/13, S/14, " ACA 
CLfl -flSH/15- flCfl CLfl 
PRBUF flDV 
•Z/19, Y/28, • flCfl 9 
flCCHR CLfl */21' flCfl 
CLfl PRBUF STOP 

98*LBL 62 
CLfl -POSITION = ?• 
PROMPT STO 22 CLfl 
-GflHMfl = ?* PROMPT 
STO 62 FS? 61 GTO 63 
FS? 66 GTO 68 
-G.C. IflTfl :- PRfl CLfl 
GTO 69 

115«LBL 63 
"ANALYZER DATA :* PRfi 
SF 81 GTO 18 

126«LBL 89 
•X H2 = ?" PROMPT 
STO 65 CLfl 
•PPHV NO = ?• PROMPT 
STO 67 CLfl 
•PPHV HCN = ?" PROMPT 
STO 89 CLfl 
•PPHV NH3 = ?• PROMPT 
STO 68 

136*LBL 10 
'X CO = ?• PROMPT 
STO 03 CLfl "J. C02 = ?" 
PROMPT STO 04 

144»LBL 11 
RCL 19 4.76 * RCL 82 
• 1.5 RCL 22 * 
RCL 26 • + RCL 21 -
RCL 03 RCL 64 • * 
RCL 03 2 / 186 XOY 
- / RCL 62 / STO 24 
RCL 61 - AOS .681 
XOY X<=Y? SF 82 
RCL 24 STO 81 RCL 19 
4.76 * RCL 61 + 
RCL 82 • RCL 21 -
RCL 85 * RCL 26 / 
168 RCL 83 2 / + 
RCL 04 + / STO 23 
RCL 22 XOY - ABS 
.685 XOY X<=Y? SF 63 
RCL 23 STO 22 FS? 62 
GTO 12 GTO 11 



216«LBL 12 
RCL 82 RCL 01 * CLA 
-BURNOUT = * RCA CLfl 
106 • FIX 2 ACX * X' 
ACA CLfl PRBUF ADV 
CLfl "ETA = • flCfl CLfl 
RCL 22 106 * flCX 
• X' flCA CLA PRBUF 
ADV 4.76 RCL 19 * 
RCL 01 + RCL 02 * 
1.5 RCL 22 * RCL 20 
• + RCL 21 - RCL 03 
2 / RCL 04 + 100 / 
1 • / STO 08 
•DRY FLUE GflS' flCfl CLfl 
• = " flCfl flCX PRBUF 
CLfl 4.76 RCL 19 * 1 
+ / "SRCF = • ACA 
flCX PRBUF ADV CLfl 
•X XN CONVERS" ACA CLA 
"IONS :" ACA PRBUF 
CLA RCL 00 RCL 10 12 
/ RCL 13 14 / XOY 
/ / 1 E-4 • STO 25 
RCL 07 * STO Y CLA 
"NO : " ARCI. X m 
CLA CLX RCL 08 RCL 25 
* ST+ Y "NH3 : " 
flRCL X PRfl CLfl ax 
RCL 09 RCL 25 * ST+ Y 
"HCN : * flRCL X PRfl 
CLfl RCL Y "TOTAL : " 
flRCL X PRA CLA ADV 
•************" PRfl CLfl 
ADV CF 02 CF 03 
FC? 01 GTO 03 CF 01 
FS? 05 GTO 02 

355*LBL 06 
flfiV "SOLID " ACA CLfl 
"ANALYSIS :" flCA PRBUF 
ADV afl "ENTER X C :" 
PROMPT STO 26 CLA 
•XH :m PROMPT STO 27 
CLA -X N : " PROHPT 
STO 28 CLA -X ASH :• 
PROHPT STO 29 ADV CLfl 
•CONVERSIONS = - PRfl 
CLfl RCL 15 RCL 29 / 
1 XOY - 100 * 
-TOTAL = " ARCL X PRfi 
CLfl RCL 15 106 / 1 
XOY - / -DAF TOT = -
flRCL X PRfl CLA RCL 15 
RCL 29 / STO 25 
RCL 26 RCL 10 / * 1 
XOY - 100 * 
-CARBON = " ARCL X PRfi 
CLfl RCL 25 RCL 27 * 
RCL 11 / 1 XOY -
100 * "HYDRO = • 
flRCL X PRA CLA RCL 25 
RCL 28 * RCL 13 / 1 
XOY - 106 * 
"HITRO = - ARCL X PRfl 
CLA ADV 
•+++++++++++++++• PRfl 
ADV FS? 06 GTO 02 
GTO 02 END 
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HP-41 C Program "TCOR" 

Program "TCOR" determines the radiation correction to apply to 

TYPE K thermocouple measurements to account for radiation cooling of 

the thermocouple. The method used is outlined in Glass (1978). Data 

registers must be initialized as follows: 

Register Data 

43 3.70 E-4 

44 28.80 

45 0.46 

46 1.37 E-12 (Stephen-Boltzmann constant) 

Data registers 43-45 are internal constants used in the calculation. 



XE6 •TCOR* 
GAS TEHP <C> ? 

1,588. RUN 
HULL TEHP <C> ? 

1.466. RUN 
GRHHA = ? 

.8 RUH 
CORRECT TEHP SEG C 

1,535. 

PRP -TCQR-

01+LBL "TCOR" 
FIX 6 CLfl 
•GflS TEHP <C> ?• PROMPT 
273 + STO 49 166 + 
STO 52 
•HALL TEMP <C> ?" 
PROMPT 273 + STO 48 
•GflHHfl = ?" PROHFT 
STO 47 

26*LBL 61 
RCL 47 .385 YtX 
RCL 44 * RCL 52 
RCL 43 * EtX * 3608 
/ STO 51 CLX -275 
RCL 52 / EtX .94 * 
STO 50 RCL 52 4 YtX 
RCL 49 4 YtX -
RCL 52 RCL 49 - / 
RCL 56 1/X .85 1/X + 
1 - 1/X * RCL 46 * 
RCL 51 + 1/X STO 51 
RCL 49 4 YtX RCL 48 
4 YtX - RCL 49 
RCL 48 - / .46 • 
RCL 46 • RCL 51 * 
RCL 49 RCL 48 - * 
RCL 49 + STO 51 
RCL 52 - RCL 52 / 
UBS 1. E-4 X>Y? 
GTO 65 RCL 51 STO 52 
GTO 61 

163»LBL 65 
CLfl -CORRECT TEMP" 
•I- BEG C" AVI EH RCL 51 
273 - VIEW X TONE 9 
PSE CLfl END 
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HP-41 C Program "GCCOMP" 

Program "GCCOMP" calculates gas chromatograph analyses from 

the integrated areas of the gas components. Data storage registers 

must be initialized as follows prior to running "GCCOMP": 

Register Data 

32 Response factor 
~ H2 

34 Response factor " °2 

36 Response factor 
" N2 

38 Response factor - CH 

40 Response factor - CO 

42 Response factor - CO. 
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xefi "cccohp" 
ENTER AREAS 

II CS
I 

.066 RUN c** II CS
I o
 

5.80 RUN 
H2 = ? 

35.00 RUN 
CH4 = ? 

3.750 RUN 
CO = ? 

6.06 RUN 
C02 = ? 

12.50 RUN 
H2 = 3.63 
02 = 5.68 
N2 = 43.89 
CH4 = 5.66 
CO = 7.37 
C02 = 33.78 

prp -CCCOHP-

01*LBL -GCCOBP" 
CLA -ENTER AREAS" 
flVIEH CLfi -H2 = ?• 
PROHPT .8063 - STO 31 
CLfi "02 = ?- PROHPT 
STO 33 CLfl -N2 = ?• 
PROHPT STO 35 CLfl 
•CH4 = ?" PROHPT 
STO 37 CLfl "CO = ?• 
PROHPT STO 39 CLfl 
•C02 = ?- PROHPT 
STO 41 

31+LBL 01 
RCL 31 RCL 32 * 
RCL 33 RCL 34 * + 
RCL 35 RCL 36 * + 
RCL 37 RCL 38 * + 
RCL 39 RCL 46 * + 
RCL 41 RCL 42 * + 
1/X 180 * STO 28 
RCL 31 RCL 32 * 
RCL 28 • CLfl -H2 = -
-H- flRCL X flVIEH CLfl 
RCL 33 RCL 34 * 
RCL 28 * *02 = * -H-
flRCL X flVIEH CLfl 
RCL 35 RCL 36 * 
RCL 28 • *N2 = " 
ARCL X flVIEH CLfl 
RCL 37 RCL 38 * 
RCL 28 * -CH4 = * "h* 
flRCL X flVIEH CLfl 
RCL 39 RCL 48 * 
RCL 28 * -CO = * "I--
flRCL X flVIEH CLfl 
RCL 41 RCL 42 * 
RCL 28 * -C02 = • -h-
flRCL X flVIEH CLfl •?• 
flVIEH STOP END 

1 
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HP-41 CV Program PLANCK" 

Program "Planck" uses the linearized form of Planck's Law (Wien's 

approximation) to fit the infrared pyrometer output to the mean particle 

temperature. "PLANCK" is self-contained in that no prior data register 

initialization is required. 
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LAHBSA = 700. 
VOLTAGE? 

-9.8 RUN 
LfltlBDfl = 750. 
VOLTflGE? 

-8.5 RUN 
LAHBDfi = 800. 
VOLTflGE? 

-7.5 RUN 
LfiHBDfi = 850. 
VOLTflGE? 

-6.5 RUN 
LlWBDfl = 900. 
VOLTflGE? 

-5.5 RUN 
LAHBDfi = 950. 
VOLTflGE? 

-4.5 RUN 
LAHBflfi = 1>000. 
VOLTAGE? 

-3.5 RUN 
TEMP = 1,099.2 
SCALE = 6.001+61 
Rt2 = 0.9593 

LAHBDfi/TEtIP 
700. / 1-066. 
750. / 1,130. 
800. / 1,126. 
850. / 1,117. 
900. / 1,101. 
950. / 1,088. 
1,000. / 1,074. 

AIR<SCFH> ? 
10. RUN 

COAL<LB/HR>? 
5. RUN 

PART. BIA<HICRONS>? 
RUN 

EHISSIVITY = 6.331 



81+LBL "PLANCK" 
CLRG flDV 3.741 E-5 
STO 01 1.439 E7 STO 62 
.484 STO 11 766 
STO 31 .51 STO 12 758 
STO 32 .61 STO 13 866 
STO 33 .722 STO 14 
856 STO 34 .884 
STO 15 966 STO 35 
.968 STO 16 956 
STO 36 1.86 STO 17 
1086 STO 37 31 STO 28 
41 STO 29 EREG 28 CLE 
11.817 STO 18 

44*LBL 61 
•LfiHBDfi = " ACfl 
RCL IND 28 FIX 6 ACX 
PRBliF "VOLTAGE?" 
PROHPT 16 + 
RCL IND 18 * XOY 
STO 83 5 YtX * 
RCL 81 / LN 
STO IND 29 RCL 83 1/X 
RCL 82 * CHS 2+ 1 
ST+ 28 ST+ 29 ISG 16 
GTO 81 

77*LBL 82 
SCI 4 RCL 28 RCL 22 * 
RCL 25 / RCL 24 XOY 
- STO 83 RCL 21 
RCL 28 Xt2 RCL 25 / 
- STO 84 RCL 83 XOY 
/ STO 86 1/X 
•TEHP = • flCfl FIX 1 
ACX PRBUF RCL 22 
RCL 25 / RCL 86 
RCL 28 RCL 25 / • -
SCI 3 STO 89 
•SCALE = * flCfl m 
PRBUF RCL 86 RCL 93 * 
RCL 22 Xt2 RCL 25 / 
RCL 23 XOY - / 
"Rt2 = • OCR FIX 4 
OCX PRBUF 

136«LBL 83 
flDV -LWIBLfl/TEHP* PRfi 
31 STO 28 41 STO 29 
11.817 STO 18 

146+LBL 84 
RCL 89 RCL IND 29 -
RCL IND 28 * RCL 82 / 
1/X FIX 8 RCL IND 28 
ACX • / • flCfi RDH 
flCX PRBUF 1 ST+ 28 
ST+ 29 ISG 18 GTO 64 

168*LBL 85 
-fiIR<SCF«> ?• PROHPT 
*COAL<LB/HR>?" PROHPT 
STO 38 RDN STO 39 
•PART. DIA<HICR" 
•l-ONS)?- PROHPT STO 46 
-8.84 E3 RCL 39 / 
RCL 38 * RCL 46 / 
RCL 86 * EtX FIX 3 
"EHISSIVITY = • 1 XOY 
- ACA ACX PRBUF ADV 
ADV ADV ADV ADV ADV 
.EHD. 
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HP-41 CV Program "COAL" 

Program "COAL" does a material balance on the oxygen content of 

the flue gas ana air flows under fuel lean conditions to calculate the 

coal feed rate. Data storage registers must be initialized as follows 

before running "COAL." 

Register Data 

01 % Carbon (wet basis) 

02 % Hydrogen (wet basis) 

03 % Oxygen (wet basis) 

04 % Nitrogen (wet basis) 

05 % Sulfur (wet basis) 

06 % Ash (wet basis) 

07 % Free water (wet basis) 
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xeq "coal" 
prim air? 

l.se run 

sec air ? 
18.19 run 

stag air ? 
e.ee run 

X oxy ? 
3.50 ruh 

stoich c0al=4.85<lb/hr> 

prp 'coal 

81+lbl -cofil-
fs? 01 gto 01 881.00? 
•enter coal" 
*1- cohp card* avieh 
rdtftx sf 01 

10*lbl 01 
prifl air?" prompt 
sto 88 "sec air ?• 
prompt st+ 88 
•stag air ?* proflpt 
st+ 88 •X oxy ?" 
prompt sto 89 21 
rcl 09 - 21 xoy / 
rcl 88 xoy / .21 * 
sto 88 rcl 81 2.667 * 
rcl 82 8 * + rcl 63 
1. * - rcl 84 1.143 
• + rcl 85 + 180 / 
rcl 88 379 / 68 * 
29 • xoy / rcl 86 
188 / 1 xoy - / 
cla -stoich c0al=" 
f1x 2 rrcl x 
•klb/hr>- avieh end 
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COMBUSTOR DESIGN 

Introduction 

The combustor design heat balance program calculates the tem

perature profile in the combustion gases simultaneously with the 

temperature profile and heat flow in the combustor walls. It is intended 

to provide semi-quantitative evaluations of the insulating capacity of 

various materials of construction so that an informed choice can be made. 

The primary objective of the mathematical model is to verify the flue 

gas temperature obtainable at various stoichiometries which will be used 

in the experimental portions of this work. Secondary objectives include 

constructing the Fortran code so that the model is easily expandable to 

include global coal (or gas) combustion and pollutant formation kinetics 

if it is found desirable to do so. 

The example calculations shown herein describe the comparative 

insulating qualities of a typical castable refractory combustor to that 

of the fibrous alumina insulation used in the current combustor. 

Model Formulation 

The schematic representation of the experimental combustor is 

shown in Figure C.l. The combustor is composed of a central tube in 

which the combustion products flow. Surrounding the combustor tube is 

the refractory insulation. The schematic shows two insulating materials 

(A and B) which differ only in their densities and thermal conductivities. 



Combustor Tube 
r= r 

Insulating Refractory 

Insulating Refractory 
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Heat flows from the gases in the combustor tube by convective and radia

tive transfer to the insulating walls through which the heat flows by 

conduction to the combustor shell walls and top. The heat is then dis

sipated radiatively and convectively to the surroundings. 

Three major assumptions are made regarding the physical details 

of the combustor. First, the gas is assumed to be at the adiabatic 

flame temperature representative of a burning coal flame at the top. No 

combustion kinetics are considered. The Fortran code is easily expand

able in this regard although the expense of performing the kinetic cal

culations is not deemed justifiable. Secondly, the gas is assumed to 

be nitrogen with nitrogen's physical properties. Thirdly, the gas 

emissivity is adjusted to force the model to the base case temperature 

profile within the limitation imposed by the first assumption. The 

parameters from the base case are then used to calculate comparative 

cases. 

Several more minor assumptions are made. The gas is assumed to 

\ 

be in plug flow with no axial radiative heat transfer. There is solely 

radial radiative heat transfer between the gas and the combustor tube 

walls. Wall-to-wall radiative heat transfer is also not considered. 

These assumptions are not trivial since it is known that the zone method 

(Hottel and Sarofim, 1967) of calculating radiation heat transfer more 

accurately predicts combustor performance. Also, the computational cost 

does not justify the effort involved to formulate a zone model. The 

present code is not expandable in this regard. 



250 

The governing equation for the combustor in the gas phase energy 

balance: 

77 = y(T )(h + h )(T - T ) (C.l) 
dZ g c r g w ' 

4 A 
-i a  -  r) 

hr = a{l 1 " (TS - T ) (C,2) 
— H g w' 
e e 6 

g w 
and 

y(T ) = -2iTr /in C (C.3) 
g w p 

with initial condition: 

T (o) = T 
g ' adb 

The adiabatic flame temperature is evaluated external to the 

model. 

The adjustable parameter which is used to fit the model to the 

experimental is the value of the extinction coefficient in Equation C.2. 

For a gas/particle cloud, the greybody emissivity (assuming that the gas 

itself is transparent) is: 

e = 1 - exp(-Kl) (C.4) 
§ 

where 1 is the radiation pathlength and K the extinction coefficient. 

In this case, for centerline temperature, L is the combustor radius. 

K, the extinction coefficient, is a function of particle size and radia

tion cross-section. 

Within the insulating walls, the heat balance for one section 

of the wall (say material A) is: 

3r dZ 
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where the last term represents a source function for internal heating, 

if such a configuration is desired. This is set at zero for these 

calculations. 

The boundary conditions for the walls are: 

ot, (h + h ) 3T c r' 
(T - T ) , r = r (C.6) 

3r K g w ' w 
w 

St 
= - — (T - T , ) , r = r (C.7) 

ar K o amb o v ' 
w 

3?" "T (TT - Tamb> • 2 - 0 <C'8> 

^ T ' 
•^ = 0, Z = Z (C.9) 
3z max 

A further condition at any boundary between two different insu

lating materials (say A and B in Figure C.l) is that the radial heat 

flux is conserved at the boundary: 

A 3r 
= k H 

KB 3r 
r=rb 

r~rb 

(C.10) 
+ 

where r^ is the radial position of the boundary between insulating media. 

This is the von Neumann problem for which the solution T(r,z) 

can be determined to within an arbitrary constant: 

T(r,z) = f(r,z) + A 

To specialize the problem, it is further required that the solu

tion satisfy the global heat balance over the interior and exterior 

walls of the combustor such that: 



(c . l l )  

252 

Difference Approximation 

The difference formulation used in the numerical solution of 

Equation C.7 is standard for this problem (Smith, 1969). Let h and k 

represent z and r positive numbers in a grid of uniform spacings Ah 

and Ak (Figure C.2). Using differences centered about h, k, Equation 

C.7 becomes: 

(1 + \)Thjk+1 + (1 - ak>Th)k_1 ~ 2(1 + 6)Th>k + 6(Th+i,k + 

Th-l,k = 0 

or 

Th,k ~ 2(1 + 6)(1 + ak)Th,k+l + (1 ak)Th,k-l + 5(Th+l,k + 

Th-f,k* = ?h,k (C.12) 

~ /Ak>2 Ak 
6 = (aT) . = 

Ah7 ' k 2r 
k 

The temperatures denoted by the asterisk are newly computed 

values using a point successive over-relaxation: 

Th,k " "Sh,k + (1 " ")Th,k <C'13> 

1 < w < 2 

It should be noted that the value of the relaxation parameter, 

w, can be calculated to give superior convergence (Starling, 1963). 

It was found by trial that 1.25 is optimal for this problem. 



h 

h + l 

Figure C.2. 

(h,k) 

• • 

k-l k k+l 

Difference approximation. 
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The boundary condition Equation C.6 is incorporated by defining 

a fictitious point ^ (not to be confused with the gas temperature 

T, ..) which is one step outside the actual boundary point T, 0, Figure 
n 9 x n 9 J. 

C.2, such that: 

T. o - T, ' (h + h ) 

2Ar ' " % ~ Th,l} (C-14) 
w 2 

if 

then 

(h + h ) 
B (t) = 2Ar C r 

K 
w 

Th,l' • Th,3 * 6Th,2 + 6Th,l (C'15' 

The boundary conditions for the other inside and outside walls are 

developed similarly. 

Special attention must be given to the boundary between two 

insulating media where the thermal conductivities differ, Figure C.3. 

The difference formulation of Equation C.7 at this point (conveniently 

located on a grid point) is described in Figure C.3. A boundary for 

heat balancing the bounding point is drawn from which the difference 

equation is: 

T h , k " { ( 1  +  5 > < 1  +  V  -  a k ( 1  -  V " 1  

x'Th,k-l*1 ak-) + Th,k+1 "k'1 + ak" 

+ Th+l,k + TJ-l,k[S/2 a + V] (C'16) 

If the thermal conductivity ratio , 71^, equals one, Equation C.16 reduces 

properly to Equation C.12. 



Material A 

I<a 

m 
I 1 

O î o 

1' 

Material B 

kB  

— h-l 

o h 

T 
© 

l i 
k—I k  k+l  

h-H 

Figure C.3. Heat balance at boundaries. 
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Solution Algorithm 

This difference method is easy to implement with the convergence 

rate depending largely on the choice of the relaxation parameter, w. 

Methods exist for estimating the optimum relaxation parameter in cylin

drical coordinates for a simple case (Starling, 1963). This a priori 

method was not found to be suitable; the calculated values of 1.8 - 1.9 

gave inferior convergence rates compared to a value of 1.25 used through

out these calculations. 

A 1 cm x 1 cm grid size was chosen for convenience. No para

metric studies of the effect of grid sizing were done. The initial wall 

temperatures were set at 1000 K. The gas temperature profile is inte

grated with a modified Euler O.D.E. prior to each iteration using the 

most recently evaluated wall temperatures. 

The grid is recalculated using the point successive-over-

relaxation method with the exception of point T„ -, the first wall tem-
Z 9 X 

perature, which is found using the overall heat balance requirement. 

The field is reiterated until the gas temperature converges to within 

the required error tolerance (0.01 K). 

Physical Properties 

The gas phase physical properties used in the calculation are 

given in Table C.l and are representative of nitrogen at elevated 

temperatures. 

Table C.2 details the convective heat transfer coefficient used, 

and Table C.3 shows the physical parameters. 
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Table C.l. Gas phase physical properties* 

Property Value Units 

-3 
Heat Capacity C = 7.07 - 1.32 x 10 T 

Pg Cal 

+ 3.31 x 10 6T2 - 1.26 x 10"9T3 

Thermal Conductivity K = 0.9359 x 10 4 + 23.44 x 10~6T 

g-K 

Cal 

- 1.21 x 10~8T2 + 3.591 x 10 8T 1 ' S-cm-K 

Viscosity = 30.40 x 10 4 + 49.89 x 10 ̂ T ^ 

- 109.3 x 10~10T2 Cm'S 

3 
Density** p = 0.341 P/T g/cm 

* Rohsenow and Hartnett (1973). 

** Ideal gas. 
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Table C.2. Transfer coefficients 

Type Expression Reference 

Inside Tube Wall, 
Forced Convection 

Nu = 1.62 (Re Pr D/L) 
1/3 Bird, Stewart and 

Lightfoot (1967), 
p. 405 

Outside Tube Wall, 
Free Convection 

Nu = 1.36 (Gr Pr) 
0 . 2  Perry and Chilton, 

pp. 10-61 

Combustor Top, 
Free Convection 

Nu = 0.54 (Gr Pr) 
0.25 Perry and Chilton, 

pp. 10-61 
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Table C.3. Calculation details 

Base Case Physical Properties: 

Combustor I.D.: 15.0 cm 

-2 2 
Zone A: Refractory, 33.0 cm O.D., = 1.49 x 10 cal/cm 

-2 2 
Zone B: Refractory, 72 cm 0.01, - 1.80 x 10 cal/cm 

Test Case Physical Properties: 

Combustor I.D.: 15.0 cm 

Zone A: Zircar alumina cylinder 

O.D. = 47.0 cm, K^= 0.690 x 10 ̂  cal/cm^ 

Zone B: Kaowool 2600 bulk fiber 

-3 2 
O.D. = 76.0 cm Kg = 0.430 x 10 cal/cm 

Stoichiometric Gas Flow: 4.72 1/s (10.0 SCFM) at 500 °K 

Ambient Temperature: 300 K 
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Calculated Results 

The results of both the test cases and the base cases are shown 

in Figures C.4 through C.7 at various stoichiometrics for Western 

Kentucky coal, typical of the bituminous coals to be used in these ex

periments. Actual temperature profiles, measured and updated by Lee 

(1977), to which the calculated base case flue temperatures were fit, 

are shown for comparison. 

The only adjustable parameter used in these computations is the 

value of the extinction coefficient. 
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Combustor Heat Balance 
FORTRAN CODE 



PROGRAM JUGS<INPUT,OUTPUT»TAPE20-INPUT t TAPE6=0UTPUT) 
C PROGRAM JUG1 FOR DETERMINING THE HEAT TRANSFER FROH THE 
C EXPERMIMENTAL COMBUSTOR 
C 

DIMENSION T<101f26)fNPCIOI)»R<101>fDELR<5> fPPI<5> 
1 tALPHA<101> FGAMMA<101)FAHC<101)FAHR<101> rBETA<101> f 
2  AUI<101)fETAU01)fBT<101>fTC<5>fFL<101> 

DIMENSIONQGT <100)>CONVH<100 > fRADH<100)FOUT(100> t 
1 CONVT <26 > i RADT < 26) FQTT < 26 > 
COMMON/A/ CP.THC»yiS.RH0»REfPR»GR»O,RWFAREA»STFSR 

C BEFINE CONSTANTS 
PI = 3.1415? 
SIGMA =1.356E-12 
ITER = 1 
TAMB = 300.0 

C 
C DEFINE CASE PARAMETERS 
C 
600 FORMAT <1X fF4.1f F5.2 » F5.0 f F6.1f F4.2) 
601 FORMAT<IXfI1FF5.1FE7.1fF5.1FE7.1FF5.1FE7.1> 
602 FORMAT*IXf13»F4.0>F3.OfF4.2.2F3.0) 

REAIM 20F600>ST fSRF TAI'B FF'ATHF OMEGA 
REAIK20,601)NZ0NEF ( HELR< I )'fTC (I > fI = 1FNZ0NE) 
REAH(20 r 602 > MAXITtZSCALE f RSCALE f EUALL f DRf DZ 

ZMAX = ZSCALE*IlZ 
M A X Z  =  Z M A X  /  H Z  + 1  
RMAX = RSCALE -DR 
MAXR = 2 
NP < 1 ) = 1 
R(l> = RSCALE -DR 
HO 10 I = IF NZONE 
RMAX = RMAX + DELRCI) 
MAXR = MAXR + DELR(I) / DR 
np(i) = ma:;r 

10 CONTINUE 
rip(nzone) = np(nzone) + 2 

C 
C INITIALIZE VALUES 
C 

FL< 1) >= 0.0 
DO 68 I = 2fMAXZ 
T(If1> = 1500. 
FL <I) = FL <1-1) + DZ 
DO 88 J = 2fMAXR 

88 T( I f J) •= 1000. 
FL C1) = DZ 
T(1f1> = TADB 
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KK - NZONE-1 
00 11 I « 1> KK 

11 PPI<I> » TC<1+1) / TC<I) 
DO 12 I • 2 t  MAXR 
R(I) = R(X-l) + DR 

12 ALPHA (I) «= DR » O.S / R(I) 
CIRC = 2.*PI*R(2> 
AREA « PI*R(2>*R(2) 
RU «= R<2) 

100 CONTINUE 
T(MAXZ+1»1> = T < MAXZ »1) 

QT = 0.0 
qg = 0.0 
QU = 0.0 
00 13 I = It MAXZ 
CALL PROP (T(Ir1)r T<I»2>»FL(I>> 
NU » 1.62 * (RE * PR * 2. * RU / FL(I>> * *0.333 
AHC<I) = NU » THC /2./RU 
IF<T(I»1).NE.T(I»2)>00 TO 500 
AHR(I) = 0.0 
GO TO 501 

500 A2 = path/SR/T(I f 1 > 
EGAS = 1. - EXP<—A2) 
A3 = T<IF2 >/T(1*1) 
A4= <1.-A3**3)/(1.-A3**4) 
A5 » 1•/<1./EGAS + l./EWALL - 1.) 
EFF'= SIGMA*A5*A4 
AHR<I> = EFF*(T(If1>**4-T(I»2>#*4>/(T(I»1> 

1 -T(IF2)) 
501 AUI(I) = AHC(I> + AHR(I) 

ENTH = .232*<T(Ifl)-T<I+lfl))+1.7BE-5*(T(I»l) 
1 **2-T(I+1F1>**2> 

GAMMA(I) = CIRC * HZ / RHO / CP / Q*AUI(I> 
BETA(I> = AWI(I)*2.*DR/TC(1) 

QGT(I) = Q*RHO*ENTH 
FLI = ZhAX + DZ -FL<I> 
CALL PROP (T(IfMAXR)FTAMBFFLI) 
CONYH(I) = THC / FLI * 0.59 * (GR * F'R) ** 0.25 
RADH<I) = SIGMA*0.85*(T(IfMAXR)##4-TAMB**4)/ 

1 (T(IfMAXR)-TAMB) 
COEFO = CONVH(I) + RAPH(I) 

QUT(I) = COEFO*(T(I»MAXR)-TAMB)*PI#2. 
1 *RMAX*DZ 

ETA(I) = COEFO * DR / TC(NZ0NE)*2. 
OG = QG + QGT(I) 
IF(I.EG.MAXZ)GO TO 13 
QU = GUI + GUT (I) 

13 CONTINUE 
KTEST = 1 

D014 J » 2fMAXR 
RI = RMAX-R(I>+HR 
IF(J.EQ.NP(KTEST)> KTEST = KTEST + 1 

CALL PROP(T(lfJ>fTAMBfRI> 
CONVT(J) = 0.54#(GR*PR)*#0.25*THC/RI 
RADT(J) » SIGMA*0.85*(T<1fJ)**4-TAMB*»4>/ 
1 (T(1rJ)—TAMB) 

IF(J.E0.2)G0 TO 14 
COEFT = CONVT(J) + RADT(J> 
IF(J.EQ.MAXR)DR = IIR/2. 

QTT(J) = C0EFT*(T(1»J)-TAMB)*2.*PI*R(J)*DR 
IF(J.EQ.MAXR)DR = 2.*DR 
QT = QT + QTT < J> 

BT<J) «= 2.*DZ*C0EFT/TC(KTEST> 
14 CONTINUE 
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c 
TESTl - T(MAXZfI) 
TEST2 - T( lOr1) 

C 
C CALCULATE TEMPERATURES FOR FURNACE TOP 
C 

ZETA • 1.- OMEGA 
C 
C INSIDE WALL 
C 

QTT<2> = ABS < QG-QT-QW) 
COEFT «= CONVT<2) + RADT<2> 
B1 = COEFT*2.*PI*R(2>*DR/2. 
T<1»2> = (QTT(2>+B1#TAMB>/B1 
IF(T(1»2).GT.T(lfl))T(l»2>=T<l»l)-10. 

C 
C INTERIOR SECTIONS 
C 

KTEST = KTEST + 1 
KK = MAXR - 1 
DO 20 J = 3»KK 
IF(J»EQ.NP(KTEST>) GO TO 35 
B1 « OMEGA /<2.#(l.+DELTA)+IiELTA*BT(J)) 
B2 = 1. + ALPHA < J) 
B3 • 1. - ALPHA<J) 
B4. «= 2.*DELTA 
B5 «• DELTA*BT(J)*TAMB 
T<1r J) = Bl* ( B2#T (1»J+l)+B3*T(1»J-l)+B4#T (2rJ)+ 

1 B5)+ZETA*T <1rJ) 
GO TO 20 

C 
C BOUNDING UALLS 
C 
35 

1 

1 
2 

20 
C 
C OUTSIDE WALL 
C 

J • MAXR 
B1 • 2.*(1.+DELTA> + DELTA*BT(J> 

1 +ETA<1)*(1.+ALPHA(J>) 
B2 - OMEGA / B1 
B3 - 2.4DELTA 
B4 a <DELTA*BT(J) + ETA<1>#<1.+ALPHA(J)>>*TAMB 
T<ltJ) = B2*(2.*T(lrJ-l> + B3*T(2»J)+B4> 

1 +ZETA*T(1»J) 
C 
C CALCULATE INTERIOR OF FURNACE 
C 

KK - MAXZ-1 
DO 60 I = 2> KK 

C 
C GAS 
C 

TBAR * T<1-1r1)—GAMMA(I—1)*(T<1-1 f1)—T<I—1>2))/2« 
TUBAR - <T(I-lr2)+T<I»2)>/2. 

B1 = ALPHA(J>#(1.-PPI(KTEST >)-(1.+DELTA)<(1•+PPI 
(KTEST))-HELTA/2.*BT(J > *(1.+PFI(KTEST >) 
B2 = - 0MEGA/B1 
B3 = HELTA* (l.+PPK KTEST)) 
B4 = l.-ALPHA(J) 
BS 1.+ ALPHA (J) ) *PPI (KTEST) 
T(I»J) = B2*(B4*T(IfJ-1)+B5*T(I»J+1) 
+B3*T(I+1>J)+B3/2.»BT(J)»TAMB 
)+ZETA*T(I»J) 
KTEST = KTEST + 1 
CONTINUE 
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T(I»1) • T(I-1»1) - BBAR*(TBAR-TWBAR) 

C 
C WALL 
C 

B1 = OMEGA /<2.*(1.+DELTA) 
1 +BETA<I)#(1.-ALPHA(2))) 

B2 = BET A(I)* <1 •-ALPHA < 2)) 
B3 » 2. 
T<If2) = Bl*< B3*T(If3)+T(IF1)*B2+DELTA*(T(X+lr2) 

J +T(I-lf2)))+ZETA*T(If2) 
C 
C INTERIOR POINTS 
C 

JJ = MAXR - 1 
KTEST = 1 

BO 50 J = 3. JJ 
IF<J,EQ.NP<KTEST)) GO TO 55 
B1 = OMEGA / (2.*(1.+BELTA)) 
B3 = l.+ALPHA(J) 
B4 « l.-ALPHA(J) 
T(IFJ) = ECl*(B3*T(IF J+1)+B4*T<I.J-1)+DELTA#(T(I+1fJ) 

1 +T<1-LFJ)))+ZETA*T< I I J) 
GO TO 50 

C 
C BOUNDING WALLS 
C 
55 B1 •= ALPHA(J>*(1 • -PPI <KTEST))-<1. +DELTA)#( 1 • +PPI 

1 (KTEST)) 
B2 = - OMEGA/Kl 
B3 = HELTA/2.*(1.+PPI(KTEST)) 
B4 = l.-ALFHA(J) 
B5 = (1.+ ALPHA< J) )*F'PI (KTEST) 
T <I»J) = B2#(B4#T<IrJ-l)+B5»T(IfJ+l) 

1 +B3*(T(I+lfJ)+T(I-lrJ)))+ZETA*T(IfJ) 
KTEST = KTEST + 1 

50 CONTINUE 
C 
C OUTSIHE WALLS 
C 

J = MAXR 
B1 = 2.*<1.+DELTA) + ETA<I)*(I.+ALPHA(J)) 
B2 = OMEGA / B1 
B3 = ETA(I)*TAMB*(1.+ALPHA(J)> 
T(IFJ) = B2*(2.*T(I»J-l)+nELTA*(T<I-l,J)+T<I+l»J) 

1 )+B3) + ZETA*T(I»J> 
60 CONTINUE 
C 
C FURNACE BOTTOM 
C 
C GAS 
C 

I = MAXZ 
TBAR = T<I—1f1)—GAMMA(I—l)*(T(I-lfl)—T(1-1f2))/2« 
TUBAR = <T<I-1.2)+T<I»2>)/2. 
BBAR = ( GAMMA(I-1)+GAMMA(I)>*0.5 
T(Ifl) = T<I-l»1> - BBAR*(TBAR-TUBAR) 

C 
C WALL 
C 

B4 = l.-ALPHA<2) 
B1 = OMEGA/((2>&(1.+BELTA))+BETA(I)*B4) 
B2 - BETA(I)*(1.-ALPHA(2>) 
B3 » 2. 
T<I»2) = B1 *<B2*T(It 1)+B3*T(IF3)+2.*DELTA 



c 
C INTERIOR 
C 

KTEST « 1 
KK = MAXR-1 
DO 70 J = 3r KK 
IF(J.EQ.NP(KTEST)> GO TO 75 
B1 = OMEGA/2./(1• +DELTA) 
B2 = 1•+ALPHA(J) 
B3 = l.-ALPHA(J) 
B4 = 2.*DELTA 
T(I»J) = Bl*(B2*T(IrJ+l)+B3*T(IrJ-l)+B4* 

1 T(I-IfJ)) 
2 +ZETA#T(IrJ) 

GO TO 70 
75 B1 = ALPHA(J)*(1.-PPI(KTEST)) - (1 .+DELTA)*(1.+PPI 

1 (KTEST)) 
B2 = - 0MEGA/B1 
B3 = DELTA*(1•+PPI(KTEST)) 
B4 = 1•-ALPHA(J) 
B5 = (1.+ ALPHA(J))*PPI(KTEST) 
,T (I»J) = B2*(Et4*T(I»J-l)+B5*T(IrJ+l> 

1 +B3*T(I-1»J))+ZETA*T(I.J) 
KTEST = KTEST + 1 

70 CONTINUE 
c 
C OUTSIDE UALL 
C 

J « MAXR 
B1 - 2.*(1.+DELTA)+ETA(I)*(1.+ALFHA(J)> 
B2 • 0MEGA/B1 
B3 = ETA(I)*TAMB*(1.+ALPHA(J>) 
B4 - 2.»DELTA 
T(I» J) = B2*(2.#T(I»J-l)+B4*T(I-lrJ)+B3) 

1 + ZETA*T(I»J) 
C 
C TEMPERATURE FIELD CALCULATED 
C 
C 
C CHECK CONVERGENCE 

IF(ITER.EO.MAXIT) GO TO 199 
TEST3 = APS(TEST1-T(MAXZ.1)> 
IF(TEST3.LE..05) GO TO 19? 

C INCREMENT ITERATION COUNTER 
C 

ITER = ITER + 1 
80 GO TO 100 
C 
C OUTPUT RESULTS 
C 
199 CONTINUE 
207 FORMAT(lXr*STOICH RATIO = *»F5.3»* STOICH AIR *r 

1 *= *,F4.1»* PATH LENGTH = *»F7.2»* RELAXATION *» 
2 *FACTOR = *fF5.3»//> 

208 F0RMAT(1X»*Z0NE N0.#»3X»*THICKNESS*»3X» 
1 ^THERMAL CONDUCTIVITY*.//) 

209 FORMAT (4Xr I2t 7X rF4. OF 10X*E9.3) 
URITE(6 r 207)SR » ST tPATH rOMEGA 
URITE(<4r208) 
DO 310 I=1»NZ0NE 

310 WRITE(6r209)Ir DELR(I)fTC(I) 
FL(1) = 0.0 

200 FORMAT (1H1»^TEMPERATURE FIELD IN DEG.. K*»//> 
201 FORMAT (50X,*AXIAL POSITION. CM*r/> 
202 FORMAT (9X.11(3X.F4.0.4X).//) 



204 FORMAT <lX>F3.0r5Xrll<F7.0>4X)> 
604 FORMAT <lXrF3.0>SXr11<1X>E9.3»IX)> 

M = 1 
MM « M + 10 

301 CONTINUE 
WRITE (6,200) 
WRITE (6.201) 
WRITE (6>203) 
WRITE (6r202) (FL(I)rI=HrMM) 
00 300 I » lr MAXR 
WRITE (6.204) R<I),<T(J.I)t J'MrMM) 

300 CONTINUE 
IF <MM .GE. MAXZ) GO TO 302 
M «= MM 
MM « MM + 10 
IF (MM .GT. MAXZ) MM = MAXZ 
GO TO 301 

302 CONTINUE 
WRITE (6.205)ITER.MAXIT 
WRITE(6.206)QG 
WRITE(6.211)TEST3 
M = 1 
MM = M+ 10 

401 CONTINUE 
400 FORMAT(1H1.*RAPIANT AND CONVECTIVE HEAT *» 

1 ^TRANSFER C0EFFICIENTS.CAL/S-CM2-K.LOCAL HEAT LOSS*. 
2 * .CAL/S* .//) 

WRITE (6.400) 
WRITE(6.201) 
WRITE(6.203) 
WRITE(6.202)(FL(I).I=M.MM) 
WRITE(6.604)R(1) .(AHR( I).I=M.MM) 
WRITE(6.604)R(1).(AHC(I).I=M»MM) 
WRITE(6.604)R(1) » (CJGT (I) . I=M.MM) 
IF(M.GT.1)G0 TO 404 
PO 402 I = 2.MAXR 
WRITE(6.604)R(I) . RAPT( I)»CONVT ( I ) ,OTT ( I ) 

402 CONTINUE 
404 CONTINUE 

WRITE(6.604)R(MAXR).(RADH(I).I=M»MM) 
WRITE (6.604 ) R (MAXR) . (CONVH(I).I=M.MM) 
WRITE(6.604)R(MAXR).(CJUT (I ) . I=M.MM) 
IF(MM.GE.MAXZ)GO TO 403 
M • MM 
MM = MM+ 10 
IF(MM.GE.MAXZ)MM=MAXZ 
GO TO 401 

403 CONTINUE 
205 FORMAT (lXr//»1X.*THESE RESULTS AFTER *»I4»* OF * 

1 >I4>* MAXIMUM ITERATIONS*) 
206 FORMAT(IX.#TOTAL ENERGY LOSS » *.F13.4) 
211 FORMAT(1X.SGAS EXIT TEMPERATURE ERROR = ».F13.4) 

STOP 
END 
SUBROUTINE PROP(T1.T2.FLI) 
COMMON/A/ CP.THC.VIS.RHO.RE.PR.GR.Q.RW.AREA.ST.SR 
IF(T1<GT<300.)G0 TO 400 
T1 - 300.10 

400 CONTINUE 
0 = ST * SR * T1 * 1.584 
CP - 0.232 + Tl*3.57E-5 
THC - .5B15E-5*T1*«.5/(1.+208.8/Tl*10.*»(-12./Tl>) 
WIS - < 0.03043+4.989E-4*T1-0.1093E-6*T1*T1)*.001 
IF<T1.GT.1500.>VIS=5«19E-4+1.2*(Tl-1500.)*.2E-6 
RHO « 0.373/T1 



RE • 2*RU*Q/AREA*RH0/VIS 
GR = FLI*FLI*FLI*RH0*RH0*980.*<T1-T2)/T1/VIS/VIS 
IF(GR•LE.0« 0)GR=ABS <GR) 
IF (PR • LE• 0« 0)PR=0« 75 
RETURN 
END 
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Table D.l. Utah coal, SR = 0.8, compositions 

Position, cm 

7.6 15.2 30.5 45.7 61.0 76.2 91.4 121.9 

1842 1818 1786 1729 1679 1645 1586 1488 

1654 1650 1633 1578 1514 1509 1460 1311 

Position, cm 

22.9 38.1 53.3 68.6 99.1 129.5 160.0 

Composition, % Vol 

GO, I.R. 2.81 5.30 5.68 5.09 5.44 4.89 4.41 

CO, G•C• 2.91 5.11 5.91 5.95 5.98 5.22 4.62 

C02, I.R. 13.20 14.42 14.42 16.20 14.74 14.90 15.10 

C0„, G.C. 12.94 13.78 14.61 14.21 14.64 15.05 15.25 

* 

H2, G.C. 1.02 1.75 1.70 1.75 1.89 1.68 1.55 

HO, ppmv 1175 1040 800 725 600 540 510 

NCH, ppmv 6.0 24.0 15.0 14.0 13.0 11.0 11.0 

NHg, ppmv 11.0 9.5 9.9 9.8 9.2 9.2 9.2 

Temperature, K 

Gas 

Wall 



Table D.2. Utah coal, SR = 0.8, conversions 

Position, cm 

Conversions, % 22. ,9 38. .1 53. .3 68. , 6 99, ,1 129. .5 160.0 

Carbon 76. ,6 86. ,1 85. ,9 88. ,4 91. ,8 88. ,7 91. ,0 

Nitrogen 90. ,3 94. .0 93. ,0 95. .6 93, .5 95. ,6 96. ,0 

To NO 26. ,3 23. .3 17. ,89 16. ,2 13. .42 12, ,07 11. ,40 

- HCN 0. .13 0. ,54 0. .34 0. ,31 0. .29 0. ,25 0. ,25 

- nh3 0. ,25 0. ,21 0. ,22 0. ,22 0. ,21 0. ,21 0. ,21 

Hydrogen 99. ,9 99. . 6 99. .7 99. ,8 100. ,0+ 99. ,9 99. ,9 

* 0̂  undetected. 

- CH. undetected. 
4 



Table D.3. Utah coal, SR = 0.8, compositions 

Position, cm 

7.6 15.2 30.5 45.7 61.0 76.2 91.4 121.9 152.4 

Temperatures, K 

Gas - 1837 1821 1804 1735 1681 1651 1580 1488 

Wall - 1633 1651 1627 1591 1530 1509 1471 1415 

Position, cm 

22.9 38.1 53.3 68.6 99.1 129.5 160.0 

Gas Composition, vol % 

CO, I.R. 3.20 5.01 5.40 5.88 5.03 5.39 4.90 
CO, G.C. 3.97 5.30 5.10 5.90 5.46 5.00 5.15 

CO29 I.R. 11.70 15.30 15.60 15.00 14.90 14.89 14.70 
CÔ , G-C. 12.97 15.17 14.98 14.97 14.98 15.36 15.40 

°2 A 

H2 
1.25 1.08 1.70 1.96 1.66 1.40 1.50 

NO, ppmv 1200 1020 820 700 610 510 525 

HCN 3.2 - 15.1 - 13.0 - 13.5 

nh3 9.2 - 5.8 - 8.0 - 7.0 



Table D.4. Utah coal, SR = 0.8, conversions 

Position, cm 

Conversions, % 22>g 53>3 6g>6 99>1 

Carbon 68.3 81.7 85.1 85.7 

Nitrogen 83.3 91.8 93.7 93.9 

to NO 26.8 18.3 13.6 11.7 

- HCN 0.07 0.34 0.29 0.30 

- NH3 0.21 0.13 0.18 0.16 

Hydrogen 99.3 100.0 99.2 99.2 



Table D.5. Pyrometer Data, Utah coal, SR = 0.8, 23 cm 

Wavelength, nm Voltage Temperature, K 

700 -8.58 1783 Average = 1787 

750 -7.80 1794 Emissivity = 0.143 

800 -7.58 1782 Scale Factor = 54.1 

850 -7.05 1795 

900 -6.88 1780 

950 -6.40 1794 

1000 -6.35 1781 



Table D.6. Pyrometer data, Utah coal, SR = 0.8, 38 cm 

Wavelength, rail Voltage Temperature, K 

700 -8.00 1816 Average = 1814 K 

750 -7.12 1817 Emissivity = 0. .140 

800 -6.70 1813 Scale Factor = 54.2 

850 -6.15 1821 

900 -6.46 1779 

950 -5.24 1826 

1000 -4.90 1827 



Table D.7. Pyrometer data, Utah coal, SR = 0.8, 53 cm 

Wavelength, nm Voltage Temperature, K 

700 -7.47 1770 Average = 1768 K 

750 -6.25 1773 Emissivity = 0. .142 

800 -6.00 1754 Scale Factor = 54.9 

850 -5.00 1771 

900 -4.20 1773 

950 -3.90 1766 

1000 -3.29 1770 



Table D.8. Pyrometer data, Utah coal, SR = 0.8, 68 cm 

Wavelength, nm Voltage Temperature, K 

700 -9.38 1713 Average = 1716 K 

750 -9.00 1724 Emissivity = 0.147 

800 -8.90 1708 Scale Factor = 53.8 

850 -8.60 1724 

900 -8.51 1708 

950 -8.27 1717 

1000 -8.11 1717 



Table D.9. Pyrometer data, Utah coal, SR = 0.8, 99 cm 

Wavelength, nm Voltage Temperature, K 

700 -9.60 1635 Average = 1620 K 

750 -9.50 1605 Emissivity = 0. .154 

800 -9.35 1607 Scale Factor = 53.9 

850 -9.10 1629 

900 -8.95 1624 

950 -8.80 1625 

1000 -8.70 1619 



Table D.10. Elemental analysis report, Utah coal, SR = 0.8 

UNIVERSITY ANALYTICAL CENTER 
DEPARTMENT OF CHEMISTRY UNIVERSITY OF ARIZONA TUCSON. ARIZONA 85721 

(602)  626-3180 

MEMORANDUM 

T0:  J. W. Glass, Chemical Engineering 

FROM: Susan B. Hopf 

RE: CHN Analysis #800514, Furnace samples of Coal (UB 4-30-80) 

DATE: May 9, 1980 

Sample %N 

1 0.6 

2 0.5 

3 0.6 

4 0.4 

5 0.3 

6 0.4 

7 0.4 

%c M %Ash 

62.3 0.01 33.9 

49.7 0.1 46.1 

52.3 0.09 43.9 

45.2 0.07 51.4 

36.9 0.0 59.8 

44.6 0.03 51.7 

39.1 0.04 56.8 

The samples were dried for Zh hrs. at 110° C. They 

were then ground with mortar and pestle before being analyzed. 

If you have any questions, please call. 



Table D.ll. Elemental analysis report, Utah coal, SR = 0.8 

WUNIVERSITY ANALYTICAL CENTER 
^—1 DEPARTMENT OF CHEMISTRY UNIVERSITY OF ARIZONA TUCSON, ARIZONA 85721 

(602)  626-3180 

MEMORANDUM 

TO: Jim Glass, Chemical Engineering 

FROM: Susan B. Hopf 

RE: CHN Analysis #800543, Coals (UB 5-2-80) 

DATE: 5/16/80 

The results of the CHN analysis of your samples are as follows: 

Sample %N %C 2H SASH 

1 0.8 65.6 0.1 28.8 

3 0.6 58.2 0.0 37.5 

5 0.5 51.4 0.1 44.2 

7 0.5 50.4 0.2 44.8 

The samples were dried for 2% hours at 110° C and then 

ground with mortar and pestle before analysis. 



Table D.12. Utah coal, SR = 0.8, compositions (stoichiometric ratio 0.8) 

Position, cm 

22.9 38.1 53.3 68.6 99.1 129.5 160.0 

Temperatures, K 

Gas 1787 1802 1740 1700 1580 1565 1438 

Compositions, % Vol 

CO, I.R. 4.22 5.21 5.68 5.68 5.68 5.68 5.18 

CO, G.C. 3.39 4.58 3.14' - 5.35 5.50 5.14 

C02, I.R. 15.86 15.66 15.06 15.66 15.66 15.86 15.70 

CO2, G.C. 15.44 15.62 15.18 - 14.95 14.96 15.50 

o2 * 

H2 1.02 1.24 1.27 - 1.39 1.50 1.46 

NO, ppmv 1125 950 870 800 680 575 550 

HCN 9.8 12.8 12.0 11.8 15.0 15.8 17.0 

NH3 6.8 10.0 6.4 10.0 13.6 13.6 12.8 



Table D.13. Utah coal, SR = 0.8, compositions (stoichiometric ratio 0.4) 

Position, cm 

7.6 15.2 30.5 45.7 61.0 76.2 91.4 12.9 152.4 

Temperatures, K 

Gas 1429 1556 1584 1546 1491 1452 1416 1382 1335 

Wall 14 1423 1424 1401 1373 1341 1338 1295 1263 

Position, cm 

22.9 38.1 53.3 68.6 99.1 129.5 160.0 

Gas Composition, % Vol. 

CO, I.R. 11.2 10.7 10.7 10.7 11.2 10.7 10.2 
CO, G.C. 10.3 10.3 10.2 10.1 11.0 9.9 10.2 

C0„9 I.R. 12.6 12.5 12.5 12.1 14.0 13.4 12.6 
C02, G.C. 13.0 12.4 12.2 12.5 13.3 12.2 12.5 

h2 7.0 9.6 8.6 8.2 6.0 6.5 5.6 

CH * 
4 

0.18 0.16 0.19 0.09 0.09 0.10 0.06 

NO, ppmv 350 212 188 90 75 50 25 

HCN 564 627 511 421 308 321 253 

NH3 197 320 346 372 352 378 326 



Table D.14. Utah coal, SR = 0.4, conversions 

Position, cm 

Conversions, % 22.9 38.1 53.3 68.6 99.1 129.5 160.0 

Carbon 49.0 57.0 - 52.5 - - -

Nitrogen 73.3 85.1 - 85.5 - - -

To NO 4.3 2.6 2.3 1.1 0.9 0.6 0.3 

- HCN 7.0 7.8 6.3 5.2 3.8 4.0 3.1 

- nh3 2.4 4.0 • 4.3 4.6 4.4 4.7 4.0 

Hydrogen 96.2 99.2 97.2 

Note: CĤ  is approximate below calibration limit for G.C. 

O2 undetectable. 



D.15. Utah coal, SR = 0.4, compositions (stoichiometric ratio 0.4) 

Position, cm 

7.6 15.2 30.5 45.7 61.0 76.2 91.4 121.9 152.4 

Temperatures, K 

Gas - 1530 1516 1489 1469 1386 1351 1301 1284 

Wall - 1421 1412 1395 1378 ,1354 1339 1282 1273 

Position, cm 

22.9 38.1 53.3 68.6 99.1 129.5 160.0 

Composition, ! I Vol. 

CO, I.R. 11.1 12.0 11.5 10.7 10.7 9.7 9.5 
CO, G•C• 10.8 12.8 11.2 12.7 12.5 10.3 10.6 

C0«, X.R. 9.9 9.7 10.3 10.9 10.3 12.0 10.7 
C02, G.C. 10.6 9.8 10.2 10.6 10.5 10.2 10.6 

h2 5.8 8.9 5.0 7.5 5.2 5.2 4.9 

ch4 0.13 0.28 0.16 0.18 0.16 0.08 0.03 

NO, ppmv 450 210 116 78 53 53 50 

HCN 356 632 483 454 350 258 188 

NH3 200 338 346 343 347 408 376 



Table D.16. Utah coal, SR = 0.4, conversions 

Position, cm 

Conversions, % 22.9 38.1 53.3 68.6 99.1 129.5 160.0 

Carbon 49.4 57.9 50.9 55.0 53.4 - 43.7 

Nitrogen 81.0 81.0 83.0 0.90 0.89 - 0.90 

To NO 5.6 2.6 1.4 1.0 0.7 0.7 0.6 

- HCN 4.4 7.8 6.0 5.6 4.2 3.2 2.3 

- NH3 2.5 4.2 4.3 4.3 4.3 5.1 4.7 

Hydrogen 93.0 98.0 97.0 98.0 100.0 - 98.0 



Table D.17. Utah coal, SR = 0.4, compositions (stoichiometric ratio 0.4) 

Position, cm 

7.6 15.2 30.5 45.7 61.0 76.2 91.4 121.9 152.4 

Temperatures, K 

Gas 1570 1563 1448 1380 

Wall 1420 1423 1337 1301 

Position, cm 

22.9 38.1 53.3 68.6 99.1 129.5 160.0 

Composition, ! I Vol. 

CO, I.R. 12.6 11.4 11.6 11.6 10.9 11.9 11.0 
CO, G•C• 12.0 12.1 12.4 12.3 11.1 12.7 12.8 

CO2, X * R• 7.6 12.3 10.5 10.5 11.5 11.5 11.5 
COa, G * C• 7.8 12.1 9.6 9.7 11.5 11.6 10.6 

h2 6.0 6.1 6.5 6.3 5.6 6.5 5.0 

<»4 0.25 0.27 0.14 0.14 0.13 0.16 0.08 

NO, ppmv 350 175 170 112 70 50 47 

HCN 480 619 443 423 370 301 318 

nh3 219 304 287 297 334 388 388 



Table D.18. Utah coal, SR = 0.4, conversions 

Position, cm 

Conversions, % 22.9 38.1 53.3 68.6 99.1 129.5 160.0 

Carbon 53 58 58 58 60 57 59 

Nitrogen 78 78 79 84 83 81 88 

To NO 4.3 2.2 2.1 1.4 0.9 0.6 0.6 

- HCN 5.9 7.7 5.5 5.2 4.6 3.7 3.9 

- NH3 2.7 3.8 3.6 3.7 4.1 4.8 4.8 

Hydrogen 90 98 99 97 100 98 97 



Table D.19. Elemental analysis report, Utah coal, SR = 0.4 

fyUNIVERSITY ANALYTICAL CENTER 
^ 1 DEPARTMENT OF CHEMISTRY UNIVERSITY OF ARIZONA TUCSON, ARIZONA 85721 

(602) 626-3180 

MEMORANDUM 

TO: Jim Glass, Chemical Engineering 

FROM: Susan B. Hopf 

RE: CHN Analysis #810225, Pulverized Coals 

DATE: September 30, 1980 

The results of the CHN analysis of your samples are as follows: 

Sample % N % C % H % ASH RUN DATE 

UB 8/13 0.8 #1 0.5 58.6 0.2 35.6 9-26 

#2 0.3 46.6 0.1 48.4 9-26 

#3 0.5 50.9 0.1 42.8 9-26 

UB 8/15 0.4 #1 0.9 74.1 0.4 18.1 9-30 

#2 0.5 72.9 0.1 18.7 9-26 

#4 0.5 70.4 0.3 20.7 9-29 

UB 8/18 0.8 #1 0.4 53.8 0.2 41.2 9-29 

#2 0.2 51.5 0.2 43.4 9-29 

#4 0.2 43.1 0.1 51.5 9-29 

UB 8/28 0.8 #1 0.3 64.9 0.3 27.9 9-30 

#2 0.4 56.2 0.1 38.8 9-30 

#4 0.6 56.5 0.1 38.6 9.30 

UB 9/18 0.8 #1 0.3 56.8 0.2 38.0 9-30 

#3 0.4 60.1 0.01 35.7 9-30 

#5 0.4 52.3 0.01 44.3 9-30 



Table D.19. — Continued 

J. Glass 
Page 2 
September 30, 1980 

Sample % N % C % H % ASH RUN DATE 

UB Coal STD 1.6 70.9 5.1 9.3 Literature Value 

2.0 68.0 4.9 8.2 9-26 

1.3 67.6 4.9 9.5 9-29 

1.6 68.5 4.8 9.2 9-30 

The samples were dried for 2% hours at 110°C before analysis, and were 
combusted at a temperature greater than 1040°C. The run-date is included so 
the sample results may be compared to the Utah Bituminous Coal Standard results. 

If you have any questions, please call. 



Table D.20. Elemental analysis report, Utah coal, SR = 0.4 

UNIVER6ITY ANALYTICAL CENTER 
DEPARTMENT OP CHEMISTRY UNIVERSITY OP ARIZONA TUCSON, ARIZONA SC721 

IM2IMS11S0 

MEMORANDUM 

TO: 

FROM: 

RE: CHN Analysis # pacs£3> GoodLx, (Og £-11-go 

So l<r?0 DATE. 

The results of the CHN analysis of your sanple(s) are as follows: 

Sample *N IC a/i, A?4 

lb I . X  7-?.? 0.3 19.1 

a t  / , 0  9-3. $ c. A 

3a, < 5 . 9  o . A  a c . f  

% L 0 c .  ot 

If you have any questions, please cal l .  

4 b c !•*.% 0 • 0% 1 f. 2 

5T*_. o - z  7*7 O .cl 3C-.8 

ft 0 - 1  ?SW c. c6 3-t. 3 

0 . 1  7^.o DJ *2C.J 

O - 1  ?-* ? o , o <  a.o.g' 

o,? ?3<a. 0 • A 3 0 .  f  

£k\juu /-u«. 



Table D.21. Utah char, SR = 0.8, compositions 

Position, cm 

7.6 15.2 30.5 45.7 61.0 76.2 91.4 121.9 152.4 

Temperature, K 

Gas 

Wall 

Compositions, % Vol. 

CO, I.R. 

CO, G.C. 

cô 9 l.r. 

CO2 9 G.C. 

O2, G.C. 

NO, ppmv 

HCN 

NH« 

1186 1130 1750 1754 1703 1635 1590 1518 1468 

1000 1418 1537 1594 1549 1493 1402 1390 1345 

0 . 0  

3.6 

2.4 

16.3 

75 

44 

3.0 

0.15 0.20 0.20 0.20 

Tr Tr Tr Tr 

16.4 18.1 18.8 18.8 

16.3 17.9 18.7 18.8 

2.3 1.5 

1000 1050 

1 .0  

1.8 

0.2- 0.2-

970 930 

1.0 

1.9 

1.3 

3.5 

2.5 

3.3 

0.25 

Tr 

18.8 

18.9 

Tr 

790 

15.1 

10.5 



Table D.22. Utah char, SR = 0.8, conversions (stoichiometric ratio 0.8) 

Position, cm 

Conversions, % 22.9 38.1 53.3 68.6 99.1 129.5 160.0 

Carbon 23 70 76 79 80 80 80 

Nitrogen 36 88 93 91 89 89 88 

To NO 1.99 26.6 27.9 25.7 24.7 20.9 

- HCN 1.17 0.03 0.05 0.03 0.07 0.40 

- NH3 0.08 0.05 0.03 0.09 0.09 0.28 

Hydrogen 88 98 99 99 100 100 100 



Table D.23. Pyrometer data, Utah char, SR = 0.8, 23 cm 

Wavelength, nm Voltage Temperature, K 

700 -7.42 1709 Avearge = 1698 K 

750 -6.69 1686 Emissivity = 0. .140 

800 -5.54 1700 Scale Factor = 55.2 

850 -4.76 1702 

900 -4.66 1670 

950 -2.76 1714 

1000 -2.33 1708 



Table D.24. Pyrometer data, Utah char, SR = 0.8, 38 cm 

Wavelength, nm Voltage Temperature, K 

700 -7.82 1705 Average = 1702 K 

750 -6.82 1701 Emissivity = 0, .143 

800 -6.06 1702 Scale Factor = 55.1 

850 -5.23 1709 

900 -5.55 1669 

950 -3.79 1711 

1000 -3.07 1715 



Table D.25. Pyrometer data, Utah char, SR = 0.8, 53 cm 

Wavelength, nm Voltage Temperature, K 

700 -8.37 1637 Average = 1631 K 

750 -7.64 1628 Emissivity = 0.144 

800 -6.91 1633 Scale Factor = 55.3 

850 -6.35 1631 

900 -6.25 1606 

950 -4.68 1644 

1000 -4.13 1642 



Table D.26. Utah char, SR = 0.4, compositions (stoichiometric ratio 0.4) 

Position, cm 

7.6 15.2 30.5 45.7 61.0 76.2 91.4 121.9 152.4 

Temperatures, K 

Gas - 1505 1600 1557 1487 1422 1374 1318 1275 

Wall - 1313 1398 1350 1307 1268 1272 1220 1202 

Position, cm 

22.9 38.1 53.3 68.6 99.1 129.5 160.0 

Compositions, % Vol. 

CO, I.R. 0.13 1.40 1.46 3.00 3.30 - 3.75 

CO 9 G•C• 0.22 1.58 1.65 2.95 3.40 - 3.22 

CO29 X•R• 10.4 17.2 18.4 17.7 17.7 - 17.7 

CO2 9 G • C • 11.0 18.8 18.8 18.0 17.3 - 17.8 

°2 8.1 0.18 0.08 Tr Tr - Tr 

NO, pprav 375 1025 875 675 650 - 470 

hcn 33 37 46 53 63 - 79 

nh3 7 3 3 7 9 - 9 



Table D.27. Utah char, SR = 0.4, conversions (stoichiometric ratio 0.4) 

Position, cm 

Conversions, % 22. ,9 38. ,1 53. ,3 68. , 6 99. ,1 129.5 160. ,0 

Carbon 20 38 40 39 41 40 40 

Nitrogen 40 63 65 64 65 67 71 

To NO 4. ,9 13. .52 11. ,55 8. ,97 8. ,65 - 6. .27 

To HCN 0. .43 0. .49 0. ,61 0. ,70 0. ,84 - 1. ,05 

To NH3 0. ,09 0. ,04 0. ,04 0. ,09 0, .12 - 0, .12 

Hydrogen 96 98 99 100 100 100 90 



Table D.28. Pyrometer data, Utah char, SR = 0.4, 23 cm 

Wavelength Voltage Temperature, K 

700 -7.80 1537 Average = 1537 K 

750 -6.30 1540 Emissivity = 0.274 

800 -5.35 1533 Scale Factor = 56.4 

850 -4.00 1539 

900 -2.65 1536 

950 -1.40 1537 

1000 0.00 1538 



Table D.29. Pyrometer data, Utah char, SR = 0.4, 38 cm 

» 

Wavelength, nm Voltage Temperature, K 

,700 -8.40 1497 Average = 1496 K 

750 -7.30 1497 Emissivity = 0 .293 

800 -6.50 1493 Scale Factor = 56.4 

850 -5.40 1497 t *r 

900 -4.20 1497 

950 -3.15 1496 

1000 -2.00 1497 



Table D.30. Pyrometer data, Utah char, SR = 0.4, 53 cm 

Wavelength, nm Voltage Temperature, K 

700 -9.40 1402 Average = 1402 

750 -8.90 1405 Emissivity = 0.303 

800 -8.50 1400 Scale Factor = 56.4 

850 -8.00 1401 

900 -7.30 1403 

950 -6.70 1402 

1000 -6.00 1403 



Table D.31. Elemental analysis report, Utah char, SR = 0.8 

ff UNIVERSITY ANALYTICAL CENTER 
^ 1 DEPARTMENT OF CHEMISTRY UNIVERSITY OF ARIZONA TUCSON, ARIZONA 85721 

(602) 626-3180 

MEMORANDUM 

TO: Jim Glass 

FROM: Susan B. Hopf 

RE: CHN Analysis #810291, Coals 

DATE: October 28, 1980 

The results of the CHN analysis of your samples are as follows: 

Sample %N %C %H %ASH DATE RUN 

UC 0.8 9-26-80 

#1 1.2 70.6 0.5 23.5 25 Oct 

#1 1.2 71.3 0.6 21.6 28 Oct 

#3 0.5 49.8 0.01 47.5 25 Oct 

#5 0.4 42.3 0.0 55.5 25 Oct 

UC 0.4 10-21-80 

#1 1.0 73.1 0.3 21.7 25 Oct 

#1 1.1 72.8 0.3 23.0 28 Oct 

#3 0.7 57.6 0.01 40.6 25 Oct 

#5 0.7 62.4 0.0 34.6 25 Oct 

#5 0.6 61.7 . 0.0 36.2 28 Oct 

UB STD 1.5 69.1 4.6 8.8 25 Oct 

UB STD 1.4 68.8 4.8 8.7 28 Oct 

UB STD 1.6 70.9 5.1 9.3 Literature 

All samples were dried 2Sj hours at 110°C and ground before analysis. 

If you have any questions, please call. 



Table D.32. Elemental analysis report, Utah char, SR = 0. 

^ ^  
UNIVERSITY ANALYTICAL CENTER 

^—I DEPARTMENT OF CHEMISTRY UNIVERSITY OF ARIZONA TUCSON, ARIZONA 85721 
(6021 626-3160 

MEMORANDUM 

TO: Jim Glass, Chemical Engineering 

FROM: Susan B. Hopf 

RE: CHN Analysis #800583, Coals (UC 5-30-80) 

DATE: June 5, 1980 

The results of the CHN analysis of your samples are as follows: 

Sample %N *C %H %ASH 

UC1 1.0 70.2 0.1 26.7 

UC2 0.9 71.1 0.03 29.1 

UC3 0.9 68.6 0.01 30.3 

UC4 0.8 65.8 0.02 32.6 

UC5 0.7 64.6 0.02 35.1 

UC6 0.9 71.1 0.0 27.9 

UC7 0.6 60.8 0.02 38.4 

The samples were dried for 2\ hours at 110° C and ground prior to 
analysis. 

If you have any questions, please call. 



Table D.33. Elemental analysis report, Utah char, SR = 0. 

1602) 626-3180 

MEMORANDUM 

TO: J1m Glass, Chemical Engineering 

FROM: Susan B. Hopf 

RE: CHN Analysis #800589, Coals UC (6-3-80) 

DATE: June 6, 1980 

The results of the CHN analysis of your samples are as follows: 

Sample |N XC %H SASH 

UC1 1.2 74.5 0.1 22.7 

UC2 0.9 75.5 0.03 21.5 

UC3 0.8 69.3 0.0 30.5 

UC4 1.8 77.1 0.03 24.5 

UC5 0.9 74.2 0.01 26.8 

UC6 0.8 73.8 0.04 26.6 

UC7 0.8 70.9 0.01 29.1 

The samples were dried for 2H hours at 110°C and ground prior to 
analysis. 

If you have any questions, please call. 
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Standard Sample of Utah Bituminous Coal 

Following is a copy of the report by Hazen Research, Inc. on 

the analysis of the standard sample of Utah bituminous coal. This 

sample has been retained by the University Analytical Center for cali

bration of the elemental analysis. 



Hazcn Research, Inc. 
Fl*—4G0! Iiuli.'in.i f»t • (inlflrn. (Join MO'IOI 
HAZEN ID (30.1) W.I -1M1I • RCH!* 4*1 MHO 

REPORT OF ANALYSIS 

University Analytical Center 
Department of Chemistry 
University of Arizona 
Tucson, Arizona 85721 

Attn: , Susan B. Hopf 

Date April 9, 1980 
HRI Project No. 002-62N 
HRI Series No. 17647 
Date Received 4/1/80 
Customer P.O. C-665797 

Sample 
Designation UTATT Bituminous Coal 

PROXIMATE ANALYSIS 
Moisture 
Ash 
Volatile Matter 
Fixed Carbon 

m 

Calorific Value (Btu/lb) 
Sulfur (%) 
Mineral Matter Free (Btu/lb) 

As Received 
4.49 
8 . 8 6  
39.24 
47.41 

100.00 

Dry Basis 

9.27 
41.08 
49.65 

100 .00 

11,906 
0.98 

12,550 
1.02 

13,978 

ULTIMATE ANALYSIS (%) 
Moisture 
Carbon 
Hydrogen 
Nitrogen 
Chlorine* 
Sulfur 
Ash 
Oxygen (difference) 

4.49 
67.68 
4.88 
1.57 

0.98 
8 . 8 6  

11.54 
100.00 

70.86 
5.11 
1.64 

1.02 
9.27 
12.10 
100.00 

Air Drying Loss (%) 
Free Swelling Index 
Hardgrove Grindability Index 
Specific Gravity ' 

Fusion Temperature of Ash (°F) Reducing 
Initial Deformation 
Softening 
Hemispherical 
Fluid 

*Not usually reported as a part of the ultimate analysis. 

Oxidizing 

John Lawson 
Manager, Coal Analytical 

mem 
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Definition 

Radiation view factor 

Pyrometer output scale factor 

External particle area 

Particle property; per-unit volume 

Time rate of change of b 

Mean concentration of particles 

First radiation constant 

Second radiation constant 

Gas molar density 

Gas molar density of compound i 

Diameter of particles 

Adjustable constant in terminal yield formula 

Molecular diffusivity of i 

Internal energy of particles 

Activation energy, mean activation energy 

Exponential integral 

Force of gravity, bouyancy, drag 

Convective heat transfer coefficient, 
radiant heat transfer coefficient 

Reaction rate constant, thermal conductivity 

Equilibrium constant 

Radiation path length 

Mass of particle of size i 



Roman Letter 

m. 1 

m 

nt 

N. 
1 

Nu 

P 

Pr 

q 

Q 

r 

R 

Re 

0̂ 

SR 

t 

T 

U 

v,v* 

w. 
1 

X 

Greek Letter 

V 

X 

e 

312 

Definition 

Total mass of particle i 

Terminal mass loss from devolatilization 

Total molar flux of gas 

Molar flux of gas species i 

Nusselt number 

Absolute gas pressure 

Prandtl number 

Stoichiometric coefficient 

Scattering coefficient 

Reaction rate 

Gas constant 

Reynolds number 

Heterogeneous reaction rate of NO 

Stoichiometric ratio 

Time 

Absolute temperature 

Velocity 

Volatile yield and terminal volatile yield 

Weight fraction (DAF) of element i in coal 

Mole fraction, distance 

Gradient 

Wavelength 

Emissivity 



Mass density 

Residence time 

Stephan/Boltzmann radiation constant 
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