A Kinetic Model of Nitric Oxide Formation
During Pulverized Coal Combustion

A mathematical model of nitric oxide (NO) formation during pulverized coal
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combustion was developed from a proposed kinetic mechanism involving 12 overall
chemical reactions. Most significantly, the model describes the complex conversion and

of coal bound nitrogen compounds to NO during combustion, The predictions of
the model compare favorably with literature data obtained in well defined labo-
ratory combustors firing gaseous fuels doped with organic nitrogen additives, as
well as with data obtained in laboratory coal combustors. The predictions of the
model are in qualitative agreement with trends observed in practical coal com-
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SCOPE

A major class of air pollutants evolved during coal combustion
is the oxides of nitrogen—commonly referred to as NO,. Nitric
oxide (NO), the major species emitted in the burned gases of coal
combustion processes, is derived from two sources—the mo-
lecular nitrogen in the combustion air and the organically bound
nitrogen in the coal. The temperature sensitive mechanism of
oxidation of molecular nitrogen to NO, (“thermal NO,” mech-
anism) is now well understood, and combustion modification
strategies for NOy control aimed at reducing peak flame tem-
peratures have been successfully applied to gas and oil com-
bustion processes. The temperature insensitive mechanism of
fuel bound nitrogen conversion to NO, (“fuel NO,” mechanism)
has been more difficult to unravel because it involves both ho-
mogeneous and heterogeneous reactions which occur on a time
scale comparable to that of combustion reactions. The fuel NO,

picture is further complicated by the diversity of chemical forms
in which the fuel bound nitrogen arises.

Since “fuel NO,” is the major source of NO, in practical coal
combustion systems, there is considerable impetus to under-
stand the mechanism and kinetics of its formation. A kinetic
model is particularly important since combustion modification
strategies, which are considered the most practical approach
to NOy control, generally exploit some distinctive kinetic feature
of the conversion mechanism (e.g., temperature sensitivity in
the case of molecular nitrogen conversion). The principal ob-
jective of the present work was to develop a quantitative
mathematical model based on a chemical mechanism and as-
sociated kinetics which would adequately describe NO, for-
mation during pulverized coal combustion.

CONCLUSIONS AND SIGNIFICANCE

An overall kinetic mechanism involving 12 reactions has been
developed to describe the formation of both fuel and thermal
NO, during the combustion of pulverized coal. Rate expressions
and rate constants for each reaction (Table 1) have been deter-
mined. The coal combustion kinetics were extracted mainly
from the literature while the fuel NO, kinetics were derived
through numerical simulation and regression of experimental
data obtained in well defined, idealized reactor systems. The
gas phase portion of the model has accurately predicted the NO,
formation from fuel nitrogen additives in both jet-stirred and
Meker-type combustors as well as the low temperature reduction
of NO by NHj as observed in the EXXON “thermal DeNO,”
process. The complete coal combustion—NO, formation model
(Table 1) was tested against experimental data from a bitumi-

nous coal laboratory burner with a coaxial injector nozzle. The
simulations compared favorably with the experimental
data—discrepancies being attributed to imperfect micromixing
in the experimental diffusion flame which was not accounted
for in the (kinetic) model.

In conclusion, the kinetic model of NO, formation developed
in this work is in quantitative agreement with well defined
laboratory combustor data and in gqualitative agreement with
known trends in practical combustors. It may now be combined
with flow and heat transfer models to provide an overall system
model for simulation of pulverized coal combustors and pre-
diction of their emission characteristics as a function of oper-
ating and design variables.

INTRODUCTION

The formation of the oxides of nitrogen (NO,) from fuel bound
nitrogen during the combustion of heavy oils and coal is a complex
process involving both homogeneous and heterogeneous reactions
and a wide variety of fuel nitrogen compounds. A considerable
body of experimental work aimed at elucidating the homogeneous
gas phase aspects of the conversion process has appeared in recent
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years (Fenimore, 1972; de Soete, 1975; Fenimore, 1976; Morley,
1976; Haynes, 1977; Muzio et al., 1977; Cortlett et al., 1979). The
heterogeneous processes which accompany pulverized coal com-
bustion have also been the subject of recent investigation (Pershing
and Wendt, 1977; Pohl and Sarofim, 1977, Wendt and Pershing,
1977). A fairly coherent picture of the overall conversion mecha-
nism emerges from this recent work, but a mathematical model
which quantitatively accounts for all of the major kinetic events
has not appeared in the literature. Such a model could be combined
with flow and heat transfer models to allow simulation of the NO,
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Figure 1. Kinetic model schematic.

emission characteristics of pulverized coal combustors.

In this work we have developed an overall, or, in the terminology
of Weekman (1979), “lumped” kinetic model involving 12 reac-
tions which accounts for many experimental facts. The data base
for model discrimination and parameter estimation was provided
by works available in the literature, many of which have already
been mentioned. The methods involved numerical simulation of
experimental systems which could be described as idealized re-
actors (mainly plug flow and stirred tank reactors) combined with
nonlinear regression analysis.

KINETIC MODEL

The most important overall chemical reactions involved in NO,
formation during coal combustion are hypothesized to be those
shown schematically in Figure 1. Coal pyrolysis, homogeneous
hydrocarbon combustion, heterogeneous char combustion, fuel
NO, formation, and thermal NO, formation are accounted for. The
stoichiometry of the overall reaction mechanism employed in the
kinetic model is summarized in Table 1 along with rate expressions
and kinetic parameters which have either been extracted from the
literature or determined in this work. Coal pyrolysis is described
by reactions 3 and 5, and char combustion by rection la. The
combustion of hydrocarbons evolved during coal devolatilization
is accounted for by reactions 2, 4 and 12. Reaction 8 describes the
thermal NO, mechanism, while the fuel NO, mechanism is rep-
resented by reactions 1b, 6, 7, and 9-11. The determination of the
kinetics for each reaction is discussed below.

Coal Decomposition

When introduced into a hot (1,800 K) furnace, pulverized coal
particles undergo thermal decomposition (pyrolysis). The com-
pounds evolved during the period of rapid heating (10#°C/second)
are collectively referred to as volatile matter (VM). The amount
of volatile matter released depends on coal type, heating rate, and
ultimate temperature. The standard technique used to report
volatile matter content of coal is the proximate analysis in which
a coal sample is heated to 950° for seven minutes (ASTM, 1974).
The amount of mass lost during this test is the proximate volatile
matter content (VM,,).

Research, both experimental and theoretical, aimed at under-
standing pyrolysis phenomena has been extensive (Anthony and
Howard, 1976). As a result, devolatilization data have been cor-
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related by a wide variety of kinetic models, ranging from the single
reaction, first order model of Badzioch and Hawksley (1970), to
the multiple reaction model of Anthony et al. (1975) which employs
a statistical distribution of activation energies. We have chosen a
single reaction model to describe devolatilization in this work in
order to minimize the total number of reactions essential for the
description of coal combustion. However, the rate constants re-
quired by this method vary, for different coals, over orders of
magnitude (Anthony and Howard, 1976). Therefore, the devola-
tilization rate constants for the particular coal being studied must
be supplied to the model.

In this study, we assume that the volatile matter content of the
residual char is zero, and thus, the devolatilization expression is
given by

dv _ _ .
Tl ky(Vo — V) ‘ 1

where
Ve = Q(VM,) (2)

The volatile enhancement factor, Q, and thus the ultimate volatile
yield, V., depend on various factors (heating rate, temperature,
coal type, size, etc.). For coals fired at high heating rates, the ulti-
mate volatile yield typically exceeds the proximate volatile matter
content by 10-50% (Anthony and Howard, 1976). Since the ASTM
proximate volatile matter is usually known for a given coal, the
additional model parameter needed to describe devolatilization
is Q.

Although pyrolysis kinetics for any coal could be inserted into
the model, most of the present analysis centers on a Pittsburgh seam
hvA-bituminous coal. The literature on this coal is extensive, and
contains sufficient data to evaluate the key characterizing pa-
rameters. Kobayashi et al. (1977) have carried out devolatilization
studies on this coal, in which the kinetic rates were correlated with
a first order expression, assuming a constant V., of 70%. However,
it is not apparent from their data that V., is indeed independent
of temperature. By allowing V . to depend on temperature we have
correlated the Kobayashi data with Eqs. 1 and 2. An ordinary
differential equation solver based on Gear’s method (Gear, 1971),
and a nonlinear regression package based on Marquardt’s method
(Marquardt, 1963) were employed for this purpose. These two
numerical methods were utilized for all of the simulation and
correlation work described in this paper. The resulting correlation
is compared to the data in Figure 2; the temperature dependence
of V. is shown in Figure 3; and the best {it kinetic parameters are
listed in Table 1. The average relative error in the correlation is
13%.
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Figure 2. Volatile hydrocarbon evolution behavior. Data points from Kobayashi
et al. (1977). Smooth curves from first order model.
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Figure 3. Effect of temperature on total yield of hydrocarbon volatlles.

In addition to hydrocarbons, water and nitrogen evolution during
pyrolysis are accounted for in the model. Coal bound moisture, held
only by weak cohesive forces, is assumed to escape instantaneously
upon particle injection into a hot furnace. Nitrogen evolution is,
however, kinetically controlled (Pohl and Sarofim, 1977). Blair et
al. (1977) studied the pyrolysis behavior of various coals at high
heating rates and long residence times. They found that nitrogen
evolution was more sensitive to temperature than hydrocarbon
evolution, and that nitrogen species appeared to escape late in the
devolatilization sequence. Workers at United Technologies Re-
search Center (Solomon and Colket, 1978) conducted pyrolysis
experiments on a variety of coals, and found trends similar to those
discussed by Blair et al. (1977). In addition, they found that ni-
trogen evolution tends to parallel the overall volatile evolution,
showing increased volatile nitrogen yield at higher temperatures,
A study of nitrogen evolution by Pohl and Sarofim (1977) gives time
resolved kinetic data, taken under conditions closely resembling
those in coal flames. They heated small particles of the Pittsburgh
seam coal to temperatures between 1,000 and 2,100 K at high
heating rates and short residence times. Initial nitrogen evolution
was correlated with a single first order reaction. While this ap-
proach adequately describes the early stages of nitrogen pyrolysis,
it cannot predict the reduction in char retained nitrogen observed
at increased temperatures. The apparent parallelism of nitrogen
evolution with overall mass evolution has led us to the following
rate expression for volatile nitrogen pyrolysis:

b
dNc (VM) @)

kaNe |y
The constants in Eq. 3 were evaluated via batch reactor simulation
using Eqs. 1-3 and numerical regression on the data of Poh!l and
Sarofim (1977). The best fit kinetic parameters are available in
Table 1. As shown in Figure 4, Eq. 3'is able to describe both the
increased rate and increased ultimate volatile nitrogen yield found
at elevated temperatures. The average relative error in the re-
gression was 10.3%.

The residual nitrogen remaining in the char (““char nitrogen”)
after devolatilization (which constitutes 20-30% of the total fuel
nitrogen under typical pulverized coal combustion conditions) is
released more slowly by a process which has been experimentally
observed to paralle] the char burnout (Pohl and Sarofim, 1977,
Figure 4). However, the immediate fate of the char nitrogen
(whether it is heterogeneously oxidized directly to NO or released
as a -CN- or -HCN- fragment) has not been determined conclu-
sively by experiments. We have adopted the view of Wendt and
Schulze (1976) in which the residual nitrogen (assumed to be ho-
mogeneously distributed throughout the char) is oxidized directly
to NO at a rate proportional to the char oxidation rate. Thus, the
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Figure 4. Volatile nitrogen evolution behavior. Data points from Pohl and
Sarofim (1977). Smooth curves from model.

rate of char nitrogen oxidation (reaction 1a, Table 1} is expressed
as follows:

dN, _ Ne dW,
dt W, dt

(4)

Char Combustion

The solid char (carbon) remaining after pyrolysis reacts heter-
ogeneously with gas phase components such as Oz, COg, H30, and
H,. In hydrogen rich reducing atmospheres associated with gas-
ification, all of these may be important, but in the present study
focused on high temperature oxidizing conditions, only the char-Os
reaction need be considered (Wen and Tone, 1978).

The mechanism of the char-Oy reaction involves diffusive
transport of oxygen through an external boundary layer to the
particle surface, heterogeneous reaction at the surface, and sub-
sequent diffusion of the products back through the boundary layer
to the bulk gas phase. The rate determining step in the overall
process depends on particle size and temperature. It is generally
accepted (Essenhigh, 1977) that for particles larger than 100 micron
in diameter, diffusion is rate controlling at normal combustion
temperatures. Field (1969) has indicated that surface reaction
control is evident for particles less than 50 microns in diameter. Of
course, the diffusion limit is approached for all particles as the
temperature is increased. In normal combustion systems, where
diffusional and surface reaction rates are comparable, an overall
rate expression combining the two effects is often employed (Lowe
et al., 1977). Assuming the surface reaction to be first order, the
char consumption rate is written as

aw, - _kskd
di ks + kd POzsext (5)
where P, is the oxygen partial pressure in the bulk gas, S, is the
total external surface area per unit mass of the char particles, and
k, and kg are the surface reaction and diffusional coefficients, re-
spectively. Field et al. (1967) have shown that

L, = 24¥ Do,

4T 4R T,
where T, is the mean temperature in the boundary layer and ¢
is the mechanism factor which has a value of 1 if CO; is formed
at the surface, and 2 if CO is formed at the surface. Field (1969)

concluded that in most cases the principle surface product is CO,
and expresses the diffusional coefficient as

kg = 1.28 X 1073 (T,,/1,600)075/d ™)

(6)
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In most experimental work, intraparticle diffusion effects have
been lumped into the surface reaction coefficient. Field et al. (1967)
summarized the work of various authors and suggested the fol-
lowing expression

k, = 8.71 X 108 exp(—35700/RT) (8)

for temperatures below 1,650 K. At higher temperatures, the data
shows significant curvature when plotted in Arrhenius form, pre-
sumably due to intraparticle diffusion effects. Based on regression
of the Field et al. (1967) data, the following Arrhenius expression
is suggested for k; at high temperatures (1,500-2,500 K):

ks = 32.1 exp(—19,000/RT) 9)

While Eq. 5 describes the rate of burning, it alone is not adequate
to fully describe the physical changes which occur during burnout.
As a char particle burns, it undergoes variations in both diameter
and density (Anson et al., 1971; Field, 1970). The parameters « and
{3 defined below are used to describe this diameter and density
variation

d/d, = (W/W,,) (10)
p/po=(We/W,, )8 (11)

It has been shown by Lowe et al. (1977) that for spherical parti-
cles

Sat+f8=1. (12)

« and (3, which may be determined experimentally, effectively
describe the amount of internal burning of a char particle. When
{3 is zero, there is only surface burning, and the description reduces
to that of the so called “shrinking sphere” model. For constant
diameter burning, 3 has a value of unity. In general, more porous
chars have higher § values.

Many coal particles also change physically by swelling during
the initial period of rapid heating. Experimental evidence suggests
that swelling is usually mild (<10%) and occurs at a rate propor-
tional to the extent of devolatilization (Baum and Street, 1971). By
defining a swelling parameter, Cs,;, as the maximum fractional
amount of swelling, diameter and density variations for spherical
particles are given by

sl (-2

ol p ]

The parameters 8 and Cs,, have been shown to have a negligible
effect on NO, emissions (Mitchell, 1980).

Hydrocarbon Combustion

Data on the composition of gas phase products of coal pyrolysis
is scarce, but limited data shows that the molecular weight of the
products decreases with increasing temperature (Wen et al., 1973).
Volatile products are usually divided into tars, gas, and water, and
Menster et al. (1973) have shown that the tar fraction decreases to
below 15% at typical combustion temperatures. It can be inferred
from these studies that the majority of volatiles produced are low
molecular weight hydrocarbons. Zimont and Trushin (1969) have
discussed overall kinetics for hydrocarbon combustion and have
concluded that the kinetic parameters describing propane/air and
iso-octane/air mixtures are very similar. Based on these works, we
have assumed that pyrolysis products exist as a single “average”
hydrocarbon species (Cy Hg) whose combustion is described by
the following overall rate (Zimont and Trushin, 1969):

The mass rate of hydrocarbon combustion predicted by Eq. 15 is
essentially independent of the hydrocarbon molecular weight.
There is less than a 2% difference between the mass rate of methane
and octane combustion. We have fixed M = 8 for our model with
the parameter B determined by the ultimate and proximate
analysis of the coal (Mitchell, 1980). The rate constant is available
in Table 1.

It is generally accepted that the rate limiting step in hydrocarbon
combustion is the oxidation of carbon monoxide. Howard et al.
(1973) reviewed CO oxidation studies by various investigators.
They obtained a global rate expression which adequately agrees
with data representing various fuels, equivalence ratios, pressures,
and temperatures in the range 840 to 2,360 K. The resulting global
equation is

d|CO) -
dt

which can be used except at near equilibrium conditions where the
reverse rate can be calculated from equilibrium analysis and
thermochemical data (Mitchell, 1980).

The remaining homogeneous combustion reaction that we have
included is the oxidation of Hz to HyO. Surprisingly, only one global
kinetic study of this reaction is available in the literature (Sawyer
and Glassman, 1969), and it concentrates on systems containing
large amounts of excess air. The rate expression is zero order in Oy
concentration, and thus, it cannot be used in models of rich flames.
Preliminary calculations confirmed our expectation that this re-
action is very fast; therefore it has been assumed to be always in
thermodynamic equilibrium. The equilibrium constant, K,,, is
available in Table 1.

~k3|COJ[O,]! 72 [H 012 (16)

Thermai NO, Formation

Thermal NO, formation is now well understood, and the
mechanism originally proposed by Zeldovich (1946)

ks

O+ N, ==NO+N (17)
k17
ki

N+ 0, ==NO+0 (18)
k13

accurately accounts for thermal NO, formation in both fuel lean
and fuel rich flames (Newhall and Shahed, 1973). Lavoie et al.
(1970) have proposed that, in addition to the simple Zeldovich
mechanism, the reaction

N+OH-—-NO+H (19)

may be significant, especially in fuel rich flames. Shock tube studies
by Bowman (1971) have shown the dominance of reactions 17 and
18; thus reaction 19 is not considered in the present treatment.

Based on the Zeldovich mechanism the thermal NO, formation
rate, after invoking the “steady state approximation” for the ni-
trogen atom concentration, is given by (Westenberg, 1971)
INOP

ki7INa] — k-17 k-18
! k1] O

diNO| _ 20 181Og] (20)

dt 1+ ko7 [NOJ

k15102

which shows the sensitivity to O atom concentration. If the reac-
tion

0, =0+0 21)

d{CuH 2 P2
% =- Y] ky ra Fnefor) (15) is assumed to be in equilibrium, Eq. 20 reduces to
2ky7K _1’__)1/2[02“/2 {Ne] — 2(k_17k_18/k18)Ko(P/R'T)V/2[Op]71/2[NOJ2
leOI: ’ R'T ‘ ’ (22)
dt k_17[NO]
[t i N
k1| Oq]
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where K, is the equilibrium constant for oxygen dissociation. In
assessing the validity of this assumption, it is important to note that
the thermal mechanism is slow compared to hydrocarbon com-
bustion, and most of the thermal NO, formation occurs in the “post
flame” region. It is well known that super-equilibrium free radical
concentrations exist in the flame zone, but, as pointed out by
Westenberg (1971), these excess concentrations disappear at a rate
faster than NO is formed, thus deviations from rate (Eq. 22) are
small. Finally, we should note that thermal NO, formation is sig-
nificant only at temperatures exceeding those found in typical
pulverized coal systems (1,800 K) (Sarofim and Flagan, 1976). The
rate constants (Jensen and Jones, 1978) and the equilibrium con-
stant (JANAF) required by Eq. 22 are available in Table 1.

Fuel NO, Formation

The fixation of atmospheric nitrogen by the thermal NO,
mechanism is highly sensitive to temperature, and studies have
shown that in relatively cool coal flames less than 20% of the NO,
is formed via the thermal mechanism (Pershing and Wendt, 1977).
In contrast, NO, formation due to the oxidation of fuel bound ni-
trogen compounds has been found to be rather insensitive to flame
temperature. And, while the thermal mechanism is well described
by the relatively simple Zeldovich mechanism, recent research
indicates that the fuel NO, mechanism is much more complex
(Vogt and Laurendeau, 1976). In view of the wide variety of coal
types, and organically bound nitrogen compounds associated with
them (Axworthy, 1975), it would appear a formidable task to
realistically model fuel NO, conversion. Fortunately, numerous
experimental studies have revealed that fuel NO, conversion is
remarkably insensitive to the nature of the organic nitrogen
compound (Fenimore, 1972; Sarofim et al, 1976). And, while
perhaps incomplete, the “four centers” description of Haynes
(1977) provides insight into the gas phase mechanism. In the
Haynes view, the gas phase conversion is described by the inter-
action of four nitrogen centers: (1) the NH; subsystem (N, NH,
NH;, NHj), (2) the CN subsystem (mostly HCN), (3) NO, and (4)
N,. For the purpose of our global model, the four centers are rep-
resented by the molecular species NH;, HCN, NO, and N,

The hypothesized interactions among the centers are shown
schematically in Figure 1 and are listed in Table 1 as reactions 6-10.
To determine the necessary kinetic parameters, the effects asso-
ciated with each center were isolated by starting with N and the
thermal mechanism, and adding on the remaining centers in
building block fashion. Fortunately, available experimental data
in the literature allowed us to carry out this procedure. The inter-
action between the Ny and NO centers is accounted for by the
thermal mechanism which has been discussed above.

Reactions involved when the NH; center is included are the
oxidation of NH; to NO and reduction to Ny via NO. Fenimore
(1976) has suggested that the NO destruction is due mainly to the
reaction

NO + NH; =~ N; + Hy;O (23)

and, while not readily interpreted in terms of elementary reactions,
the NO formation reaction is of the type

NH; + Ox > NO+..... (24)

where Oz is an appropriate gas phase oxidant. Haynes (1977a) has
suggested that the NH; subsystem (N, NH, NH,, NHj) is internally
equilibrated. Thus, the use of a single NH; species (NH3) in a global
scheme is justified.

In an attempt to describe fuel NO, formation by oxidation and
reduction reactions like reactions 6 and 7 of Table 1, de Soete (1975)
correlated the oxidation rate with an expression that was of variable
order dependence on oxygen concentration. He found that at low
O levels the rate appeared first order in oxygen, and that a zero
order dependency best described the rate at high O; levels. He
assumed the NO reduction rate to be first order in both fuel ni-
trogen species and NO.

To obtain kinetic parameters for the NH; oxidation and reduc-
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tion reactions, a set of data on a system that isolates the NH;, NO,
and Ny interactions is required. The numerous reported experi-
mental results for fuel nitrogen doped hydrocarbon flames are of
limited use, due to the presence of HCN and hydrocarbon frag-
ments in the flame zone. A useful experimental system for study
of the NH; reactions is the thermal DeNO, (PAT report, 1977)
system in which ammonia is injected into the burnt gases of lean
hydrocarbon flames. Due to the presence of excess oxygen, the
gases at the injection site are nearly devoid of HCN and hydro-
carbon species. An extensive data set, covering a broad range of
temperatures and ammonia-NO stoichiometries, is available in the
work of Muzio et al. (1977). They burned CH,4 with excess air in
a plug flow combustor, injected NHj into the burned gases, and
measurd the NO concentration upstream and downstream of the
injection point.

Originally, we expected that de Soete’s global kinetics could be
incorporated directly into simulation of these relatively low tem-
perature experiments. But, de Soete’s kinetics failed to predict the
strong temperature dependence of the selectivity of the parallel
NHj reactions observed by Muzio et al. Therefore, we postulated
new global kinetic forms (Egs. 25 and 26) to describe both the ox-
idation and reduction of the NH; system.

d[NHj3) _ —keynug¥o, _I_)__

dt 1+ kgen Yo, R'T )
d[NH P
% = —k7 yNH; YNO RT (26)

Equation 25 allows for the oxygen dependence observed by de
Soete while providing additional flexibility in temperature de-
pendence through the Arrhenius parameter kgep.

The experiments of Muzio et al. (1977) were simulated (Gear’s
method) by a plug flow reactor model incorporating the thermal
NO, kinetics of Eq. 22 along with Egs. 25 and 26. Nonlinear re-
gression (Marquardt algorithm) of the entire data set resulted in
the best fit constants recorded in Table 1. Figure 5 compares the
predictions of the best fit plug flow model with the experimental
data. The average relative deviation of the best fit simulation data
from the experimental data is 13.7%. The rather pronounced
temperature well is quite adequately described by the model.

The final nitrogen center to be considered is the CN subsystem
(HCH, CN etc.) which, like the NH; subsystem, is assumed to be
internally equilibrated. This subsystem is represented by the single
species HCN in our mode]. Reactions leading to the formation, and
destruction of this center are discussed below.

Nitrogen bearing heterocyclic compounds are evolved from coal
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Figure 5. NO, reduction during ammonia injection. Data points from Muzio

et al. (1977). Smooth curves from plug flow model. Nitric oxide ratio is ratio

of NO, after ammonia injection to initial NO concentration. 7y is the injection
stoichiometry ([NH;]/[NO]).
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Figure 6. NO, formation in a jet-stirred combustor. Data from Corlett et al.
(1979). Smooth curve from CSTR model. Nominal combuster residence time
of 13 ms.

by pyrolysis and char decomposition during coal combustion. It
has been suggested that at high temperatures, ring rupture at the
heterocyclic site is possible, and reactions such as

CsHsN > HCN + C4H,y 27
A

may yield hydrogen cyanide directly (Sternling and Wendt, 1972).
Studies in hydrocarbon flames doped with nitrogen compounds
(Haynes, 1977) indicated that HCN is the dominant nitrogenous
species formed in the reaction zone, with nearly 100 percent con-
version of fuel N to HCN (Morley, 1976). Since reactions like eq.
27 are exceedingly fast, we have assumed an infinite rate for the
conversion of nitrogen volatiles to HCN. The subsequent (rate
limiting) decay of HCN yields the NH; species necessary to
propagate the fuel NO, mechanism.

HCN may also form as a result of hydrocarbon interactions with
the NO center. Reactions of the type

CH;3 + NO — HCN + HyO (28)

have been proposed (Haynes, 1977) to account for NO reduction
by hydrocarbons, which is significant only in rich flames (Corlett
et al. 1979). This process is described in the overall model by re-
action 10 of Table 1, whose rate is expressed as

d[HCN] -k
di WYNOYC,,

P
Hs gor (29)
Flame studies have shown that as HCN decays, NH; concen-
trations increase (Haynes, 1977) due to reactions such as (Morley,
1976)

CN+OH —NH + CO (30)
or
O+ HCN —NCO+H-—NH+CO (31)

In any case, the decay of the HCN subsystem is initiated by the
attack of an oxidizing agent. This conversion of the HCN center
to the NH; center is described in overall fashion by Eq. 9 of Table
1, with a rate of the form

d[HCN P
—[—dt—J = —KkgyHCNY 0p BT (32)

While qualitative data on fuel NO, formation is abundant in the
literature, quantitative data from well defined reaction systems,
suitable for determination of the kinetic parameters in Egs. 29 and
32, is scarce. However, the study of Corlett et al. (1979) in a
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Figure 7. HCN formation in a jet-stirred combustor. Data from Corlett et al.
{1979). Smooth curve from CSTR model. Nominal combustor residence time
of 13 ms.

Longwell reactor (jet stirred reactor) provides the essential data.
In these experiments, Cortlett et al. premixed pyridine with pro-
pane, argon, and oxygen and combusted the mixture at tempera-
tures ranging from 1500 to 1900°K, at equivalence ratios from 0.9
to 1.5. Reactor residence times and a complete nitrogen balance
(Ng, NO, HCN, NHg) were given.

The Longwell reactor was modeled as a continuous stirred tank
reactor (CSTR) incorporating kinetics for propane partial oxidation
(Zimont and Trushin, 1969) and reactions 2, 6-10 and 12 of Table
1. For each experimental run, a “best” pair of rate constants (kg and
k1) was determined by simulation with the CSTR model. The
CSTR model was solved by integrating the transient equations to
steady state (Gear’s method). Results of this procedure were cor-
related with Arrhenius expressions, and linear regression of the data
led to the kg and ko values reported in Table 1.

The CSTR model (with the kinetics of Table 1) was able to
predict both the decreased conversion of fuel nitrogen (in pyridine)
to NO and the increased conversion to HCN observed at increas-
ingly rich conditions. Figures 6 and 7 provide a comparison of
model predictions and experimental data for a nominal residence
time of 13 millisecond. The model also agreed favorably with data
at longer residence times and at higher fuel nitrogen concentrations
{Mitchell, 1980).

As a final check on the gas phase mechanism and kinetics, data
from premixed CHy/air flames doped with fuel nitrogen com-
pounds in a Meker-type burner (Sarofim et al., 1976) was simulated.
The data was reported as percent fuel nitrogen (various additives)
converted to NO at various equivalence ratios and additive con-
centrations. The Meker burner was modeled as a plug flow reactor
(PFR) incorporating the same kinetics as the prior CSTR model,
except that the CHy partial oxidation kinetics of Williams et al.
(1969) were employed. Figure 8 compares the PFR model pre-
dictions with the experimental data at an additive concentration
of 0.5 wt.%. Agreement is very favorable, with the model pre-
dicting the drastic reduction of NO formation under fuel rich
conditions. This completes our discussion of the homogeneous re-
actions involved in the NO mechanism.

Beer et al. (1977) have proposed that in coal combustion systems
a heterogeneous reaction between NO and char particles will re-
duce the NO formed. While very significant under fluidized bed
conditions, this reaction may also be important in pulverized coal
flames. Products of the uncatalyzed process include CO, COg, and
N, formed through reactions such as

C+2NO — COy + Ny (33)
C+NO—CO+ %N, (34)
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Figure 8. NO, formation in a meker-type burner. Data from Sarofim et al.
(1976). Smooth curve from PFR model.

The reaction is modeled as first order in NO concentration and
proportional to the char surface area available. The rate constant
given by Horio et. al. (1977) is recorded in Table 1 (reaction 11).
Preliminary tests at 1800°K and short residence times characteristic
of pulverized coal flames indicate that the char/NO reaction is
quite significant. This point is considered in detail in the next
section.

OVERALL MODEL VERIFICATION AND MIXING EFFECTS

Rationale for the mechanisms and kinetics in Table 1 has been
presented. It remains to test the kinetic model on a well defined
system involving both NO formation and coal combustion. Pohl
and Sarofim (1977) measured NO formation during combustion
of a Pittsburgh seam coal (whose pyrolysis characteristics we de-
scribed in an earlier section) in an electrically heated resistance
furnace. Nearly mono-sized particles were burned in diffusion
flames created by feeding the coal and 15% of stoichiometric
oxygen requirement through a nozzle on the axis of the furnace.
The remaining oxygen was fed coaxially without swirl. Helium
replaced nitrogen as a diluent. We simulated these experiments
with a PFR model incorporating the complete set of kinetics in
Table 1 as well as several variations of the char/NO kinetics. The
coal characterizing parameters were taken from Kobayashi et al.
(1977). The volatile enhancement factor, Q, was set at 1.1 (cf.
Figure 3), and mild swelling and internal burning effects were
simulated by setting Cy,, = 0.05 and 8 = 0.05.

Figure 9 displays the experimental data and several model
predictions for 50 um particles burning at 1,500 K. The solid line
is the prediction when the char/NO reaction is not operative (k;,
= 0). The broken lines employ the k;, of Horio et al. (1977) listed
in Table I as well as a value four times that of Horio et al. (1977)
which was used recently by Rajan and Wen (1980) in a fluidized
bed model. It is clear that the char/NO reaction significantly re-
duces NO levels, particularly under fuel rich operating conditions,
and that predictions of NO emissions are quite sensitive to the rate
of the char/NO reaction.

The remaining discrepancy between the experimental data and
the model predictions including the char/NO reaction we attribute
in large measure to imperfect micromixing—an effect not ac-
counted for in our PFR model. A qualitative explanation of the
micromixing effect is possible if we imagine a local distribution
of fuel/air equivalence ratio regions in the combustor—some fuel
rich and some fuel lean relative to the mean equivalence ratio
(Tarbell and Petty, 1977). In regions where the curvature of yng
versus ¢ (i.e., 02yno/d¢2) under perfect mixing conditions is
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Figure 9. NO, production in an isothermat coal combustor. Data (1,500 K)
from Pohl and Sarofim (1977). Smooth curves from PFR model. — k44 =
0; --- k11 = 1.57 X 10° exp(—34,000/RT); — - — k41 = 6.28 X 10®
exp(—34,000/RT).

positive, imperfect mixing will reduce NO, while the trend is re-
versed when the curvature is negative. This argument applied to
the results in Figure 9 indicates that imperfect mixing will reduce
NO emissions under overall fuel lean operating conditions with the
trend reversed under fuel rich conditions.

In fact, it is quite well known that poor mixing leads to reduced
NO formation under fuel lean operating conditions in both prac-
tical and laboratory combustors (Wendt and Pershing, 1977). In
addition, tangentially fired coal boilers (low mixing intensity)
produce significantly less NO than opposed wall fired coal boilers
(high mixing intensity) under normal operating conditions as shown
clearly in Tables 2 and 4 of Sarofim and Flagan (1976). The same
Table 2 shows a consistent reduction in NO emissions with reduc-
tion in boiler load which is accompanied by poorer mixing.

In conclusion, we feel that our model adequately accounts for
the important chemical kinetic events in the conversion of fuel
bound nitrogen during pulverized coal combustion. However, a
complete system model will have to in addition account for: (1) the
important effect of microscale segregation and associated micro-
mixing; (2) imperfect macromixing as described by the residence
time distribution of each feed stream; and (3) non-isothermal ef-
fects as described by energy balances for both the gas and particle
phases.
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NOTATION

b = correlational constant in Eq. 3

Csw = fractional swelling constant

CSTR = continuous stirred tank reactor

d = diameter of coal (char) particle (cm)

d, = initial diameter of coal particle (cm)
D,, = diffusivity of oxygen in combustion gases (cm?2/s)
fx2 = gas phase mass fraction of compound X»
K, = oxygen dissociation equilibrium constant
N: = nitrogen contained in coal (g/g coal)

N, = initial nitrogen content of coal (g/g coal)
P = pressure (atm)
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PFR = plug flow reactor

P, = partial pressure of oxygen (atm)

Q = volatile enhancement factor

R(R’) = universal gas constant, 1.987 cal/gmol-K(82.057 cm?
atm/gmol-K)

Sext = coal surface area (cm?)

t = time (s)

T = temperature (K)

T,, = temperature in coal boundary layer (K)

v = volatile matter evolved into gas phase (g/g coal)
VM = volatile matter contained in coal (g/g coal)
VM, = proximate volatile matter content of coal {(g/g coal)

V. = ultimate volatile matter yield of coal (g/g coal)
W, = char weight (g)
W, = initial weight of coal (g)

= gas phase mole fraction of compound X,

[Xs] = gas phase concentration of compound X3 (gmol/cm3)
o = size variation parameter for char burnout

B = density variation parameter for char burnout

0% = NHj3/NO ratio in NHj injection
p

Po

¢

1

r

w
<
©

i

particle density (g/cm3)

initial particle density (g/cm3)
equivalence ratio

mechanism factor for char/O, reaction
= mean residence time
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Three-Dimensional, Randomized, Network
Model for Two-Phase Flow through Porous

Media

A structural model for a porous medium in the form of a randomized, three-

CHENG-YUAN LIN

dimensional network is developed that can be used to calculate permeability,
capillary pressure as measured under static conditions and during steady-state
flows, and relative permeabilities as measured during steady-state flows,

This randomized network model, expressed in terms of seven free parameters,
can be employed to correlate for a given system the single-phase permeability, the
drainage and imbibition capillary pressure curves, and the two drainage relative
permeability curves. The subsequent portions of the hysteresis loops for capillary
pressure and for the relative permeabilities then can be predicted.

The limited data available from the literature for unconsolidated packed beds
have been successfully correlated: 100 to 200 mesh sand and uniform 181 um glass
spheres. Data for a bed of sintered 200 um glass beads also has been successfully
described.
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The configuration of the pore space in a permeable rock, in
a bed of sand, or in an irregular bed of spheres will normally be
at least in part a random function of position in space. Although
the usual equations of motion are believed applicable to each
phase moving through an individual pore, they can not be
solved, because an a priori description of the necessary
boundary conditions is not possible.

The usual approach in avoiding this difficulty is to speak in
terms of averaged variables. Formally, local volume averages
of the equations of motion for each phase can be written that
are valid for each point within a multiphase flow through a
permeable structure. The advantages are that all local volume
averaged variables are continuous functions of position in space
and that detailed configurations for all of the various phase
interfaces are no longer required.

The disadvantage is that in place of this lost information we
have several integrals, descriptions for which must be given
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before we can proceed further, For a two-phase flow through
a porous medium in the absence of interphase mass transfer,
these integrals are the permeability to a single phase, the relative
permeability for each phase, and the capillary pressure,

In describing these integrals, one can rely strictly on empir-
icism or correlations of experimental data. This is not entirely
satisfactory, since there are many interacting physical phe-
nomena.

Here we have adopted another approach in which these in-
tegrals are modelled through the introduction of an idealized
structural model for the pore space bounded by the local aver-
aging surface defined at each point within the porous medium.
The model we have adopted is a three-dimensional, randomized
network of sinusoidal pores. At each node in the network, we
require mass conservation and continuity of pressure for each
phase. A Beta probability density function is used to describe
the distribution of the pore neck radii.

Such a model has not been used previously. Fatt (1956,a,b,c)
employed a regular, two-dimensional network of cylindrical
pores. His model was modified by Dodd and Kiel (1959) to allow
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